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ADstract

Prostate cancer is the most common cancer in men and third in terms of mortality. High dose rate
brachytherapy is a common and effective treatment to treat this cancer. High dose rate brachytherapy requires
the implantation of several needles into the prostate trough which a radiation source is introduced. This
implantation can present a number of difficulties. Steerable needles have been proposed to address some of
these difficulties. The literature review in Appendix A has identified a number of possible advantages using a
steerable needle could have in high dose-rate brachytherapy of the prostate. This thesis aims to develop a
steerable needle system enabling the surgeon to place a needle more accurately, combat pubic arch
interference, and circumvent ureteral occlusion while not interfering in the general course of the procedure.

This steerable needle was developed according to several design guidelines and optimisation parameters. A
mathematical model and simulation were used to predict the behaviour of the needle and identify which
parameters influence its functioning. By developing a humber of concepts and evaluating their performance
according to the set design guidelines a final design was formulated. A phantom was developed to be able to
evaluate the performance of the design. By comparing the performance of the developed steerable needle to
commercially available non-steered needles we hope to show the possible performance benefit of the
developed needle.

The steerable needle has shown to perform, at minimum, non-inferiorly to a commercially available non-
steerable needle. A small cost-effectiveness analysis has shown the possibility of the developed system to be
cost-effective. While the developed steerable needle allows a surgeon to steer a needle during needle
implantation and possibly increase the needle endpoint accuracy, the question remains whether this will result
in a more favourable outcome of the high dose-rate brachytherapy procedure.
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Ntroauction

The literature review preceding this thesis describes the possible advantages steerable needles could have in
the field of high dose-rate brachytherapy of the prostate. Steerable needles could provide a way to increase
needle placement accuracy and reduce late toxicities.

This thesis will outline the design process used to design a manually operated, compliant mechanism steerable
needle for high dose-rate brachytherapy of the prostate. The thesis will provide experimental data relating to
the performance of this steerable needle and recommend a course of action for the further development of the
steerable needle.

In the first chapter, design guidelines will be presented to ensure the product fulfils all requirements a physician
might have. In chapter two the general design of the steerable needle will be presented, theory pertaining to
the steering mechanism, materials choices and multiple concepts will be presented. Chapter three shows the
methods used to evaluate the previously generated concepts and presents the method used to decide on the
concept to develop further. The next chapter, chapter four, contains the optimisation of this chosen concept
ad presents the final product. The fifth chapter present the final evaluation of the steerable needle in
comparison to currently used instruments. The sixth and final chapter combines the previous chapters into a
discussion about the performance of this steerable needle and the steps necessary to develop the instrument
further.
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Jesign guidelines

Abstract

Based on the literature review (Appendix A) and consultations with experts (Appendix D), the following design
brief was formulated; 'Developing a supplementary steerable needle system enabling the surgeon to place a
needle more accurately, combat PAI, and combat ureteral occlusion while not interfering in the general course
of the needle implantation.” Requirements formulated to evaluate future concepts include the ability to steer
15mm over an insertion distance of 50mm, compatibility with commercially available high dose-rate
brachytherapy sleeves and enabling the surgeon to place a needle with the same accuracy as or higher
accuracy then available instruments.
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Every design process starts with formulating requirements to ensure the quality of the outcome, which also
enable verification of the final product. This chapter will present the requirements of a manually operated
steerable needle for high dose rate brachytherapy of the prostate theory. These requirements are derived from
the preceding literature review and additional literature in this chapter. Optimisation parameters are presented
in the second section. These will be used to evaluate generated concepts later in this paper.

1.7, Conclusions from literature review

The literature review revealed several possible advantages a steerable needle (SN) could have in high dose-
rate brachytherapy (HDR BT). The first advantage being the increased manoeuvrability, allowing a surgeon to
avoid anatomical obstructions and sensitive tissues. This increased manoeuvrability could increase the group
of patients eligible for the procedure, decrease the difficulty of the procedure for the surgeon’s and reduce the
complication rate in HDR BT. The second advantage would be an increase in needle positioning accuracy,
decreasing the number of required needle implants, possibly reducing the complication rate. Two possible
drawbacks of a SN in HDR BT would be the additional complexity of the system, increasing the difficulty of the
procedure for the surgeon, and a possible increase in intervention costs.

The literature review presented research into robotic steerable needle systems. When looking at instruments
commercially available, we see only manually operated steerable needles. Our aim is to develop an easily
adoptable steerable needle. We have therefore chosen to develop a manually steerable needle.

The literature review revealed a number of requirements a hand-operated steerable needle should fulfil. Some
examples of these requirements are listed below. The requirements found in the literature review form the
basis of the requirements found in the Section 1.4.

1.2, Supplementary literature to formulate
requirements

Formulating a comprehensive list of requirements called for additional research. This section will give an
overview of this literature.

One question that needed answering is what the required amount of steering for a SN for HDR BT is. The
amount of steering required hinges on the three issues the steerable needle is looking to combat: unwanted
needle deflection, avoidance of sensitive tissues and overcoming anatomical obstacles. The maximal reported
unwanted needle deflection encountered in the literate review was highest for asymmetrical tipped needles,
with values ranging from 4.9mm (Jamaluddin et al., 2017) to 8mm (Sadjadi, Hashtrudi-Zaad, & Fichtinger,
2014). For symmetrical tipped needles this deflection seems significantly lower, Blumenfeld et al. (2007)
reported a needle deflection of 0.6—1.1mm (for symmetrical needles). These numbers however, do not
consider the fact that it regularly takes multiple attempts to get the needles within the range reported possibly
increasing patient trauma. The displacements above were measured at an insertion depth of between 60 and
80mm. In a porcine phantom, Strassmann et al. (2011) found an average positioning accuracy of 2.7 + 0.7mm
with a HDR BT needle.

The required steering capability to avoid sensitive tissues is harder to quantify. Determining trauma to which
tissues is responsible for needle implant related toxicities remains a challenge. An example of sensitive tissue
avoidance is using the penile bulb as an indication of nervous and vascular structures (Lee, Spratt, Liss, &
McLaughlin, 2016) and planning needle paths to avoid the penile bulb. However, evidence of the correlation
between penile bulb trauma and erectile dysfunction is far from conclusive. Without definitive evidence of what
structures are most vulnerable to needle implant related trauma, it is difficult to formulate an optimal trajectory.
Of all structures implicated in needle implant related toxicity, the penile bulb and corpora cavernosa (the crura),
which can be seen in Figure 1, are the largest. These structures would requiring the most steering to be able
to circumvent. Being able to steer around the penile bulb and corpora cavernosa likely ensures the needles
ability to steer around any sensitive tissues in surrounding the prostate.

There are several papers on trajectory planning for steerable needle while avoiding sensitive tissues. The
paper by Xu et al. (2009) presents such an approach to plan needle trajectories in the prostate to avoid

%
4 TUDelft



Design guidelines

sensitive tissues. In this paper a trajectory around the penile bulb is planned. Unfortunately, it is difficult to
extract quantitative information from this paper. The paper by Wallner et al. (2002) on penile bulb imaging
gives us Figure 1. From this MR-image we can estimate the size of the penile bulb to be about 75% of the
width and 60% of the height of the prostate in the coronal plane and 55% of the width of the prostate in the
sagittal plane.

There is no way to determine the actual size of the prostate or penile bulb depicted in Figure 1. Since the figure
is depicting a diseased prostate, we will assume its width in the coronal plane to be 46mm (Lei et al., 2011).
This would be an average dimension of a deceased prostate. This would make the width of the penile bulb in
the coronal plane approximately 35mm. To be able to steer around this penile bulb would require 17mm of
steering either over 31mm or 81mm to the caudal and coronal apexes of the prostate respectively. The needle
path to the caudal and coronal apex of the prostate are indicated by the short and long dashed line in Figure
1 respectively. This approach is highly inaccurate, unfortunately we were unable to find higher quality data on
the dimensions of the penile bulb.

MR MR

coronal sagittal

urogenital
A / _diaphragm *

Figure 1 MR image of penile bulb in coronal (left) and sagittal (right) plane. Black dashed lines show the potential
steerable needle path.

Pubic arch interference (PAI) is common in needle implantations in larger prostates. While the amount of PAI
varies and can be up to 20mm (Bellon et al., 1999). PAI of more than 10mm is rare (Fukada et al., 2012).
Using the prostate dimensions from the paper by Lei et al. (2011) this would mean a deflection of approximately
10mm over a distance of a little more than 47mm.
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In HDR BT care is taken to avoid damage to the urethra. This means Anterior surface
the deep section of the prostate, inferior to the prostatic urethra, is
difficult to access. Figure 2 shows a schematic overview of the prostate.
The black dotted line represents the path of a steerable needle to
access the deep section of the prostate inferior to the urethra. The
position, size, and orientation of the urethra with respect to the prostate
varies between patients. To estimate the amount of steering required to ~ Posterior surface
access the deep section of the prostate, inferior to the urethra. We will
assume a worst-case scenario. Namely, a urethra that runs from the
superficial-inferior tip of the prostate to the deep-medial end of the
prostate. This would mean the needle has to traverse approximately half
the inferior-superior distance of the prostate over its insertion path.
Using the prostate dimensions from the paper by Lei et al. (2011), this would mean a deflection of
approximately 15mm over a distance of 47mm.

Figure 2 Prostate anatomy
(Romero et al., 2012). Black
dashed lines show the potential
steerable needle path.

The maximum amount of steering required from the sources above comes to 15mm at a 47mm depth to avoid
PAI and the urethra. To be able to steer around the penile bulb would require approximately 17mm at a 31mm
depth. These values are rough approximations and will have to be revisited once more accurate dimensions
become available.

Some requirements are derived from consultations with experts such as staff members of Elekta and medical
staff from the UMCU and EMC. Information about these consultations and conclusions derived therefrom can
be found in Appendix D — Expert consultations.

1.3, Design brief

Late toxicity from needle insertion in HDR BT is a highly controversial topic. Without definitive evidence of
which tissues to avoided to reduce late toxicity, developing a steerable needle to avoid these tissues is futile.
PAI and ureteral occlusion are well known difficulties in HDR needle implantation. We will therefore develop
this needle to address these issues. This also means the minimum amount of steering we will require our SN
to perform is 15mm over a 47mm insertion. This value is simply an approximation therefor going forward 15mm
over a 50mm insertion will be used for ease of use. By using this 15mm over a 50mm insertion as an absolute
minimum we ensure the needle is able to address PAI and urethral occlusion and possibly be valuable in
possible future developments into sensitive tissue avoidance.

PAI, as well as ureteral occlusion is only relevant for a certain number of needles during the implantation. The
majority of needles implanted are not affected by these issues. The needle developed in this paper should
therefore be seen as an addition to the surgical toolkit, instead of a direct replacement of existing needles.
This also means the developed system should be able to function harmoniously with existing templates and
visualisation modalities.

The design brief of the steerable needle system will be: Developing a supplementary steerable needle system
enabling the surgeon to place a needle more accurately, combat PAI, and combat ureteral occlusion while not
interfering in the general course of the needle implantation.

1.4, Reguirements

A useful steerable needle for HDR BT will have to fulfil several requirements. The next four sections sort these
requirements into categories.

14,7, ~unctional requirements

(R1) The system can steer a minimum of 15mm over 50mm of insertion: Among others this will mean
the surgeon is able to circumvent most cases of PAI, and follow the curvature of the urethra. (Section
1.2)

(R2) The system should allow the surgeon to implant a needle with at least as the same accuracy
as systems currently in use: This should enable implantation with less tissue damage and possibly
less required needles.
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Design guidelines

(R3)

(R4)

(RS)

(R6)

(R7)

(R8)
(R9)

(R10)

(R11)

(R12)

(R13)

(R14)

(R15)

(R16)

(R17)

(R18)

(R19)
(R20)

(R21)

The system can pierce tissue to reach a minimum depth of 90mm: From Podder et al. (2006) we
know the insertion depth is generally around 80-90mm, this should be the minum depth the needle is
able to penetrate.

The system can steer in the sagittal and coronal plane: Steering in both the sagittal and coronal
plane are required to be able to accurately place a needle in HDR BT.

The system introduces a clean lumen trough which a radio source can be placed at a later
stage in the procedure: A clean lumen is required for the afterloader to insert a radio source through
(Appendix A, Section 3.1)

The system enables the surgeon to steer in the sagittal and coronal plane simultaneously:
steering in one plane at a time would likely mean needle retractions and increased tissue trauma.
The system can be assembled and implanted without touching the tip-proximal half of the
sleeve: The tip of the sleeve will come into contact with the patient, not handling this section of the
sleeve should minimise the chance of contamination.

14.2, Usability requirements

The system can be operable by atrained surgeon with little additional training: The more training
required to operate the system the less likely adoption of the system is.

To ease the adopting of the instrument the SN should be hand-operated. Either one or two
handed: See Chapter 6 of the literate review (Appendix A).

The system does not decrease the cost-effectiveness of HDR BT of the prostate: Decreasing
the cost-effectiveness of the HDR BT procedure would make adoption of the steerable needle less
likely.

The system should not lengthen the procedure time of the HDR BT prostate needle
implantation, approximately 30 to 45 minutes: Increasing procedure time in HDR BT will decrease
cost-effectiveness and patient outcome. This would hinder adoption of the steerable needle.

The system should not be less comfortable to use in a surgical setting then commercially
available needle: If the system is uncomfortable to use it would put additional unwanted strain on the
surgeon.

The system can be retracted either both the stylet and sleeve, or only the stylet: During the
procedure the surgeon should be able to retract either the stylet and sleeve to reposition the needle
or only the stylet to attach the afterloader.

14,3 Technical requirements

The system can be mass produced with existing manufacturing techniques: A steerable needle
that requires exceedingly complicated manufacturing would increase the cost of the procedure.

The system should not be thicker than the 15.5G systems currently in use: Larger diameters
might result in increased tissue damage which we are trying to reduce. ("Prostate HDR
Brachytherapy," 2019)

A broken or damaged system should not injure the surgeon or patient: The system should be
safe to use even when failing.

The system should be able to withstand a minimum of 50 insertions if disposable and 500 if
reusable: A implantation generally consists of approximately 15-20 insertions (Appendix A, Section
3.1), to allow for variation in procedures a minimum of 50 insertions when disposable is chosen. If
reusable, to justify a cleaning and sterilisation procedure, the system should allow for a minimum of
500 insertions.

The system should utilise an existing sleeve design: Developing a novel sleeve would result in
additional cost and certification difficulties.

144, INnteraction requirements

The system is clearly visible on TRUS and CT imaging: Most used visualisation modalities should
be compatible with the developed steerable needle to aid in adoption.

The system is compatible with existing templates used in HDR BT needle implantation:
Developing a novel sleeve would increase the cost and result in additional certification difficulties.
The system should either be disposable or easily sterilisable: A difficult to sterilise system would
result in increased operating cost and possible damage to the system during cleaning and sterilisation.
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1.5, Optimisation parameters

Besides requirements, there are several parameters that should be optimised to develop a SN for HDR BT.
The following sections will sort these parameters into categories.

(P1)

(P2)

(P3)

(P4)

(PS)

(P6)

(P7)

(P8)
(P9)
(P10)
(P11)

(P12)

(P13)

(P14)

(P15)

(P16)

1.2.1, ~unctional optimisation parameters

The system should allow the surgeon to place the needle as accurately as possible: A more
accurate needle placement should allow for less needle repositioning and possibly less required
needles for an satisfactory implant (Appendix A Section 6.1.3).

The system should allow the surgeon to avoid sensitive tissues as much as possible: Steering
around sensitive tissue could allow the surgeon to improve procedure outcome (Appendix A Section
6.1.2).

The system should be able to steer more than 15mm at a 50mm depth: The more steering the
surgeon has at his disposal the more applications the needle would be suitable for.

The system can be used for HDR BT procedures besides HDR BT of the prostate: Many high
dose-rate procedures use the same template and sleeves. This would allow the developed system to
be used for multiple procedures.

The system should require as little additional equipment as possible: Additional equipment
complicates the procedure and could reduce the cost-effectiveness of the procedure.

1.9.2. Usabillity optimisation parameters

The system should increase the cost-effectiveness of HDR BT as much as possible: A more
cost-effective procedure has a higher chance of being adopting assuming equal procedure outcome.
The system should facilitate the surgeon to decrease the procedure time of the HDR BT needle
implantation: Optimally using a steerable needle would reduce the time needed to position the needle
satisfactory (Appendix A Section 6.1.4)

The system should require as little training as possible to operate: Excessive required training
to operate the system reduces cost-effectiveness and could decrease the adoption rate.

The system should have as few parts as possible: Complexity could increase cost, increase user
error, and decrease ease of certification.

Assembly of the system in the OR should require as few steps as possible: Complicated
assembly could result in assembly error and increased procedure time.

The system should cost as little as possible per procedure: A high upfront cost regardless of cost-
effectiveness could present a hurdle to adoption of the system.

The system should be more comfortable to use then current systems: A system that is
uncomfortable to use might hinder adoption by surgeons.

1.9.3 Technical optimisation parameters

The diameter of the system should be as small as possible: A smaller needle diameter should
reduce tissue trauma due to needle implantation. (Appendix A Section 4.5)

154, Interaction optimisation parameters

The system should influence the general needle implantation procedure as little as possible:
Requiring as little modification to the existing HDR BT procedure as possible should help in the
adoption of the system.

The system should be more visible on TRUS then current systems: Better visibility should allow
the surgeon to perform more accurate manoeuvres.

The system should be MRI compatible: Research is being done into using MRI to visualise HDR
BT needle implantations. Optimally, the developed system should facilitate this development.
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Lesign and concept
generation

Abstract

In a compliant mechanism, forces are transmitted through the elastic properties of the material itself instead
of through traditional joints. An existing prototype of the steerable needle is a nitinol rod with two slots machined
through it, effectively splitting the rod in four while leaving both ends joined. By bending the end of the needle,
the other end deflects in the opposite direction. While superelastic materials such as nitinol are suited to this
application, a needle from a stiffer material would be desirable to ensure buckling does not occur during
implantation. Theory shows the material choice only influences the maximum steering angle and not the
relation between input and output angle. By designing five concepts for the steerable needle we increased the
chance of finding a satisfactory design for this instrument.
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This chapter will describe the process of designing a SN for HDR BT with the requirements and optimization
parameters set in Chapter 1.

There are several HDR BT stylet and sleeve
manufacturers. A popular design for an HDR BT
needle can be seen in Figure 3. The stylet consist
of a blunt stainless-steel stylet with a handle. The
polymer sleeve is then slid over the stylet. The
stylet and sleeve are inserted into the prostate
after which the stylet is removed leaving behind
the sleeve. This sleeve is later used to guide the S \\
radioisotope with an afterloader. g .
We will refer to the stainless-steel core as the
‘stylet’ and the polymer housing as the ‘sleeve’.
The sharp, conical side of the needle will be called
the distal side and the side at which the surgeon manipulates the needle will be called the proximal side.

Figure 3 Mick FlexiGuide® needles 15.5G, 20cm and
25cm (retrieved from https://www.micknuclear.com)

2. 1. Current prototype

A prototype of a steerable stylet was presented to me at the beginning this thesis. This concept served as a
starting point for the design process. The concept consists of a nitinol stylet with to slots machined through it,
housed in a polymer sleeve. By manipulating the proximal end, an opposing deflection can be induced in the
distal end. In a 10wt.% gelatine phantom, this needle was able to steer approximately 23mm over 85mm.

211 The compliant mechanism

Compliant mechanisms are a flexible, jointless
mechanisms. Conventional mechanisms rely on pins
and hinges to allow the transfer of forces, in a
compliant mechanism these forces are transmitted
through the elastic properties of the material itself.
Figure 4 shows a pair of forceps based on a compliant
mechanism. By using the elasticity of the material to
replace hinges and more traditional connections, a
reduction in part count, decrease in production cost
or increase in performance can be achieved.

A compliant mechanism can also be used to create a
steerable needle. Figure 5 shows the working Figure 4 Compliant forceps (“Compliant mechanisms
principle behind a compliant steerable stylet. The explained," 2019)

ends of the thin midsection of the stylet act as hinges which allow the transfer of force. By manipulating the
right side of the stylet in Figure 5, the midsections move relative to each other which in turn moves the left side
of the stylet in the opposite direction.

< Q) (0
0) (o

0) e (o
0) e — (o

Figure 5 Compliant mechanism stylet concept. Top shows straight needle, bottom shows needle with moment
applied to proximal end. Black arrows indicate relative motion of needle sections.
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Design and concept generation

Figure 6 Steerable needle concept (Top: stylet, Middle: stylet with sleeve, Bottom: stylet and sleeve with small
moment applied to proximal (right) section of the needle)

On this principle a solid nitinol stylet with electrical discharge machined (EDM) slots through its side and top
was produced. In Figure 6 (Top) the slot through the side of the stylet is visible. The stylet is then placed in a
sleeve (Figure 6 Middle), manipulating one end of the needle, the other end will deform in the opposite
direction. (Figure 6 Bottom). When the proximal end of the needle is bent downward (right side in Figure 6)
the top member moves to the right with respect to the bottom member. As this member is connected to the
distal end (the tip of the needle), it forces the needle tip upward. The belief is that this simple compliant
mechanism can be utilised to create an inexpensive and easy to operate steerable needle.

To be able to achieve this steering, a static equilibrium must be reached. This entails that a minimum of two
points along the needle should be constrained. If no points along the needle length are constrained the
needle would simply translate upon manipulation. If only one point is constrained, the needle would simply
rotate. An example of these two points are the arrows in Figure 6.

To be able to operate this needle accurately and effortlessly, a manageable user interface is required. This
mechanism should be attached to the needle and enable the surgeon to steer and control the needle
precisely. The goal of this thesis will be to develop a cost-effective and hand-operated steerable needle
implantation system for high-dose rate brachytherapy of the prostate based on the compliant steering
concept presented above.

212, Deflection of existing design

Figure 7 First steerable needle prototype (Top: stylet and sleeve separate, Bottom: stylet in sleeve)

This section presents the methods and results of the tests performed with the
first prototype. The only purpose of these results is to determine an order of
magnitude of possible steering and gain a better understanding of the
behaviour of this needle. To establish a baseline for the performance of this
concept, a first prototype was manufactured, which can be seen in Figure 7.
To evoke the bending effect, a minimum of two points along the shaft of the
sleeve need to be fixated. This behaviour could be enlisted by sliding a ridged

tube over the sleeve providing multiple point of support along the shaft. ‘
However, when inserting this ridged tube through a template used in HDR BT,
it will impede any steering of the needle. If the shaft is not flexible, the needle /

will not be able to follow the path the needle tip cuts. A more favourable
alternative is to use a template with two support points to elicit the desired
bending. Figure 8 shows the template used to estimate the deflection of the
existing concept. To estimate the performance of this first concept it is
important to determine the relation between the deflection of the distal and -
proximal end. Unfortunately, due to the slots in the design, the needle does S€ction of the steerable

not bend in a circular fashion. This makes it difficult to estimate the exact N€€dle to enable steering.
angle of deflection achieved. For this test the angle used is the angle between a line drawn through the tip of
the needle and the base. These lines can be seen as dashed lines in Figure 9. The left image in Figure 9

%
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shows the stylet and sleeve in the neutral position. The middle image in Figure 9 shows a deflection of 20° in
the proximal end resulting in a deflection of approximately 6,5° in the distal end. The middle image in Figure
9, shows a deflection of 40° in the proximal end resulting in a deflection of approximately 11° in the distal end.
At a deflection of 70° on the proximal end, the distal end deflects approximately 20°. Greater deflections might
be possible, to aid the lifespan of this prototype we did not attempt larger deflections at that point in time.

Figure 9 Deflection test first prototype (Left: no moment applied, Middle: 20° proximal angle, Right: 40°
proximal angle.

213 Steering in gelatine

Swaney, Burgner, Gilbert, and Webster (2013) use a 10 wt.% gelatine and pork loin phantom for their needle
steering experiments. By using a 10 wt.% gelatine phantom, we hope to be able to extrapolate some of the
needle’s behaviour observed in gelatine to pork loin. The insertion depth is generally between 70 and 80mm
(Moreira et al., 2018; Sadjadi et al., 2014). 85mm was chosen to show the prototypes capabilities even in
larger insertion depths. Steering in vivo will likely differ significantly to these experiments due to inhomogeneity
and tissue movement. This experiment therefore only served to give an indication of steering capabilities and
clarify the working of the steerable needle.

To give the needle a reproducible bend we used the
template shown in Figure 10. This template can be set to -
60°, -40°, -20°, 0°, 20°, 40° and 60° in the proximal part of
the needle. For every configuration two needle insertions
were performed. Giving four needle insertion per angle. An
image was taken after each insertion. An example of such
an image can be seen in Appendix B. The run table can be
found in Appendix F1. The pattern on the bottom of the
container and photoshop were used to determine the
needle tip displacements. Displacement is defined as the
horizontal distance between the tip of the sleeve and
insertion point. The results of this experiment can be seen

in Table 1. Figure 10 Gelatine needle template, needle
path indicated with black dashed line.
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Range of displacement at Mean displacement at

Proximal angle (n = 4) Mean angle at 85mm

85mm (mm) 85mm (mm)
0° 0.55-3.8 2.1 0.37°
20° 6.0-9.9 6.9 6.6°
40° 9.4-19.4 14 9.1°
60° 18.7-37.1 23 15°

Table 1 10% Gelatine steering test

Table 1 shows a reasonable amount of steering. More steering is achievable with larger proximal angles. It
seems due to the flexibility of this needle that inserting the needle without actively steering, results in
deflections larger than a solid needle. Controlling the steering is a concern in this prototype. The needle tends
to buckle during insertion making insertion more difficult. A more robust control mechanism will be necessary
to enable the surgeon to effectively steer a needle. Another concern is whether the steering capability enables
more accurate needle placement in practice.

22, lheory

This section will introduce some theory about bending and buckling that should prove useful throughout the
design process.

227, Deflection

Inducing a curvature in the stylet, shortens one half of the stylet relatively to the other, according to Equation
1. With AS being the difference in length relative to one another, r being the radius of the curvature, R being
the radius of the stylet (and the distance between the centres of both halves of the stylet) and 6 being the
angle of the arc. Equation 1 shows that for a given stylet radius (r), the relative difference in length of the stylet
parts to each other is determined solely by the angle of the arc (8).

@) AS=(r+§)*9—(r—§)*9=R9

With R being constant along the length of the stylet this means, not considering strain in the material, the
deflection of the stylet tip would adhere to Equation 2. With S1 and S2 being the relative change in length
between the stylet parts in the bottom and top section respectively, and 81 and 62 being the arch angles of
the proximal and distal section of the stylet respectively.

_AST AS2

@ 61 62

Without strain AS1 and AS2 would be equal, resulting in equation 3. Meaning a deflection of 8 in the lower
section of the stylet would result in a deflection of 8 in the upper part of the stylet, regardless of the dimensions
of the stylet.

©)) 61 = 62

In practice 82 is generally lower than 01 due to the strain and other losses in the material. The strain is the
result of the stress induced by the force applied at the lower section of the stylet. Adjusting equation 2 to
account for strain results in equation 4.

_ AS _ AS + ASstrain

@) T 61 62

Simplifying the stylet to a beam and assuming no friction, a negligible slot thickness and small deflections
(below 5 degrees), we were able to establish a formula for the relation between the deflection of 82 and 61.

%
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The entire derivation can be found in Appendix C. Equation 5 shows the formula describing the relation
between 61 and 62. Notable is the fact that material characteristics, and stylet radius do not seem to play a
factor in its bending behaviour. Figure 11 shows the stylet in a bent position with the relevant dimensions.

L161

5 - 7
©) 2 L1 + 2Lslot

Lslot

T Constrained T Constrained

Figure 11 Bending stylet free body diagram with moment applied at proximal end (left)

From this equation we can deduce that, to maximise 62 for any given 61, L1 should be maximised and Lslot +
L1 should be minimised. One thing this formula does not account for is yield strength. When moving L1 closed
to Lslot, the deflection of the stylet might increase, but so will the resistance of the proximate part of the stylet
to bending. This will result in higher localised stresses and eventually the breaking of the stylet.

Noticeable from equation 5 is the fact that neither material or stylet diameter seem to play a role in its bending
behaviour. This lead us to conclude the only thing influencing the maximum deflection of the stylet is the
amount of elastic deformation the material can undergo. Which would be indicated by its yield strength divided
by its Young’s modulus. Another conclusion we can draw from equation 5 is the fact that for a constant L1 and
Lslot, the relation between 81 and 82 is linear. This could be beneficial to the surgeon as it makes the behaviour
of the tip of the needle predictable. If the needles behaviour remains (pseudo) linear in vivo remains to be
seen.

Simulation of the stylet and its sleeve in Ansys discovery AIM, corresponds with equation 5. The current
prototype was modelled and its dimensions changed one by one from the baseline. A 20mm deflection of the
proximal part of the needle resulted in tip deflection of 0.077 rad in the baseline model. Table 2 shows the
Ansys simulation results.

Manipulation defIF;rc?(oi?(?\Iqm) Distal de;l\ic:)i/cgn (rad) in Effect in formula
Baseline 20mm 0.077 No effect
Increased Young’s modulus 20mm 0.077 No effect
Decreased radius 20mm 0.072 No effect
Decreased Lslot 20mm 0.11 Increased tip deflection
Increased L1 20mm 0.11 Increased tip deflection

Table 2 Ansys simulation results, comparing changes in distal deflections from Ansys with the predicted
effect of the manipulation in the formula shows the formula to be an effective predictor of the deflection in the
steerable needle.

The simulation shows similar behaviour to what the equation predicts in most cases. The equation predicts
decreasing the radius to have no effect on the deflection slope, the simulation however shows a little decrease.
Equation 5 gives us some insight into the behaviour of the needle. However, this equation represents a highly
oversimplified situation. Friction, non-circular bending, and deflections larger than 5° do play a significant role
in the needle’s deflection. Therefore, this equation will serve as a tool to better understand the needles
behaviour, but will not be used to determine any actual deflections.
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222 Yielding

Equation 6 describes the axial stress as a result of force F. From Podder et al. (2006) we know the maximum
axial force in a HDR BT implantation is approximately 15N in a 17G diamond shape tipped needle. With a
typical 17G needle this results in a stress of approximately 3 MPa. With a minimum yield strength of 100 MPa,
there is little to no chance the nitinol needle or any other metal needle would yield during insertion due to axial
load.

(6) Uzg

The stress induced by the bending is more likely to present a significant limitation. Equation 7 shows the
formula for bending induced normal stress in a solid needle. The distance from the neutral line is indicated by
y. When y equals the stylet radius, the stress will be largest. Because we are interested in the maximum stress,
we can substitute y for r.

) a=?

Substituting the moment of inertia equation for a round cross section into equation 7 results in equation 8.

M
7= mR3

(8)

A 1N load at the tip of the stylet perpendicular to the surface would result in a maximum stress of approximately
600MPa. Additionally, due to the slot in the stylet, stress concentrations are likely present at the start and the
end of the slots. It is likely yielding will be the limiting factor in the maximal deflection the needle can achieve.
The stylet radius and yield strength of the material will determine the maximal deflection achievable.

2.2.3. Buckiing

In long slender tools such as needles, buckling is of considerable concern. Equation 8 describes the critical
load for Euler bucking. With E being the Youngs modulus, | the moment of inertia, K the effective-length factor
and L the unsupported length (Hibbeler & Fan, 2011). Brazier buckling will likely not be relevant to this design
as the stylet is not hollow.

9) Pcr = —(KL) >
With an axial load of 15N, a solid 17G nitinol needle has a maximum unsupported length of approximately 6

cm (K=1). This makes buckling a significant problem for this instrument. Substituting the moment of inertia
equation for a round cross section into equation 8 results in equation 9.

(10) Per = 2kiy

From equation 8 we can see increasing the radius of the needle would dramatically decrease chances of
buckling. However, increasing the size of the needle will likely increase implant related trauma. This leaves us
with the K-factor, which could be increased by a stiffer connection between the needle and the hand of the
surgeon (for example by introducing a handle) and the Young’s modulus.

2.3, Material selection

The existing stylet prototype is fabricated from a 1.48mm superelastic nickel titanium wire (NiTi). This
superelasticity is caused by the phase transformation between the austenitic and martensitic phases in the
metal. This means strains of up to 8% can be fully recovered (Bhattacharya & Kohn, 1996).
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231, (eneral materials

From Section 2.1 we learned a number of things:

e The relation of deflection between the proximal and distal ends of the stylet is not influenced
by the material;

o A material with a higher Young’s modulus will require more force to achieve an equal bend
compared to a material with a lower Young’s modulus;

e The maximal achievable deflection is determined by the yield strength divided by the Young’s
modulus. Also known as the elastic strain;

e To combat buckling a high Young’s modulus is favourable.

CES (Cambridge Eengineering Selector) was used to select a suitable material for the stylet. From the
requirments above we can conclude we need a material with a high elastic strain and high Young’s modulus.
Composit materials were excluded as it is unlikely the stylet could be produced from composits. Materials with
Young’'s moduli below 10GPa were also excluded as they would be exceedingly prone to buckling. This
resulted in Figure 12. A material to the right of the graph indicates a material which allows high elastic strains,
while a material towards the top of the graph represents a material with a high Young’s modulus. Some
materials with favorable characteristics are indicated with names. According to this graph, silicon carbide and
carbon fiber allow most elastic strain. However these material cannot be made into the required geometry.

1

7 .

Silicon carbide (w)

Tungsten, commercial purity, R07004, wire

-

Young's modulus (GPa)

Tool steel, molybdenum alloy. AISI M41 (high speed)

Carbon fibers, high strength (5 micron, 7)

Patented steel wire

Yield strength (elastic limit) IYoung'swﬁnodulus
Figure 12 Cambridge Engineering Selector material selection graph. Black diagonal line indicates optimal
material behaviour. Materials with a larger perpendicular distance to the right of the line present more
favourable characteristics.

Materials that can be manufactured in the appropriate geometry are molybdenum alloy tool steel, tungsten
and patented steel wire. These materials present reasonable elastic stain combined with a high Young’s
modulus. Unfortunately, CES does not take into account super-elastic behaviour. Even if it did, our approach
of calculating the maximum elastic strain by dividing the yield strength by the Young’s modulus would be
innapropriate.

From Figure 12 we can conclude that, excluding super elastic materials, patented steel wire, molybdenum
alloy tool steel (especially AISI M4x), and tungsten present favorable characteristics.
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23.2. Superelastic materials

We have identified possible candidates for the stylet material from the non-superelastic material pool. Now we

turn our attention to the super elastic materials.

A superelastic material has the unusual characteris that
extremely large strains can be recovered. This is due to a
reversable stress-induced phase transformation. This effect
closely ties in with the shape memory effect. When a
superelastic (or shape memory) material is stressed
sufficiently, a phase transformation occurs

allowing the rearangement of the cristal lattice. Once the
stress is removed, the deformation persists until the material
is brought to an activation temperature, after which the
cristal lattice transforms back to the original arrangement
and the strain is fully or partially recovered. In the case of a
superelastic material, the activation temperature is lower
then the amient temperature and the transformation to the
original lattice phase is near instantaneous giving the
illusion of superelasticity.

Figure 13 show a stress-strain diagram for a superelastic
NiTi alloy. When the sample is loaded, the forward
transformation occurs, transforming the material from it
austenitic to its martensitic phase. When unloaded, the
reverse occurs.
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Figure 13 Superelasticity of NiTi alloy
(Rebeka & Fercec, 2013). Notable is the
hysteresis and plateau.

Maximum elastic ~ Young’s modulus

Shape memory alloy

Availability of

Source

strain (%) (GPa) wires and/or rods
Fukui, Inamura, Hosoda,
Ni-Nb-X +4 20-30 Very Limited Wakashima, and Miyazaki
(2004)
Ni-Ti 8 28-83 Good (Huang, 2002)
— ) i (Huang, 2002;
Ni-Ti-Cu 30-90 Good Jayachandran et al., 2019)
. . Hamilton, Dilibal, Sehitoglu,
Ni-Mn-Ga 5 +10-20 Very Limited and Maier (2011)
Ti-Nb 14 60 Limited (Lietal., 2012)
Yamauchi, Ohkata,
Fe-Mn-Si 2.5-45 170 Very Limited Tsuchiya, and Miyazaki
(2011)
(Design of shape memory
Cu-Zn-Al 4-6 70-100 Fair alloy (SMA) actuators,
2015)
. L Duerig, Melton, Stdckel, and
Cu-Zn-Ni 2 80 Very Limited Wayman (1990)
AL - (Wang, Su, Yang, Shi, &
Cu-Al-Ta 25 +6 Very Limited Liu, 2014)
(Design of shape memory
Cu-Al-Ni 5-6 80-100 Fair alloy (SMA) actuators,
2015)
Co-Ni-Al 6 +60-100 Very Limited  (P'libal, Sehitoglu, Hamilton,

Maier, & Chumlyakov, 2011)

Table 3 Properties of shape memory alloys
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The number of canditates here is significantly smaller, Table 3 gives an small overview of some materials that
can have superelastic properties. Of the materials in Table 3, Ni-Ti and Ni-Ti-Cu are readily available. Cu-Zn-
Al and Cu-AlI-Ni are available on order.

The are to our knowledge no superelastic materials with Young’s moduli as high as the varieties of steel found
in the preceeding section. Of the superelastic materials, Co-Ni-Al or Cu-Al-Ni would be the best choice for the
stylet. They have excellent maximum elastic strain combined with a relatively high Young’s modulus to combat
buckling. While Fe-Mn-Si on paper also present a viable candidate, obtaining the actual material would prove
exceedingly difficult.

2.3.3. Material choice

We have identified several materials suitable for this
application. The amount of strain required to enable the
steering determines the final material choice. AISI M42 tool
steel or patented wire would be an excellent choice for the ~—

stylet if the amount of required deflection is limited. AISI | “"*\\
M42 tool steel and patented steel wire are significantly \
cheaper and easier to obtain then any superelastic

material will be. Secondly the high stiffness will reduce the

deflection effect of tissue interactions as the needle itself

will be stiffer. A possible downside of using a very hard

steel could be its low toughness. Fabrication defects could

result in brittle failure.

Figure 14 Ansys simulation M42 tool steel
steerable needle with moment applied to
proximal end (right)

Figure 14 shows an Ansys Aim simulation of a M42 tool
steel needle with a 0.3 N/m moment applied to the end.
This resulted in a tip displacement of approximately 24mm.
The maximum equivalent elastic strain this simulation produced was approximately 1%. AISI M4x tool steel
and patented steel wire should be able to accommodate 1% elastic strain. Larger deflections require
superelastic materials such as Co-Ni-Al or Cu-Al-Ni.

24, Concepts

After generating a large number of partial solutions, | generated a number of concepts for a compliant steerable
needle. This section will present these concepts. The idea generation process can be found in Appendix E.

247, Optimised current prototype

The first concept is an optimised version of the current design. This SN is optimised according to the theory in
Section 2.2. The length of the slot is minimised while the slot continues further down the tip of the stylet
(increasing L1). Two prototypes will be manufactured, one from a high strength steel and the other from a
superelastic material according to Section 2.3. The diameter of the stylet will be 17.5G to enable the use of
standard sleeves. To enable the needle to be held, steered, and withdrawn easily, a small collet will be fitted.
Figure 15 shows the concept consisting of a stylet, a sleeve, and a collet (top). Figure 15 (bottom) shows only

(1D

H

Figure 15 Optimised needle concept. Top shows assembled steerable needle, Bottom shows the stylet only
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the stylet. On the proximal side (left), the stylet has a crimped on
collar that indexes in the collet to enable the stylet to be easily
retracted from the sleeve.

— Figure 16 shows the screw on collet. The collet consists of two
parts, the right side is slid over the sleeve after which the left side
is screwed onto it. When screwed tight, the collet grips the sleeve
such that any force applied during the procedure is transferred to
the sleeve. After insertion, the collet can be loosened slightly,
releasing the sleeve. The collet and the stylet can then easily be
retracted from the sleeve. The collet also acts as a handle which
can be manipulated during the procedure making the manipulation
more comfortable and controllable.

i

Figure 16 Collet of optimised current
concept

The stylet in this concept will likely be diffucult to sterilise between procedure and will therefore have to be
diposable. The collet should be easier to sterilise. However, the collet can cheaply be mass produced by
injection molding and could therefore also be disposable. The cost of sterilisation and related risk likely
outweight the costs of the parts.

The simplicity of this concept and therefore it's presumable low cost, are very attractive qualities. There are
however a few issues this concept could have. To elicit a sufficient curvature in the tip, the needle has to be
bent a reasonable amount. This could interfere with allready placed needles. Secondly, even with the change
in material, the needle could be insufficiently stiff, resulting in buckling.

242, Optimised current prototype with steering
mechanism

This concept consists of the same stylet and sleeve as the previous prototype. Instead of the collet, a steering
mechanism is attached to the end. The purpose of the steering mechanism is to decrease the interference
with previously placed needles by decreasing the amount of required deflection.

Figure 17 Steering mechanism concept

According to Section 2.2 the amount of deflection the tip experiences is dependent on the angle (81) and not
the radius of curvature. This means bending a short section of the proximal part of needle should result in an
equal deflection as bending a larger section. By minimising the size of the bent section, we can decrease the
amount of interference with surrounding equipment. An added benefit of a dedicated steering mechanism is
the ability to limit the maximum bending of the needle, ensuring the needle is not damaged.

Figure 17 shows the concept of the steering mechanism. By manipulating the joystick on the left, the rest of
the needle deflects in the opposite direction. A collet similar to the first concept fixates the sleeve during
insertion. After insertion, the collet can be loosened after which the whole system with the stylet can be
withdrawn leaving the sleeve behind.
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Figure 18 Shows the mechanism in detail. The
concept lacks fasteners and instead assembles
with two snap fits (1). The joystick (2) is thumb
actuated and transfers the input to the needle.
Two hinges ensure the joystick can be moved in
both planes, but is unable to rotate due to the
orientation of the hinges (3). A collet (4) tightens
around the sleeve during insertion and can be
loosened to release the sleeve.

This concept should give the surgeon more
control over the needle in addition to allowing him
to operate in tighter spaces. The main drawback
of this concept is the added complexity and
additional components. Secondly, bending the
needle over a shorter section increases stress in
this section. This could decrease the maximum
bending angle before damaging the stylet.

Figure 18 Steering mechanism in detail. Left shows
an overview, right shows an section view. (1: snap
finger, 2: thumb stick, 3: hinge, 4: collet)

243 Wire needle

The current prototype is made by EDM two slots trough a solid wire. To simplify the production, four thin wires
could be soldered together at each end instead (Figure 19). Regarding dimensions and material this stylet
concept will be identical to the stylet in the first two concepts. The total length is dictated by the sleeve and the
materials can be either AISI M42 tool steel/patented steel wire or Co-Ni-Al/Cu-Al-Ni. While there are many
similarities between this and the first concept, there are two possible advantages this stylet could have. Firstly,
the soldering for four sections of wire could be significantly easier and cheaper than the EDM process.
Secondly, stress localisations in the EDM stylet and minute deviations in the production process could have
significant influence on its durability and performance. The simplified production process and reduced chance
of stress concentrations due to the production process could make for a SN that is more durable and easier to
produce.

Figure 19 Soldered wire concept

244, Expanded wire needle

One of the main requirements of this SN it that is steers sufficiently. Unfortunately, according to the theory,
there are not a lot of parameters that we can manipulate to increase the steering potential. With the current
stylet much of the geometry is determined by the production process. However, the wire needle concept gives
the ability to separate the sections of the stylet.

In equation 2 (Section 2.2.1) we assumed the stylet diameter (R) to be constant, but what if it was not? If the
stylet diameter is larger in the controlled section then in stylet tip, ignoring strain, any deflection would be
magnified according to equation 11. While strain will reduce the magnifying effect, a larger stylet radius in the
controlled section will always result in increased tip deflection.

R1
11 2=—01
(11) 02 =750

Figure 20 shows the concept. The stylet is largely the same as the previous concept. The stylet also consists
of four wires that are partially soldered together. However instead of also soldering the proximal end (left side
in Figure 20) together, the wires (4) are routed through a solid guide (3), then a flexible spacer (2) and are then
fixated with set screws in a solid block (1). This means effectively that the radius of the stylet, in the section
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that is bent by the controller, has a significantly larger radius then the rest of the stylet. This should increase
the steering potential. To steer the needle, one holds the solid guide (3) with one hand and with the other hand
bends the flexible section (2). To fixate the sleeve to the assembly, a collet is fitted (5) which can be loosened
after needle placement and allows the assembly to be withdrawn leaving behind the sleeve.

This concept has the potential to steer more than the previous concepts, without interfering with surrounding
equipment. However, the complexity of the necessary parts and their accompanying cost makes that at
minimum the control mechanism should be reusable and therefore sterilisable.

e & >

.:V oS
T |/
,~ Gl 2 ' 3 5

Figure 20 Expanded wire concept. Top shows an overview, bottom shows an section view.(1: block with set
screws, 2: flexible spacer, 3: wire, 4: wire guide, 5: collet)

245, Linear actuated expanded wire needle

Figure 21 shows the fifth and final concept. It uses the wire stylet presented in Section 2.4.3. The wire stylet
is placed through a guide (5) and fixated in a piston (3). The piston can move inside its cylinder (4). The

=

-

Figure 21 Linear actuatable wire needle. Top shows an overview, bottom shows a cross-section (1: thumb
stick, 2: pushrod 3: piston, 4: cylinder, 5: wire guide)

cylinders are linked by pushrods (2) to the thumb stick (1). By manipulating the thumb stick, the pistons push
and pull on the wire stylet resulting in the stylet bending. This approach could have several advantages. Firstly,
eliminating the necessity to bend the proximal part of the stylet to enlist a bend in the distal part of the stylet
should reduce the chance of interference with pre-existing equipment. Secondly, the thumb stick could prove
to be a more comfortable way to elicit the required steering. However, this concept is significantly more
complex than previous solutions.
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Concept evaluation

Abstract

A 10 wt.% gelatine phantom, topped with a .15mm sheet of PVC closely mimics a human prostate and
surrounding tissue regarding the required penetration force. In this phantom the steering capability and
buckling tendency of the prototypes are evaluated. Several of the prototypes did not meet the requirements
set previously and are therefore excluded from further evaluation. The patented steel stylet, with a polymer
handle, was found to be most favourable according to the optimisation parameters set previously.
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Concept evaluation

This chapter will describe the methods and outcomes of the experiment used to evaluate the performance of
the concepts described in the previous chapter. The goal of this chapter is to select the most suitable concept
for further development

3.7, Phantom

To evaluate the steering capabilities of the needles to one another, the phantom used for this experiment is of
limited importance as the test will only serve to compare different designs. Another factor that will be assessed
through this experiment is buckling. While with any phantom one could compare the buckling tendencies of
different designs, to gain some insight into the magnitude of the problem, a more accurate phantom will yield
more valuable results. To be able to evaluate buckling performance of the needles somewhat accurately, the
phantom needs to elicit a similar insertion force to perineal and prostatic tissue.

In the initial steering evaluation described in 2.1.3, a 10 wt.% gelatine mixture was used. This phantom was
similar to the one used by Swaney et al. (2013). The paper by Wilkin and Hamm (2010) on a cheap and simple
prostate phantom uses a similar concentration gelatine mixture. Section 5.4 in the literature review describes
several phantoms being used, from a 5 to 15 wt. % gelatine mixture, canine liver, canine kidney, plastisol, and
PVC. To my knowledge none of these papers validate the accuracy of the used phantoms by measuring the
elicited insertion force.

For this experiment the transparent nature of gelatine gives the benefit of measuring needle deflection without
the use of complex imaging modalities. Ng, Goh, Foo, Ting, and Lee (2013) developed a gelatine phantom to
mimic porcine tissue, as porcine tissue is a good phantom for human soft tissue. While this phantom likely
mimics porcine tissue well, whether it is a suitable phantom for HDR BT needle insertions is unclear. Podder
et al. (2006a) provide insertion force and motion trajectories for 17g and 18g needle insertion in brachytherapy
(LDR). For a 189 needle, the paper gives an average peak insertion force in the perineum of 8.87N (+2.32)
(while puncturing the skin) and an average peak insertion force in the prostate of 6.28N (x1.64). The authors
note the high insertion speed of the needles in the perineum and subsequently note the high insertion speed
does not affect the insertion force.

Podder et al. (2006a) provide highly relevant insertion force data to compare a prostate phantom to. Ng et al.
(2013) used thin polymer sheets to replicate anatomical obstructions that increase required insertion force to
simulate peak forces seen in practice. By using a single polymer sheet on top of a gelatine phantom we will
attempt to reproduce insertion forces found by Podder et al. (2006a).

37 Materials and methods

A linear stage will drive a 18g stainless steel diamond tipped needle through a template +/- 90mm into a
gelatine phantom topped with a polymer sheet. The gelatine will be chilled to around 10° and will not be
allowed to come up to room temperature as the lower concentrations of gelatine might return to their liquid
state. Five gelatine concentrations will be prepared, 2, 4, 6, 8 and 10wt.%. three polymer sheets with
thicknesses 0.1, 0.15 and .2 will be used to replicate skin. First the five concentrations gelatine will be tested
to find the approximate concentration to achieve the correct peak insertion force in the prostate (around 6N).
Once several suitable concentrations of gelatine are found, these samples will be covered by the polymer
sheets. This way we hope to find a sheet thickness to mimic the peak insertion force in the perineum. The aim
is to find a combination of sheet thickness and gelatine concentration that gives a peak insertion force of
between 7 and 9N and a peak insertion force in the rest of its trajectory of approximately 6N. While this
approach will not yield a perfectly representative phantom, it should yield relatively realistic insertion forces
and enable a comparison between prototypes. Five needles will be inserted in each gelatine concentration
and gelatine sheet combination. A 10N force sensor (Futek) will be used to measure the insertion force
generated by the phantom.
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312 Results

The results were processed using MATLAB. The insertions were averaged and plotted against the insertion
depth. These results can be found in Figure 22. Only 6, 8 and 10 wt.% gelatine concentrations were combined
with polymer sheets as 2 and 4 wt.% provided insufficient resistance to the needle. The 0.2mm sheet was not
tested as it overloaded the 10N force sensor and therefore provided to much resistance.
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Figure 22 Gelatine concentration phantom experiment. Top left shows insertions into only gelatine, top right
shows insertions into gelatine topped with a 0.1mm sheet of PVC, bottom shows insertions into gelatine
topped with a 0.15mm sheet of PVC.

Podder et al. (2006a) found a peak insertion force in the perineum and prostate of 8.87N (+2.32) and 6.28N
(x1.64) respectively. This is are the values our phantom should approach. The 10 wt.% gelatine phantoms
topped with a .15mm PVC sheet yielded average peak insertion force in the perineum and prostate of 7.21N
and 7.29N respectively. This is within the 95% confidence interval of the data provided by Podder et al.
(2006a). To compare the different prototypes, a phantom consisting of a 10wt% gelatine mixture and a .15mm
PVC top layer should be sufficiently representative.

3.2, Prototypes

Of the first two needles presented in Section 2.4 two prototypes are produced, one in a high carbon steel and
one in a superelastic material. Piano wire (patented steel wire) is chosen for the manufacturing of the first half
of these prototypes. Optimally a superelastic material with a higher Young’s modulus then NiTi would be used
to manufacture the other half of these prototypes. However, obtaining any superelastic material other than NiTi
or NiTiCu in the dimensions and limited quantity we require is nearly impossible. Therefore, we will produce
the second half of the prototypes from NiTi.
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Concept evaluation

The last three concepts are only produced from piano wire as the deflection of these concepts is much less
limited by the elastic limit of the material. Therefore, a more elastic material will not result in better steering
performance.

Figure 23 Shows the five finished prototypes. The first two prototypes in Figure 23 are produced with both a
patented steel wire and NiTi stylet. This brings the number of prototypes to be tested to seven.

1 2 3 4 5

Figure 23 Finished and assembled prototypes (From left to right concept 1 to 5)

3.3, Evaluating parameters

The final concept must meet all the requirements presented in section 1.4. Multiple concepts could meet these
requirements. All concepts meeting the requirements presented in section 1.4 will be ranked according to the
optimisation parameters presented in section 1.5.

The ability to steer 15mm over a 50mm insertion depth is an important requirement and one that is verifiable
with relative ease. Some of the other requirements however, are easier judged subjectively. We will evaluate
the concepts by manually steering the needles into a phantom. After each insertion, the amount of steering
will be recorded and a short questionnaire will be filled out to evaluate parameters such as ease of control and
buckling issues. Table 4 shows the questionnaire that will be used to evaluate parameters that are not easily
measured.
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Strongly Disagree Neutral Agree Strongly
disagree Agree

This concept does not interfere with
existing equipment.

This concept requires practice to
operate.

This concept is prone to buckling.

This concept increases implantation
time.

This concept requires a long assembly
in the OR.

Table 4 Questionnaire

34, Materials and methods

This experiment aims to provide the data needed to select the most suitable concept for further development.
The tip geometry and sleeve design are identical in all prototypes, therefore it is likely the prototypes would
perform similar in comparison to each other in any phantom. While using a more representative phantom (such
as an animal or human cadaver) would yield a more valuable evaluation, using the phantom described in
Section 3.1 should suffice to make a comparison.

As interference with other equipment is one of the parameters that should be evaluated, it is important to create
a representative environment. This means, a template populated with several sleeves and a mock-up of a
TRUS setup.

We have five concepts with the first two concepts having two — .
material variations. This means there are seven distinct n=20 NiTi ~ Patented Steel Wire
prototypes and seven experimental conditions. For each

- . ! . . Conceptl ECi EC:
variation we will perform 20 insertions per concept at a maximal
comfortable achievable deflection. In some of the prototypes the Concept2 ECs EC4
maximal comfortable achievable deflection will likely be limited
by the surrounding equipment and in others by the needle itself. Concept 3 ECs
Of the twenty insertions per prototype, five will be steered ‘up’,
five ‘down’, five ‘left’ and five ‘right’. The template position will be Concept 4 ECs
randomly chosen from the middle seven holes on the horizontal
Concept 5 ECs

middle line, as the number of runs and number of hole positions
are not divisible. All seven of the prototypes will be tested in a Table 5 Experimental conditions
random order, a random steering direction, and a random

template position. Table 5 shows the experimental conditions. Appendix F.2 shows the entire run table.

To evaluate the complete use-cycle of the product, the stylet and its sleeve will be placed separately next to
the test setup. Before each run the system must be assembled. The SN is then implanted. The stylet is
withdrawn and placed aside. Finally, after measurements and filling out the survey the sleeve will be retracted.

We will use the phantom described in Section 3.1, a 10% wt. gelatine phantom topped with a .15mm PVC
sheet. Each needle will be inserted approximately 40mm into the phantom through a template. After which,
they will be steered in one of four directions at the maximal comfortable achievable deflection to an insertion
depth of 90mm. The deflection of the needle tip from the neutral line will be measured with callipers and noted.
The template, neutral line indicator and ultrasound mock-up will be stationary while the phantom is moved
between them. In every run a random prototype will be placed in a random template position and steered in a
random direction. After each seventh run an identical chilled phantom will replace the phantom to ensure a
constant temperature of around 10 degrees Celsius. The next insertion location will be 50mm from the previous
insertion location to ensure no crossing of needle paths. After each insertion the researcher will fill out the form
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Concept evaluation

in Table 4. Because the EC'’s are ranked and the results, due to the small sample size, will likely not be normally
distributed, a Kruskal-Wallis test is most appropriate. The null hypnosis is that there is no difference between
the EC’s. The alpha used is 0.05.

Figure 24 shows the setup used to evaluate the prototypes. The timber is a stand in for the ultrasound probe.
In the template several sleeves can be seen that represent already implanted sleeves. Beneath the template
and phantom, a ruled sheet of paper can be seen which indicates the neutral line from which the deflections
are measured.

Figure 24 Gelatine concept experiment setup. Top left shows the gelatine phantom (1) and the TRUS
stand in (2). Top right shows the template (3) thought which the needles are inserted. The bottom
shows an overview of prototypes tested.

3.5, Results

A total of 140 implantations were performed with the seven prototypes. During these implantations several
observations were made:
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The prototypes based on the nitinol stylet are not stiff enough to insert one handed.

Loosening the mechanism that secured the stylet to the sleeve can be hard to loosen when it is close
to the template;

Previously implanted sleeves present little obstacle to the SN as they can easily be slightly moved out
of the way due to their flexibility;

The screw caps on the fastening mechanisms should not come off as easy as they could be lost during
retraction;

In prototype four, the steering mechanism tends to permanently deform the steel stylet;

Prototype five, the wire stylet, depends heavily on the tightness of the template to combat the inner
wires shifting in the stylet;

Partly due to the lack of torsional rigidity, prototypes six and seven are difficult to accurately steer;
The steel stylet tends to permanently deform after several insertions. This seems to have little
influence on its performance. The stylet is also easily bent straight;

The plastic ‘stop’ on EDM’ed stylet comes off too easy upon retraction.

Table 6 shows the results of the concept experiment. The light grey and dark grey squares show the most and

least favourable results respectively.

N=20 EC: EC> ECs EC4 ECs ECs EC~
Deflection (mm) 27.0 28.4 16.8 13.6 6.3 10.4 13.2
This concept does
not interfere with 4.7 4.8 2.6 24 4.6 4.7 4.3
existing equipment.
This concept
requires practice to 2.7 2.5 1.6 1.6 3.3 3.4 3.0
operate.
This concept is 4.6 1.2 3.6 1.1 25 35 4.0
prone to buckling.
This concept
increases 21 2.1 2.0 21 2.0 21 2.2
implantation time.
This concept
requires a long 3.3 3.0 2.8 2.8 3.3 16 1.4

assembly in the
OR.

Table 6 Gelatine concept experiment results. (Light grey: highest value, dark grey: lowest value)
Implantation time results were ignored due to negligible effect.

Prototype one, two and three show average deflections above the 15mm threshold set in section 1.4. However,
the confidence interval of other prototypes might include the 15mm threshold. The prototypes without a
steering mechanism interfere less with existing equipment due to the lack of a bulky mechanism running into
previously placed sleeves. However, when placing a needle in the lower holes of the template and
subsequently steering upwards, the issue of interference with the ultrasound probe can be reduced by having
a steering mechanism. Having a steering mechanism could also help to reduce the learning curve required to
perform the steering implantation. Buckling was most prevalent in the nitinol stylets and the longer wire needle
concepts. There is no clear difference between the implantation time of the different concepts as they are too
alike to significantly differ in this regard. The assembly time needed in the OR was least for the sixth and
seventh prototypes as they only require the sleeve to be placed and the cap to be tightened.
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Concept evaluation

The 95% confidence intervals of EC:1 and EC: fall well above the 15mm threshold. As expected, the 95%
confidence interval of multiple of the prototypes encompasses the 15mm threshold, namely prototypes three
and four. With some optimisations, prototypes three and four could likely be improved to meet the 15mm
threshold. Prototypes five, six and seven do not meet the threshold.

The data collected fails normality tests, likely due to the small sample size (n = 20). The non-normal ranked
data makes a Kruskal-Wallis test the most appropriate statistical tool. Figure 25 shows a boxplot of the Kruskal-
Wallis test performed on the deflection results of the concept experiment. This test shows statically significant
differences between the measured deflections of the different EC’s (x%s, n=20) = 84.14, p = <0.01). Comparison
of mean ranks shows EC1 and EC: to be significantly different from EC4, ECs, ECs and EC7. ECs is significantly
different from EC2 but not EC:1. From this test can be concluded that EC1 and EC2 meet the 15mm threshold
and perform significantly better than ECs, ECs and EC7. Appendix F.2 contains a table with mean rank
comparison between every EC.

Gelatine concept experiment boxplot
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Figure 25 Boxplot with 95% confidence interval concepts experiment. The horizontal line represents
the 15mm minimum steering requirement presented in section 1.5.

3.0, Choice of final concept

The requirements set in section 1.4 will eliminate some of the concepts, the remaining concepts will be chosen
according to the optimisation parameters described in section 1.5.

Prototypes 4 to 7 do not fulfil R1, however because the 95% confidence interval of prototype 4 does envelop
the 15mm threshold we will only exclude prototypes 5 to 7. Prototypes 1 to 4 fulfil most of the requirements,
the following is a list of the requirements that have not been mentioned or investigated sufficiently:

(R8)  The system can be operated by a trained surgeon with little additional training;

(R9) To ease the adopting of the instrument the SN should be hand-operated. Either one or two handed;
(R10) The system does not decrease the cost-effectiveness of HDR BT of the prostate;
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(R11) The system should not lengthen the procedure time (Approximately 30 to 45 minutes) of the HDR BT
prostate needle implantation;

(R12) The system should not be less comfortable to use in a surgical setting then current needles;

(R14) The system can be mass produced with existing manufacturing techniques.

The mechanism by which steering is achieved is quite easy to understand and intuitive to use. Therefore, we
believe R8 should not pose an issue. However, in further development this issue should be considered. The
four prototypes fulfil R9, however, the nitinol stylets (prototypes 1 and 3) can only be used two handed, as they
buckle when used with one hand. To evaluate the cost-effectiveness of the prototypes (R10) we would need
information about the value of improved needle position and possible reduced toxicities. Doing this for all the
prototypes would, in this stage of the design process, be highly time consuming and yield inconclusive results
as the prototypes are in an early stage of development. Nevertheless, we can safely assume the relatively
inexpensive type of steerable needle being developed has the possibility to be cost-effective. The steel stylet
will be easier and less expensive to manufacture then the nitinol version as the material is less expensive and
easier to machine. Prototypes with more parts and more complex mechanism will probably be more expensive
to manufacture. R11 refers to the time needed to implant the needles. The ability to steer a needle could result
in slower implantations as the surgeon steers towards the target. The lost time however should be offset by
the reduced number of insertions required to reach a satisfactory position. This is another point that will require
further research. During the concept experiment we found the collets of some concepts to be hard to release
comfortably. Otherwise the concepts fulfil requirement R12. Some of the parts of the prototypes are 3D printed,
this could be an obstacle to mass production. However, these parts could, with only minor adjustments, be
injection moulded.

A weighted objectives evaluation will be used to determine the final concept. The optimisation parameters will
be used as criteria and will each be weighted. The optimisation parameter P1, will not be included in the
weighted objectives matrix as this would require an addition experiment to determine the prototypes accuracy.
The potential accuracy gain will have to be determined in a future experiment. Parameters that are very similar
between concepts will be omitted as they would not influence the outcome. The four prototypes will then be
scored from O to 10 on each of these criteria. The criteria weight and prototype scores are multiplied and
added, the highest score indicates the preferable concept.

Weight  Prototype 1  Prototype 2  Prototype 3  Prototype 4

P3 - The system should be able to steer more

than 15mm at a 50mm depth. 25 8 200 9 225 6 150 5 125

P6 - The system should increase the cost-

effectiveness of HDR BT as much as possible 20 8 160 9 180 5 100 6 120

P8 - The system should require as little training

- 20 5 100 5 100 8 160 8 160
as possible to operate.

P9 - The system should have as few parts as

. 15 7 105 7 105 4 60 4 60
possible.

P10 - Assembly of the system in the OR should

. . 10 5 50 5 50 7 70 7 70
require as few steps as possible.

P12 - The system should be more comfortable
to use then current systems.

Total 100 675 720 610 605
Table 7 Weighted objectives

10 6 60 6 60 7 70 7 70

Table 7 shows the weighted objectives table. Prototype 2, the optimised stylet from patented steel wire scores
highest with prototype 1 the nitinol optimised stylet as a close second. Difference between the two concepts
results from the slight difference in amount of steering and the cost of a nitinol versus steel stylet. We will use
the optimised stylet from patented steel wire as starting point for the rest of this design process.
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Optimisation and final design

Optimisation and final
design

Abstract

The medical device being developed is classified as an lla medical device. Due to the width of the slots in the
stylet, sterilisation is not an option. The stylet and handle are not to be taken apart and should be disposed of
after each procedure. Final material for the stylet should be available in medical grades. The most favourable
material available in a medical grade is AlISI M42 tool steel. An eccentric lock ensures the stylet is secured to
the sleeve during implantation, but can comfortably be loosened to retract the stylet after implantation.
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The previous chapter has provided an evaluation of the different prototypes and the selection of the most
suitable prototype. While this prototype performed most favourable in comparison to the other prototypes,
there is always room for improvement. This chapter iterates on the prototype selected in the previous chapter
and presents the final design.

4.7, Adjusted design objectives

In the previous chapter the second prototype was chosen to base further development on. The evaluation of
the prototypes revealed several limitations and characteristics of the prototypes. For the second prototype
these were:
e Loosening the mechanism that secured the stylet to the sleeve can be difficult when close to the
template;
e The screw caps on the fastening mechanisms should not come off as easily, as they could be lost
during retraction;
e The steel stylet tends to permanently deform after a number of insertions. This seems to do little
against its performance. The stylet is also easily bent straight
e The plastic ‘stop’ on EDM’ed stylet comes off too easyily upon retraction;
e The prototype scored relatively high ‘This concept requires practice to operate.’ in the gelatine
experiment;
e The prototype scored relatively high ‘“This concept requires a long assembly in the OR.’ in the gelatine
experiment;
e In the weighted objectives evaluation, the prototype scored relatively low on the optimisation
parameter ‘Assembly of the system in the OR should require as few steps as possible.’.

The items in the list above should receive additional attention in the optimisation of the second prototype.

4.2 NMedical device classification

The classification of medical device will influence the cost of developing said medical device and determine its
cost and therefore cost-effectiveness. This section will describe how this medical device was classified and its
implications.

To classify this device the European medical device regulation ("COUNCIL DIRECTIVE 93/42/EEC" 1993)
was used. Firstly, the duration of use is important in determining the classification for CE marking. Because
the stylet is used for a few minutes to place the sleeve and then retracted, the continued use is never more
than 60 minutes. This makes its duration classification ‘transient’. The sleeve however does stay in the body
for more than 60 minutes continuously, and its duration is therefore classified ‘short term’. Secondly the
invasiveness of the device. Surgically invasive is defined as: ‘An invasive device which penetrates inside the
body through the surface of the body, with the aid or in the context of a surgical operation.’ By this definition,
our device is surgically invasive. Lastly, because the slots in the design would be exceedingly difficult to
properly clean and the instrument should be discarded if excessively bent, the device should be disposable.

The sleeves used in HDR BT can remain in the patient for up to days a time. Their duration of use is therefore
‘short term’. The stylet on the other hand will only be used during the implantation and has a duration of use
that is ‘transient. Point 5.2 of Annex VIII, Rule 6 ("COUNCIL DIRECTIVE 93/42/EEC," 1993) states; ‘All
surgically invasive devices intended for transient use are in Class lla unless...’. The exceptions to this rule do
not apply to this device, the steerable stylet is therefore classified as an Ila medical device. Using the previously
certified commercially available sleeves lowers the medical device classification and potential reduces cost
and time required to certify the developed system.

43, Material selection

Section 2.3 found patented steel wire to be the most suitable material to produce a non-superelastic stylet
from. However, to comply with medical device directives, materials used in a medical device should be certified
and documented conforming ISO-10993. It is therefore desirable that the material used in the stylet already
has this certificate. According to the Cambridge Engineering Selector, there is no patented steel wire grade
conforming with 1ISO-10993. Figure 26 shows the same graph as Figure 12, this time showing only materials
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Optimisation and final design

that have a medical grade conforming with ISO-10993. From this graph we can see AISI M42 tool steel has
the closest yield strength over young’s modules ratio to patented steel wire. AISI M42 tool steel does have a
slightly higher Young’s modulus. AISI M42 tool steel can be found in the ASM medical materials datasheet
under ‘Fe-9Mo-8Co-4Cr-2W (M42)’ (ASM, 2020).

One of our optimisation parameters was to have a MRI compatible steerable needle. Unfortunately, none of
the materials that score well in Figure 26 are MRI-compatible or pose a low-risk of MRI interference. When
only including MRI compatible materials and materials that pose a low risk of MRI interference, tungsten wire
becomes the most suitable material. Unfortunately, tungsten has a significantly less favourable yield strength
over young’s modules ratio to AlSI M42 tool steel (note the scale is logarithmic). Using MRl in HDR BT is rare,
we have therefor chosen not to ensure MRI compatibility with this system.

N . —— Tungsten

M42 Tool Steel
— < o> \ @ ./—

Young's modulus (GPa)

1
Yield strength (elastic limit) / Young's modulus

Figure 26 Material selection using Cambridge Engineering Selector. Only materials included with medical
grades available. Black diagonal line indicates optimal material behaviour. Materials with a larger
perpendicular distance to the right of the line present more favourable characteristics.

44, Handle

Having a handle on the SN could be beneficial for multiple reasons. Firstly, a handle gives the surgeon a better
grip of the needle reducing the chance of buckling. Secondly, a handle could allow a surgeon to perform more
controlled and precise movements without worrying the system might slip from his hand even if the system
gets wet. Lastly, a well-placed handle can prevent the stylet from penetrating through the sleeve under excess
force.

The stylet and sleeve are generally not fixated to one another during implantation. The ProGuide® obturators
do have a kink in the end of the stylet to ensure the sleeve remains in its place during implantation. If the stylet
is not fully inserted into the sleeve during implantation there is a chance the unsupported sleeve will kink and
possibly break during implantation. This, at best, makes the implant unusable to an afterloader and at worst
brings the radio source in contact with tissue or leaves fragments of the sleeve in the patient. The developed
SN will likely encounter more extreme manipulation and larger insertion angles then currently used
alternatives. This increases the importance of good fixation between the stylet and sleeve.
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HDR BT needles typically have either a small plastic handle (Mick FlexiGuide Needles® - Eckert & Ziegler) or
a small metal stop (ProGuide® Needles - Elekta) that allows the surgeon to withdraw the stylet from the sleeve
after implantation. This metal stop also acts as the control surface of the system. When a needle is inserted
straight with little manipulation, this surface provides the surgeon with enough control. In the developed SN,
the surgeon needs to bend the needle during insertion. This insertion should be possible one-handed to enable
the surgeon to, if necessary, operate other equipment (such as the TRUS probe). To give the surgeon accurate
control even in wet condition, we believe a handle is required.

The Mick FlexiGuide® Needles handle placement ensures the tip of the stylet stays just shy of the tip of the
sleeve. The handle transfers any force applied to the system, to the sleeve. This is done to ensure the stylet
can never penetrate the tip of the sleeve. This again prevents the breaking of the sleeve and possibly bringing
tissue into direct contact with the radiation source.

The stylet will have to be disposable as the slots would be difficult to clean. The handle could be detachable
and reusable. Reusing the small polymer handle however would probably not be cost-effective as the
sterilisation and assembly of the handle can be costly (Van Meter & Adam, 2016). A reusable handle would
also have the drawback of consisting of small parts that could come apart during use. We have therefor chosen
to use disposable handles. The next sections present concepts for the handle design.

44,7, Stop and flat

The first concept is the minimum viable product. Figure 27 shows the stylet and sleeve separately. The tool
steel stop (1) is press fit to the stylet and a small flat (2) is pressed into to proximal end of the stylet. The stop
gives the surgeon something to hold onto and transfers forces applied to the system, to the sleeve. This
ensures the stylet can never penetrate through the end of the sleeve. The flat holds the sleeve on the stylet
for the duration of the procedure. This concept closely resembles the approach taken in the ProGuide® system
from Elekta.

( >

.

1 2
Figure 27 Stop and flat (1: stop, 2: flat)

4.4.2, Injection moulded handle

Concept two replaces the stop for an injection moulded handle to allow for more comfortable manipulation of
the needle. A flat is still pressed into the stylet to ensure the sleeve remains in place, but now a second flat at
the proximal end of the stylet is simultaneously pressed. The stylet is then placed in an injection moulding
machine and a polymer handle is moulded around the stylet. The handle again ensures any force applied to
the system is applied to the sleeve and gives the surgeon better control. This concept resembles the approach
taken in the Mick FlexiGuide® Needles.

[ >

Figure 28 Injection moulded handle cross section
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Optimisation and final design

443, Improved screw collet

A significant drawback of the previous two concepts is the fixation of the sleeve to the stylet. The sleeve is
held in place by a flattened part in the stylet. This holding force cannot be very large as the stylet has to be
easily removed from the sleeve after implantation. The screw collet presented in Section 2.4.1 prevents the
stylet from sliding during manipulation and allows easy retraction after implantation. The adjusted objectives
in Section 4.1 show some limitations of the prototypes. Loosening the collet presented an issue. This redesign
addresses this issue. Figure 29 shows the redesign of the screw collet. The collet consists of two parts, the
first part (1) is injection moulded over a flat on the stylet much like the previous concept. The second injection
moulded part (2) can then be locked into place. The shallow angle of the collet generates a large amount of
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Figure 29 Improved screw collet. Left shows a section view, rightshows an isometric view. Black arrows
show clamping force. (1: base part injection molded over stylet, 2: second clamping part, 3:directional fins )

holding force while still being easy to loosen. The first part has directional fins (3) to ensure the user does not
accidentally loosen the mechanism. The depth the sleeve can be placed in the handle again ensures the stylet
does not penetrate the sleeve.

444 Fccentric lock

A second issue that surfaced during the experiment in Chapter 3 was that the handle could be dropped and/or
lost. Figure 30 shows an eccentric lock consisting of two parts. The first part (1) is injection moulded around a
flat on the stylet. The second part (3) is then snapped into place and held in place by snap hooks (2) and a
groove. This means the whole system cannot be disassembled after assembly. The holding force is generated
by rotating the part 90 degrees in respect to each other. Because the axis of rotation is eccentric, the sleeve
is compressed and held in place when the components are rotated in relation to each other. The depth the
sleeve can be placed in the handle again ensures the stylet does not penetrate the sleeve. The flats on the
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Figure 30 Eccentric lock. Left shows a section view, right shows an isometric view. Black arrows show
clamping force. (1: base part injection molded over stylet, 2: snap hooks, 3: rotating clamp)
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side of the handle (Figure 30 right) give the user grip to twist the handle and indicate if the sleeve is locked in
place. When the flats do not align, the sleeve is not locked.

4.5, Final design

To be able to steer the needle comfortably, the user should be able to easily manipulate the needle. A secure
fixation of sleeve to stylet is also necessary, to ensure the sleeve does not move in relation to the stylet which
could result in kinks or breaks in the sleeve. We have therefore chosen to fit the stylet with the eccentric lock
(Section 4.4.4). The handle gives the user a comfortable interface and strongly fixates the sleeve to the stylet,
while still allowing the user to easily detach the sleeve after implantation. As for the material of the handle,
there are a number of constrains. The material should be injection mouldable, medical grades should be
available, the materials should be sufficiently stiff, and the material should be sterilisable, either through
radiation, ethylene oxide or steam autoclave. With these constraints in place, the three materials with lowest
price per kilogram found in CES, in ascending order are SMMA, ABS, and PC. Any of these three materials
are suitable for the handle. ABS is ubiquitous in injection moulded parts due to its low cost, strength, and
dimensional stability. SMMA and PC have the advantage of being transparent, enabling the surgeon to see if
the sleeve is seated properly or if something inside the mechanism has broken. SMMA is chosen because of
its transparency. For the handle there are multiple suitable materials, depending on the manufacturer’s
capabilities any of the above-mentioned materials should perform adequately.

Figure 31 shows an overview of the parts of the final SN design with some general dimensions. To assemble
the system, the bottom handle (3) is injection moulded around the stylet (4). Finally, the top (2) is clicked into
place. This assembly is then sterilised, packaged, and delivered sterile to its user. The physician opens the
packaging and places a sleeve. The process of placing and locking a sleeve can be seen in Figure 32.

1 2 3
=4
4
A-A(1:2)
ITEM NO. PART NUMBER MATERIAL AMOUNT
1 Sleeve - 1
2 Handle Top SMMA 1
3 Handle Bottom SMMA 1
4 Stylet AlSI M42 1
Figure 31 Final design SN overview with cross section and material

overview
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Optimisation and final design

Place sleeve Lock sleeve Use SN Unlock and
remove sleeve

Figure 32 Mounting and dismounting of sleeve in order from left to right.
+0.05
R1 +0.01

0
R4.75 h9 -0.03 Hole Sleeve

Shaft

0
1.80 -0.1
Flat

D E9 +0.06
D-D ©9.50 +0.03
Hole

Shaft Offset

Figure 33 Critical dimensions handle. Left shows clamping section, right shows bottom section which is
injection molded over the stylet.

The diameter of the stylet is the most critical dimension for the system to work. The diameter of the stylet
should be 1.44 Tg'gfmm. Firstly, a stylet diameter smaller than specified would result in increased buckling risk
as buckling is heavily dependent on the diameter of the stylet (Equation 10). Secondly, a stylet diameter

smaller than specified could interfere with the locking mechanism of the handle. The length of the stylet should
always be %mm smaller than the inner length of the sleeve to ensure force is transferred to the sleeve and

not he stylet. To ensure the locking system on the handle functions properly, there are a number of critical
dimensions of which an estimation can be found in Figure 33. In the top section of the handle (left) the
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dimension of the hole is critical to ensure smooth rotation and provide the right clamping force on the sleeve.
A loose fit of E9/h9 should allow for smooth rotation while being accurate enough to provide sufficient clamping
force. The distance of the flat to the centre of rotation is critical to produce the right amount of clamping force
on the sleeve. Depending on material, surface roughness and manufacturing technique, this value will have to
be re-evaluated in a later stage to provide the correct clamping force. In the bottom section of the handle (right)
the critical dimensions are the shaft diameter and the diameter of the hole for the sleeve. The slop between
the shaft and the hole needs to be added to the tolerance of the flat and sleeve hole to find the clamping
interference. This comes to in the upper extreme to (0.06 - - 0.03 + 0.05) 0.14mm and in the lower extreme to
(0.03 + 0 + 0.01) 0.04mm. The diameter of a sleeve is approximately 2.00. We assume there to be very little
variation between sleeves. The dimension of the flat, between 1.70mm and 1.80mm, will ensure an
interference between the handle and the sleeve of (2.00 — 0.04 — 1.70) 0.26mm and (2.00 — 0.14 — 1.80)
0.06mm in the upper and lower extreme respectively. Dimensions and tolerances will heavily depend on
material and manufacturing choices and will certainly need to be adjusted as the device is developed. Figure
33 only serves to indicate critical dimensions in the handle design.

Figure 34 gives an indication of what the instrument could look like. A QR code on the handle allows every
instrument to be tracked through its lifecycle. The arrows on the handle provide a secondary indication of the
locked position. Whether the symbols meet EN 15223 should be investigated in the further development of the
SN. The bottom image in Figure 34 shows the way the disposable SN might be delivered to the medical staff,
sterile and ready to be used. The tube and its lid are sealed together by melting a small notch at their interface.
The tube should protect the SN against damage during transport. Further study is required to determine if the
packaging meets ISO 11607. Whether this packaging provides sufficient protection during transit should be
evaluated in future development of the SN.

=

Figure 34 Visualisation of final design. Top shows the handle, bottom shows the complete needle and
packaging.
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“erformance
cvaluation

Abstract

To be able to provide a verdict on the performance of the steerable needle, the system is tested against a
commercially available needle. A PVA phantom is developed to better mimic the tissue in and around the
prostate, and enable ultrasound visualisation. Using two PVA phantoms with different Young’s moduli, the
placement accuracy of the developed SN is compared to that of a commercially available needle both steered
and un-steered. Active steering does significantly improve endpoint accuracy and gives an indication of the
ability to outperform currently available systems in an experimental setting. The cost-effectiveness of the SN
is evaluated by comparing the added cost of the developed system with the potential cost saving effects of the
system.
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The first two chapters have described the design process of the SN. Chapter 3 has described the steering
capability of several prototypes. Chapter 4 has described the final design of the SN. This chapter will aim to
evaluate the performance of this steerable needle in comparison to the rigid needles currently in use.

In the preceding literature review we found the needle placement accuracy to currently be of little importance
in the outcome of HDR prostate BT. Mainly since the dose plan is generated after the needles are implanted.
However, more accurate needle placement could reduce procedure time and reduce the number of needles
necessary per implant. During observation of salvage HDR prostate BT (Appendix F.3), we learned needle
placement to be more relevant in salvage BT as the target of the radio therapy is limited to the tumour and not
the entire prostate. This means placing the needles accurately is much more important and difficult.

Another area of interest is the ability to negotiate anatomic interference (e.g. PAI) and avoid sensitive tissues
(e.g. penile bulb). It is unfortunately difficult to evaluate the performance of the SN in this area as there is no
instrument or procedure to make a direct comparison with. We can however, provide an evaluation of the
steering capability of the needle and the accuracy of said steering. A more valuable evaluation would be to
compare late toxicities with the current implantation technique and a technique aimed to avoid sensitive tissue.
This would require research from a medical perspective to develop a procedure sparing sensitive tissues using
the SN, this is beyond the scope of this thesis.

This chapter will aim to provide an evaluation of the placement accuracy of the SN in comparison to currently
used needles and provide some information about ability of the SN to steer to a target.

5.1, Improved phantom

The experiment in Chapter 3.1 describes the development of a gelatine phantom of which the penetration
force is matched with the in vivo penetration force found in the paper by Podder et al. (2006a). This phantom
was suitable to compare buckling tendency and maximum steering capability of the prototypes. To be able to
compare the performance of the SN to an existing device, and more specifically the steering accuracy of the
SN in comparison to the deflection of existing devices, we need a more representative phantom. In practice
the implantation is performed under ultrasound guidance. To make a fair comparison the SN should therefore
be steered under ultrasound guidance. Unlike gelatine, human tissue is not isotropic, human tissue generally
has an orientation influencing a needle path. This anisotropy is likely to influence the needle path (Webster,
Kim, Cowan, Chirikjian, & Okamura, 2006). During insertion the needle also encounters the prostatic capsule
in HDR BT of the prostate. Passing through multiple layers of tissue can influence needle deflection
(Abolhassani, Patel, & Moallem, 2007). The stiffness of the phantom will also influence the needle deflection
(van Veen, Jahya, & Misra, 2012).

A representative prostate phantom would consist of two regions, one with the stiffness of soft tissue (the
perineal area) and one with the stiffness of prostatic tissue. The phantom should be anisotropic and behave
similarly under ultrasound imaging compared to human tissue. A polyvinyl alcohol (PVA) phantom seems to
be the most suitable candidate. PVA is a synthetic polymer which through freeze-thaw cycles can be
crosslinked. This results in a polyvinyl alcohol cryogen also known as ‘PVA-C’. PVA-C can be used as a
ultrasound phantom due to its similar mechanical properties to human tissue (Zell, Sperl, Vogel, Niessner, &
Haisch, 2007). By varying concentrations and number for freeze-thaw cycles, the stiffness of the phantom can
be manipulated. PVA-C has been used as a phantom for liver (de Jong et al., 2017) and prostate tissue (Li,
Jiang, Yu, Yang, & Yang, 2015) and is regarded to be a suitable phantom for needle implantations.

Before the SN reaches the prostate, it must first pass through mostly muscular and adipose tissue. Farrer et
al. (2015) provide an overview of mechanical characteristics of different tissues. Muscular tissue at rest is
presented to have a Young’s modulus of between 6 and 15kPa. Fat tissue (from the breast) is presented to
have a Young’s modulus between 12 and 26kPa. McAnearney et al. (2011) present several sources of prostate
stiffness measurements. A tremendous range of Young’s moduli are presented for diseased prostate tissue
(between 5 and 200 kPa). A more recent study with a larger sample size by Rouviere et al. (2017) shows
different Young’s moduli for the different zones of the prostate. Prostate cancer generally starts in the
peripheral zone (PZ) (Paulsen & Waschke, 2013). In the PZ the Young’s modulus of cancerous prostate tissue
was found to be 39 to 77kPa (Rouviere et al., 2017).
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Performance evaluation

There is a large stiffness difference between the prostatic tissue and the tissue that surrounds it. To ensure
the SN can perform in both extremes, instead of trying to develop a multi-material phantom, we will design two
phantoms. One with a stiffness approximating muscular and adipose tissue (x15kPa) and the second
approximating prostatic tissue (x50kPa). If the needle is able to steer accurately both in phantoms, it should
show the ability to steer in a combination of those phantoms.

In the design of PVA-C phantom, the ratio of PVA to solvent and the amount of freeze-thaw cycles both
influence the stiffness of the phantom. The paper by Jiang, Liu, and Feng (2011) describes a 3 wt.% PVA-C
phantom that underwent a single freeze-thaw cycle to have a Young’s modulus of 3.6 kPa and a 3 wt.% PVA-
C phantom that underwent five freeze-thaw cycles to have a Young’'s modulus of 11.4 kPa. This paper also
noted the phantom to have properties similar to porcine liver. The thesis by Repetti (2019) describes the
Young’s moduli of 5, 10 and 15wt.% PVA-C phantoms with 1 to 5 freeze-thaw cycles. While there seems to
be a positive correlation between the young’s modulus of the phantom, the concentration and the number of
freeze cycles, the data indicates that an additional freeze cycle could have the effect of decreasing the young’s
modulus instead of increasing it. It is therefore difficult to predict what concentration and number of freeze
cycles we will need to achieve our desired stiffness.

Duboeuf et al. (2009) present two 10wt.% PVA-C phantoms that underwent two and five freeze-thaw cycles
to have Young’s moduli of 65.4 +3 kPa and 167.4 +10 kPa respectively. Fromageau, Brusseau, Vray, Gimenez,
and Delachartre (2003) previously showed phantoms that are practically the same, to have Young’s moduli of
52.4 £9.2 kPa and 89.1 £6.3 kPa respectively. Duboeuf et al. (2009) stress the importance of verifying the
stiffness of a PVA-C phantom before any experiment as not only PVA concentration and number of freeze-
thaw cycles but also freezing, thawing, and degassing time and manufacturing methods could influence the
stiffness of the phantom. Therefore, preparing a phantom simply from instructions found in literature is
inadequate to ensure an accurate phantom. The strength and stiffness of PVA-C is also depended on the
degree of hydrolysis of the PVA used to produce the phantom (Schindler & Hauser, 2004).

To produce the two phantoms with a stiffness of +15 and +50kPa, we will manufacture two 10wt% PVA-C
phantoms. The PVA will be dissolved in a 60:40 mixture of water and antifreeze, the antifreeze will help to
maintain dimensional accuracy. The phantoms will undergo successive freeze-thaw cycles with a mechanical
test after each cycle to determine its stiffness. Once the appropriate stiffness for each phantom has been
reached, the phantoms are ready for use. We expect the 15kPa phantom to require a single freeze-thaw cycle
and the 50kPa phantom between 4 and 5 cycles.

51.1. Materials and methods

Two 10wt.% PVA-C phantoms of approximately
350x130x90mm were produced. After every freeze-thaw
cycle, an approximately 40mm cube cut from the phantoms
underwent a compression test. A 9N force sensor (Futek) was
used to measure normal force. To calibrate the sensor,
weights of a known mass were hung from the sensor and the
corresponding voltage was measured. Formula 12 shows the
formula to calculating the Young’s modulus of a sample
undergoing force ‘F’ being deformed ‘AL’. Lo is the original
length of the sample, A is the area of the sample.

A gel can be difficult to measure accurately. The measured
dimensions of the sample are critical in the determination of
the stiffness of the sample (Formula 12). It is therefore critical
to use a large enough sample, as a small measurement error
in the size of the sample can skew the results significantly.

Figure 35 Phantom compression test using a
linear stage and a 9N force sensor

15%2-132

5
24.9%. In a 40mm cube by comparison, a 2mm measured error would only skew the results (404;23
9.8%.

Using a sample cube with ribs of 15mm, a measurement error of 2mm would skew the results ( * 100)

* 100)
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FL,
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The Young’s modulus of PVA-C depends on the strain rate (Duboeuf et al., 2009; Repetti, 2019). In our
experiment the phantom will be uncompressed. We assume the needle insertion does not generate particularly
large strains rates in the phantom. To evaluate the stiffness, the cube will be compressed at a rate of 0.1mm
per second to minimise strain-rate effects. The stiffness of our phantoms will be measured between 0% and
10% strain. Every sample is compressed to 10% strain ten times over the axis of eventual needle insertion by
a linear stage. A force sensor reads the normal force of the sample with a frequency of 200hz. Figure 35 shows
the setup used to measure the stiffness of the samples.

51.7. Results

The mean of the ten repetitions per sample 10- PVA normal force over strain with fitted line
was taken. Because a significant amount of
noise was present in the measurements, a
moving mean with a sample width of 100
samples was applied. Figure 36 shows the
force over strain graph of per sample. The 6
coloured lines are lines fitted to the data. From

the slope of these lines the Young’s moduli % .

were calculated. As can be seen in Figure 36, 5

the lines do not all start at ON. Because the =

PVA-C cubes are never completely cubic, a 27

small amount of precompression is necessary 1 Cycles

to ensure good contact between the stage and o 2 Cycles
. . . 3 Cycles

the sample. Since we are interested in the 4 Cycles

slope of the line a small difference in the origin 5 Cycles

of the slope should only slightly skew the 20 001 002 003 004 005 006 0.07 0.08 009 0.1

measurements. Strain

Figure 36 PVA normal force over strain with fitted line
The results of the stiffness validation can be
found in Table 8. In Appendix F.4 an example
of the raw data and a force-time graph of the
experiment can be found.

Free-thaw cycles Mean Young’s modulus (kPa)

1 13.6
From Section 5.1.1 we concluded two
phantoms with approximate Young’s moduli of 2 30.7
15kPa and 50kPa are suitable for the

3 34.1

4

performance evaluation. A 10 wt.% PVA that
underwent 1 freeze-thaw cycle and another 43.0
that underwent 5 freeze-thaw cycles

5 48.2
correspond best to these values.

Table 8 Phantom stiffness verification n = 10
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Performance evaluation

b2, Materials and methods

Similar to the experiment described in Chapter 3,
we will insert the needles approximately 90mm
into a phantom. We define ten experimental

conditions (EC) which can be seen in Table 9.
The first two are the commercially available
needle tested in both phantoms, these will not be

steered. This will give us the error of currently
available systems to compare with the
performance of our prototype. The second two

EC’s are the SN prototype inserted without active
steering into both phantoms to find the average
error of the prototype without steering. The next

two EC’s are actively correcting the prototype SN
to minimise the endpoint error of the needle. ECa1
and ECa4z entail placing the target endpoint 15mm

or 7.5mm out of the direct projected path of the
SN (Figure 37). This situation mimics actively

active steering

_ Muscular and Prostatic
n=20 .
adipose phantom phantom
Commercially
available needle ECu ECz
Non-steered SN ECxa EC22
Correcting ECs1 ECs2
Active steering ECa ECa2
Retracted then ECss ECs

steering around anatomy. The last EC’'s are

derived from a relevant question from physicians Table 9 Experimental conditions

from the Erasmus medical centre (EMC). The question being: Is the needle able to leave a previous made
pathway? It is imageable a physician is not satisfied with the position of a steerable needle and would like to
retract the needle somewhat to subsequently reinsert the SN to improve its position. The last two EC’s will
entail driving the needle to end of the phantom without steering, retracting approximately 50mm and
subsequently steering the needle to a predetermined target (Figure 38).

A digital microscope (Dino-Lite) will be aligned with the
central template hole. After each insertion the
microscope will take an image to evaluate the vertical
deviation from the central line. Horizontal deflection will
not be considered, as the ultrasound modality available
to us (Phillips HD7 XE) is unable to provide three-
dimensional visualisation. A PETG wedge will be used
as an ultrasound target. The wedge is mounted on rails
so it can be removed before every image and accurately
put back.

To ensure the needle paths do not intersect the phantom
will be moved laterally 10mm between insertions in
every experimental condition. To maximise the number
of possible insertions in the developed phantoms, the
phantom will be raised 25mm after one row of insertions
is performed. Both phantoms will be allowed to come up
to room temperate (20°). To negate any temporal or
learning effects, all insertion will be randomised for each
phantom. Randomisation between the phantoms would
entail excessive manipulation of the phantom, likely
resulting in damage to the phantoms. Therefore, all
insertions in the lower stiffness phantoms will be
performed first, followed by the higher stiffness
insertions. This diminishes the value of comparison
between EC’s in different phantoms, as learning effects
influence the results between phantoms. We are
interested in the comparison between the commercially
available needle and our SN prototype. To ensure the

Figure 37 EC41 and EC4y; Active steering (1: SN,
2: Template, 3: PETG wedge)

«——

Figure 38 ECs; and ECs»; Top shows retraction,
bottom shows active steering.

validity of the experiment we use a ‘best-case’ and ‘worst-case’ phantom. The comparison of EC between
phantoms is therefore of minor interest. Because needle tracks left by previous insertions make the ultrasound
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visualisation more difficult, the correcting and active steering EC’s will be performed before ECix and ECoax.
Because there is likely no learning effect in EC1x and ECz, this should not skew any results.

Figure 39 Experimental setup (1: SN, 2: Template, 3: Phantom, 4: Phantom shoot, 5: Target guide, 6: Target

slide, 7: Mounting plate, 8: Camera)

Figure 39 shows the experimental setup. The phantom (3) is contained in a shoot (4). The SN (1) is inserted
through a template (2) into the phantom. The top of the phantom is exposed to enable ultrasound visualisation.
To give the SN a target, a PETG wedge in a slide is placed against the phantom (6), this slide moves along a
guide (7). Before every run, the slide is placed in the guide and pressed into the phantom. The PETG wedge
gives a clear target on the ultrasound. After every run, the slide is removed and an image is taken with the
digital microscope (8). From the footage the deviation from the target will be determined. Only deflections in
the vertical plane will be measured. For the non-steered EC’s both horizontal and vertical deflection
measurements will be taken as ultrasound guidance is unnecessary in these EC’s. Horizontal deflections will

not be discussed in this thesis.

The dimension of the holes in the template
(Figure 39 (2)) and thickness of the template are
critical in the amount of leeway a needle has in
the hole and will likely impact the deviation of
said needle. Elekta was kind enough to provide
us with the dimensions of the holes in their

template which were replicated. Our template is

15mm thick and has holes of 2.1%mm.

Because we are only able to visualise horizontal
displacement, our template only has vertical
holes. The template has five holes. The middle
one is used for all non-steering and correcting
EC’s. The holes used in ECa41, EC42, ECs1, and
ECs2 are located 7.5mm and 15mm above and
below this central hole (Figure 38).
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Figure 40 Example ultrasound visualisation EC10 (1:
PETG target, 2: retracted needle path, 3: SN)
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Performance evaluation

Figure 41 shows the final setup of the experiment. The left image shows the turned steel rod to calibrate the
PETG target and digital microscope. The right image shows the phantom in the shoot and in the background
the ultrasound equipment used to visualise the needle insertions. Figure 40 shows an example of the
ultrasound visualisation. The PETG target can be seen as a bright spot on the left of the image (1). This image
was taken during an insertion for ECs2, the needle path of the retraction (2) can clearly be seen above the
current position of the SN (3). The null hypnosis is that there is no difference between the EC’s. The alpha
used is 0.05.

Figure 41 Final experimental setup (left: Steel calibration rod, right: phantom in shoot with ultrasound
machine)

H3. Results

Figure 42 shows a scatterplot of the error of all needle insertions performed. For the non-steered experimental
conditions both the vertical and the horizontal error can be seen. Because we had no means to visualise the
horizontal error in the steered experimental conditions, the horizontal error was not measured in these EC'’s.
Table 10 shows the means of every EC. As can be seen in Figure 42 the mean of all insertions is around 0, to
be able to extract a meaningful error, the absolute error will be used. When using the absolute error, the data
collected fails normality tests. This is likely due to the skewedness resulting from taking the absolute error.
Because the conditions are ranked and non-normal, a Kruskal-Wallis test is most appropriate to analyse the
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Figure 42 Scatterplot of error needle insertions. Left shows PVA phantom that underwent 1 freeze-thaw
cycle, right shows phantom that underwent 5 freeze-thaw cycles

%
TUDelft 45



results. There was no randomisation between
phantoms, this allows for the possibility that
learning has a significant effect of the findings
between both phantoms. It is therefore ECu 1.21 1.52 1.46 1.95 1.39
inappropriate to directly compare the correcting
and active steering EC’s from both phantom to one
another.

N =20 ECux ECox ECax ECax ECsx

) ) ECx2 1.50 3.15 1.15 1.45 1.07
Figure 43 shows a boxplot for the low stiffness

phantom (left) and the high stiffness phantom
(right). Noticeable is the difference in absolute error Table 10 Performance evaluation absolute mean error
between EC11 and EC12 but also EC21 and ECz, (mm) (Light grey: lowest value, dark grey: highest
which as expected indicates a stiffer phantom value)

increases needle error. Conversely, the error found in the correcting and steering EC’s seems to decrease
with a stiffer phantom. Because we were unable to randomise between phantoms this effect could very well
be due to the effect of learning, as the insertions on the stiffer phantom (right) were performed after the less
stiff phantom (left). From comparing EC22 with EC3s2, EC42, and ECs2 we can clearly see correcting and steering
decreases endpoint error.

A Kruskal-Wallis test shows no statistically significant differences between the measured deflections of the
insertions in the low-stiffness phantom (x24, n=20) = 2.75, p = 0.60). The lack of effect is likely to be at least
partially due to the low sample size (n=20). A Kruskal-Wallis test of the stiff phantom does show statically
significant differences in mean ranks (x?u. n =20 = 17.22, p = 0.0018). The EC’s that significantly differ from
one another are EC22 and ECs2 (p=0.0089), also EC22 and ECsz (p=0.0019). The mean ranks of EC22 and ECa2
fall just shy of differing significantly (p=0.053). From these results can be concluded, that in the stiffer phantom
correcting or active steering does increase needle endpoint accuracy. While not significant, the large difference
in medians between EC22 and EC12 does seem to imply the developed SN performs worse when un-steered
in stiff tissue compared to the much stiffer commercially available needle.

Needle error in 10% PVA 1 cycle Needle error in 10% PVA 5 cycles
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Figure 43 Boxplot absolute needle error performance evaluation. Left shows the insertions into the 1 cycle
phantom, right shows the insertions into the 5 cycles phantom. The black horizontal line in the right figure
shows the lower bound of the 95% confidence interval of EC».

When we draw a horizontal line at the lower limit of the 95% confidence interval of the median in EC12, we find
it does not intersect with the 95% confidence interval of both EC32 and ECs2. This would indicate the true
median of EC12 differs from ECs2 and ECs2. While not significant in a Kruskal-Wallis test, this does at minimum
indicate non-inferiority.

The experiment was performed with a different type of ultrasound equipment used generically in HDR BT and
without prior ultrasound experience. One issue that arose occasionally was the acquirement of a wrong target.
Slight damage to the phantom can present a similar ultrasound signature as the PETG target. This, at least in
part, explains the large variety in the steering EC’s and the outliers (ECs2 for example). Because it is difficult
to determine if an insertion with a particularly large error was due to acquiring a wrong target or simply poor
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steering, no outliers were removed. The learning effect is one explanation for the large difference in correcting
and active steering errors between the phantoms. To illustrate this effect, when combining the first half of the
insertions of every correcting and steering EC and comparing those to the second half of insertions of every
correcting and steering EC, we find a difference in means: 1.61 and 1.22 respectively. A Wilcoxon rank sum
test shows a significant difference in mean ranks (Z = 1.98, p = 0.048). It should be noted that the end-user of
the instrument is expected to have some degree of training and will therefore probably perform more like the
insertions in the stiffer phantom.

The vertical distance from the neutral axis of the PETG target in the active steering EC’s was either 7.5mm or
15mm. When combining the values from both phantoms the mean absolute errors between the 7.5mm and
15mm offset are 1.720mm and 1.719mm respectively (n=40). A Wilcoxon rank sum test shows no significant
difference in mean ranks (Z = 0.30, p = 0.76). The results would indicate there is no difference in steering
accuracy between 7.5mm and 15mm. This once again demonstrates the ability of the SN to steer 15mm of a
50mm insertion.

From the insertions in the low stiffness phantom Figure 43 (left) little conclusions can be drawn. From Figure
43 (right) we have found correcting and active steering increases the endpoint accuracy in comparison the SN
inserted non-steered. There seems to be little evidence of significant difference in error between the correcting
(EC=x), active steering (ECa4x) and (ECsx) retracting then steering. When considering the experimenters lack of
ultrasound experience, the absence of needle deflection due to patient movement and inhomogeneity of the
tissue, and limited sample size we can conclude that at minimum this experiment provides evidence of the
non-inferiority of this SN in HDR BT needle implantation. To provide definitive evidence of the efficacy of the
SN in comparison to a commercially available needle, an experiment with a larger sample size should be
performed by a medical profession with ultrasound aptitude in a more representative phantom.

Hh4, (Cost-effectiveness

Appendix A Section 3.2.4 describes the cost-effectiveness of a HDR BT procedure, HDR brachytherapy’s
popularity as a booster for EBRT is likely in part due its cost-effectiveness (Morris et al., 2017). To ensure
adoption of the SN, it is of critical importance the system does not significantly decrease the cost-effectiveness
of the procedure. By estimating the additional cost of the SN and take into account possible cost reductions
resulting from its use, we hope to make an estimation of the systems cost-effectiveness.

54,7, Cost of the steerable needle

The paper by lig et al. (2016) reports ‘Flexi Needles’ used in HDR BT monotherapy to cost $459.78,- per
procedure. Establishing an exact cost of the needles the SN would be replacing is difficult as the manufacturers
of these needle do not make their prices publicly available. One of the advantages of this SN is its striking
similarity with systems currently in use. The Mick FlexiGuide® system also used a single use steel stylet with
a polymer handle. The only significant difference between the developed SN and existing systems are the two
wire-EDM slots that enable the steering. We can therefore say, the only added cost of the developed system
is the machining of the slots.

We will assume an EDM wire diameter of 0.254mm (0.01 inch) and a length of cut of approximately 360mm.
The two slots would take approximately 43 minutes ("High-Performance Wire EDM: Speed Isn't Everything,"
2004) According to CES in an automated EDM process, an operating cost of $50,- per hour is achievable. This
would mean the production of the developed SN would cost approximately €32,- more than currently available
systems. Increasing the production cost has a large impact on the final cost of the system. In consumer
products, a multiplication of four is often used to roughly estimate the retail price from a production price. While
the consumer and medical world are obviously very different, we will use the same conversion factor to give
an indication of the retail price in absence of a better method. This would mean, the SN will be roughly €130,-
more expensive per procedure then currently used systems.

The SN could possibly be manufactured by methods other than EDM, for example by using LASER cutting or
micro machining. Soldering four extruded wire quadrants together might also be an option. These
developments could decrease the production cost of the SN. For this cost-analysis we will assume EDM to be
the manufacturing technique, in future development of the system this topic should be revisited.
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4.7 Fotential cost reductions

There are several potential cost reductions to be gained by using a steerable needle. The SN could enable
more accurate needle placement resulting in less needle relocations. This in turn would reduce procedure
time. A reduction in procedure time would reduce personnel costs and allow more procedures per day,
reducing the overhead costs of the operation room and equipment. By reducing the amount of retraction and
reinsertions, tissue trauma and related late toxicities could be reduced. Less late toxicity means less re-
hospitalisation and reduced lifetime cost. By actively steering around sensitive anatomy, late toxicities could
possibly be further reduced. Finally, the SN could ensure more patients to be suitable for HDR BT, therefore
reducing the need for more costly procedures.

Physicians from the Erasmus Medical Centre indicated a routine needle implantation for HDR BT to take
approximately 30 to 45 minutes (Appendix D.4). Childers and Maggard-Gibbons (2018) found a Californian
operating room to cost on average $36,- to $37,- per minute. That means a four-minute decrease in procedure
time would make the SN cost-effective in California. While OR costs vary greatly between country and
hospitals, a small reduction in operating time could make a significant impact on the cost-effectiveness of the
developed system.

The rate of AUR in HDR BT is approximately 10% (Buskirk et al., 2004; Skouteris et al., 2018). In complicated
cases AUR requires hospitalisation. A Belgian study by Lamotte et al. (2005) found the six month costs related
to hospitalisation in the case of AUR to be €4.722,- (SE= €526,-). The SN could allow for less tissue trauma
or the avoidance of sensitive tissue, reducing the instances of AUR. Even a small reduction in AUR significantly
improves the cost-effectiveness of the SN.

Vu, Blas, Lanni, Gustafson, and Krauss (2018) showed IMRT with a HDR BT boost to be cost-effective in
intermediate to high risk patients in comparison to IMRT only, with associated lifetime costs of $68.696,- and
$114.944.- respectively. A patient with risk of PAI could be advised to undergo IMRT only. The SN could allow
such patients to undergo IMRT with an HDR BT boost, the added cost of the SN would in this case be
justifiable.

Improving the quality of an HDR BT implantation could naturally improve the outcome of the procedure. This
would decrease the necessity of costly salvage treatments. The possible cost reductions listed above only
serve to indicate the possibility of the developed SN being cost-effective. Unfortunately, in this stage we cannot
make a substantiated claim about the cost-effectiveness of the developed system. We do however hope to
have shown the possibility of its cost-effectiveness.
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IScUSSsIoN

Abstract

The steerable needle developed shows promise in being able to steer a reasonable amount with respectable
endpoint accuracy. The simplicity and compatibility of the system mean the compliant mechanism could be
applied to a whole range of high dose-rate brachytherapy procedures. The main question remaining concerns
the medical implications of the steerable needle. Possible advantages have been presented but should be
guantified before allocating resources to the further development of the steerable needle. With the quantitative

information about the medical advantages of the steerable needle, determining the potential cost-effectiveness
of the system should be straightforward.
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The literature study at the beginning of this document has provided the clinical relevance of a steerable
needle in high dose-rate brachytherapy of the prostate. The previous chapters have presented the design
process and evaluation of the steerable needle in question. This chapter will discuss the findings presented,
critically examine the evidence, and provide recommendations for the further development of the steerable
needle.

o. 1. [he big picture

The aim of this thesis was to develop a manually operated steerable needle for high dose-rate brachytherapy.
To accomplish this goal several requirements were set, of which the most important were:

The ability to steer a minimum of 15mm over an insertion of 50mm;
The ability to increase endpoint accuracy;

The compatibility with existing equipment;

Retaining the cost-effetiveness of HDR BT of the prostate.

Every experiment performed has shown the ability to steer a minimum of 15mm over an insertion of 50mm.
While an insertion in vivo will certainly present new challenges, all evidence suggests sufficient steering
capability. Endpoint accuracy was described mostly in the previous chapter. While most results were non-
significant, likely due to small sample size and an inexperienced experimenter, the SN showed, at minimum,
evidence of non-inferiority compared to a commercially available stylet. The simplicity of the design means it
can be a drop-in replacement for existing stylets. And the relative low cost of the system could make the SN a
cost-effective instrument.

The ability to steer around obstacles can be useful in HDR BT, for example to treat patients with PAI, or access
the area of the prostate occluded by the urethra. This thesis also presents one of the advantages of a SN to
be the ability to avoid sensitive tissues. While there is evidence of needle trauma being related to late toxicities
in HDR BT of the prostate, reducing this trauma requires the development of a new insertion technique. Which,
unfortunately, is outside the scope of this thesis. A ‘curvilinear implantation’ has been theorised to improve
prostate HDR BT outcome. The 15mm steering over a 50mm insertion has been treated as a minimum. From
concept evaluation experiment we can see the developed system is able to steer more then this minimum.
With the available amount of steering a large part of the sensitive tissues mentioned could be avoided by
steering.

This thesis does not provide conclusive evidence of increase endpoint accuracy compared to commercially
available systems. It does however show the possibility of increasing endpoint accuracy is with a SN in a
phantom. The presented performance evaluation suffers from a small sample size, a homogeneous non-
moving phantom, an inexperienced experimenter, and only evaluating steering in one plane. In non-
homogeneous moving tissue, the amount of noodle deflection to compensate for will likely be larger. In these
conditions, a more experienced experimenter with a larger sample size could possibly achieve statistical
significance. Despite its flaws, the performance evaluation experiment shows the means and medians of every
correcting and actively steered EC in the stiffer phantom to be lower than those of the non-steerable
commercially available needle. In the case of HDR BT of the prostate the main advantage of increased
endpoint accuracy should be the decrease in retractions and procedure time. Whether the use of an SN does
in fact decrease procedure time and needle retractions should be investigated in future development.

By ensuring the system is compatible with existing equipment (sleeves, templates, and visualisation
modalities) the steps needed for adoption are greatly reduced. Additionally, this means the system can easily
be adapted for use in other HDR BT procedures. For example, in breast HDR BT, needles are passed through
a template, through the breast and are expected to emerge through the same hole in an opposite template. In
this procedure, the same stylets and sleeves are used as in HDR BT. If the developed SN can provide value
in HDR BT of the prostate it is imaginable it can do the same in other HDR BT procedures.

The cost-effectiveness of the developed system remains unsubstantiated. The effect the developed steerable
needle will have on the outcome of an HDR BT procedure is simply too complex to predict. As presented in
the previous chapter, the developed SN is to cost approximately €130,- more than currently available systems.
While this might seem costly for a disposable instrument, when lifetime costs of a prostate HDR BT procedure
exceed $50,000,- in the United States, even a small improvement in procedure outcome can make the
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Discussion

instrument cost-effective. The further development of the SN might decrease the unit cost increasing the
chances of the system’s cost-effectiveness.

02. Chalenges

The preceding literature review presents evidence of steering capability and increased endpoint accuracy
potentially improving the outcome of HDR BT prostate procedures. This thesis provides preliminary evidence
of the steering and endpoint accuracy potential of this SN. The main question now becomes if increased
accuracy and steering potential does in fact positively influence the outcome of an HDR BT procedure. This
piece of evidence is required in providing conclusive evidence of the benefit of the developed SN in HDR BT
of the prostate. An answer to this question would legitimise the further development of the system. Answering
this question would also provide the crucial information required to make an informed estimation of the cost-
effectiveness of the system.

A statistically significant learning effect was uncovered in the performance evaluation experiment. This speaks
to the probability that medical staff will require some training to effectively use the SN. Like many surgical
instruments, the efficacy of the instrument will largely depend on the aptitude of the surgeon. This means
providing high-quality training becomes as important as providing a well-designed instrument. Steering in this
thesis has only been studied in a single plane due to visualisation constraints. Whether a trained surgeon will
be able to steer in two planes with similar accuracy as can be achieved in a single plane, will have to be
examined.

There is evidence to support the need for steerable needles in HDR BT and evidence of the desire of medical
personnel to have access to the instrument. To be adopted, using a SN will have to be cost-effective. This
means, firstly, quantitatively determining the effects of the developed SN on an HDR BT prostate procedure.
Secondly, developing the SN further to formulate a more accurate estimation of the system’s cost. The value
of this design is in its simplicity and therefor low-cost. Should this system turn out not to be cost-effectiveness,
it is unlikely any SN will be cost-effective for an HDR BT procedure of the prostate

0.3, Recommendations

The current manufacturing cost is an estimation based on literature. The simplest way to determine a more
accurate cost would be to approach manufacturers and have them advise on the manufacturing process and
associated costs. In this stage it could prove fruitful to explore the availability of a superelastic material with a
similar Young’s modulus compared to the steel used in the prototype. We were unable to find such a material.
The main cost of producing the stylet are the EDM’ed slots. This issue was previously addressed by soldering
four wires together. However, four round wires have the tendency to slip which results in decreased steering
potential. By joining four extruded quadrants this issue should not arise. Because extruded steel quadrants in
the required dimensions are not readily available, we were unable to test this theory. In further development
this manufacturing technique should be explored.

All evidence of steering and endpoint accuracy in this thesis is provided in artificial phantoms. To provide a
more valuable comparison, the developed SN should be compared to commercially available systems in
biological tissue. The experiment should be performed by someone experienced with ultrasound visualisation.
The experiment should also involve the appropriate equipment and setting. Lastly a larger number of
repetitions should be performed to increase the power of the experiment. Whether the phantom is porcine,
canine or cadaver, the increased realism from having non-homogeneous anisotropic tissue and the
appropriate target to steer towards should make for a more valuable comparison.

From literature and consultation with experts we uncovered several possible advantages and disadvantages
of using a steerable needle in high dose-rate brachytherapy of the prostate. Based on these advantages and
disadvantages the steerable needle was developed. In reality, the exact way the steerable needle will be used
and what advantages it can have will have to be determined by its end-user, the surgeon. It is imaginable that
there are use-case for the steerable needle that have not been discussed in this thesis. Just as likely there are
disadvantages of using a steerable needle that have not been discussed. We therefore believe it is imperative
to closely involve the end-user of the system, the surgeon, in the further development of the steerable needle.
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The mechanical properties and design requirements of the SN have been reported in this thesis. The literature
study warrants the further investigation of using a SN in HDR BT. To show the medical benefit of using an SN
for HDR BT, a quantitative study should be performed preferably by someone with a medical background. With
this information a verdict on the value and cost-effectiveness of the SN can be made. Once the above
mentioned is available, there would be a working prototype, evidence of its efficacy in biological tissue and
guantitative information of the medical advantages of said prototype. This should be everything needed to
make a well-grounded ruling on the further development of the SN.
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Conclusion

Conclusion

This thesis presents the first evidence of the value of this compliant mechanism steerable needle for high
dose-rate brachytherapy of the prostate. By minimising complexity and maximising compatibility an effort is
made to design a steerable needle that not only allows the surgeon to perform a new set of manoeuvres but
can also easily be adopted into the existing workflow. The compatibility with existing sleeve designs mean the
concept is not limited to high dose-rate brachytherapy of the prostate but could be used in numerous high
dose-rate brachytherapy procedures.

The amount of steering the needle has shown should be sufficient to help the surgeon in dealing with pubic
arch interference and steering to sections of the prostate occluded by the urethra. The amount of steering
could also allow for the development of a novel implantation method sparing sensitive tissues. This thesis fails
to reach the significance threshold when comparing the endpoint accuracy of the developed steerable needle
to a commercially available needle. However, with a more representative phantom an more power statistical
significance could likely be achievable in further research.

By improving the production process the manufacturing cost of the system could be decreased. By involving
the end-user of the system in the early development, new advantages and disadvantages of the steerable
needle could be uncovered. The next steps in the development of this system should include quantifying the
possible advantages of the steerable needle to be able to make an informed decision about its added benefit
to the field of high dose-rate brachytherapy.
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Abbreviations

Below abbreviations used in this thesis and literate review can be found in alphabetical order:

BT — BrachyTherapy

CT — Computer Tomography

EC — Experimental Condition

EDM - Electrical Discharge Machining
EMC — Erasmus Medical Centre

ER — External Radiation

HDR — High Dose-Rate

IMRT — Intensity-Modulated Radiation Therapy
LDR — Low Dose-Rate

LUMC - Leiden University Medical Centre
MRR — Metal Removal Rate

NiTi — Nickel Titanium (Nitinol)

OR — Operating Room

PAI — Pubic Arch Interreference

PDR — Pulse Bose Bate

PVA - PolyVinyl Alcohol

PZ — Peripheral Zone

SN — Steerable Needle

TRUS — Trans-Rectal Ultrasound

UMCU - University Medical Centre Utrecht
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ADStract

Prostate cancer is the most common cancer in men and third in terms of mortality. High dose rate
brachytherapy is a commonly used and effective treatment to combat this cancer. High dose rate
brachytherapy requires the implantation of several needles into the prostate trough which a radiation source
is introduced. This implantation can present a number of difficulties. Steerable needles have been proposed
to address some of these difficulties. This literature review aims to determine the usefulness of steerable
needles in high dose rate brachytherapy of the prostate.

By reviewing literature on high dose rate brachytherapy, needle complications, and steerable needles
separately a large body of literature was compiled. Combining this literature resulted in the findings presented
in this literature review.

This paper identifies several advantages a steerable needle could have over a conventional needle, these
include:

e The ability to steer around sensitive tissues, thereby reducing implant related toxicities;

e Avoiding anatomical obstructions, increasing the number of patients eligible for high dose rate

brachytherapy, and possibly simplifying the procedure for the surgeon;

o Decreasing the number of required needle implants, decreasing implant related toxicity;

e Increasing needle positioning accuracy, reducing the number of required needle implants.
Possible disadvantages include increased system complexity and decreased cost-effectiveness. The design
of a steerable needle for high dose rate brachytherapy should take these disadvantages into account.

Evidence of the usefulness of a steerable needle in prostate high dose rate brachytherapy is far from definitive.
However, the possible advantages of the technique warrant the development of a manual controlled steerable
needle for high-dose rate brachytherapy of the prostate. This paper provides a foundation of information for
the development of this needle.
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Ntroauction

Prostate cancer is the most common cancer in men and third in terms of mortality. In high dose rate
radiotherapy, needles are implanted into the prostate, through which an afterloader inserts a radioactive
source. One of this procedure’s benefits is its ability to deliver local doses of radiations, sparing surrounding
tissue.

The implantation of needles in high dose rate brachytherapy can be challenging, especially in the case of the
prostate. The target is deep inside the body and access is limited by other anatomies. To aid in accurately and
safely implanting these needles, the use of steerable needles has been proposed. The goal of this literature
review is to deliver a verdict on the usefulness of a steerable needle in high dose rate brachytherapy of the
prostate.

To answer this question, | will provide some background on prostate cancer and radiation therapies in the first
chapter. In chapter two | will define the methods | used to find relevant literature on the subject of high dose
rate brachytherapy in the treatment of prostate cancer and the influence of needles and their accuracy on this
procedure. In the third chapter | will describe the state of the art in high dose rate prostate brachytherapy and
its future directions. The fourth chapter discusses prostate anatomy and needle related complications in high
dose rate brachytherapy of the prostate. The fifth chapter presents an overview of literature available on
steerable needles and their performance. The sixth and final chapter combines the previous chapters into a
discussion about the place of steerable needles in high dose rate prostate brachytherapy.
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“rostate Cancer

Abstract

Prostate cancer is the most common cancer in men and third in terms of mortality. Treatments include
pharmacotherapy, radiation therapies, and hormonal therapies depending on the stage of the cancer and
condition of the patient. External beam radiotherapy, brachytherapy, and radio nucleotide therapy are
examples of radiation therapies. In high dose-rate brachytherapy, a high dose rate radiation source is placed
through polymer sleeves into the tumour for a short period of time. Possible advantages include decreased
hospitalisation time and more precise radiation control over other radiotherapy modalities.
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This chapter provides some rudimentary information about prostate cancer and available treatments. Readers
familiar with radiation treatments are advised to move on to the next chapter.

1.7 The dsease

Prostate cancer is the most common cancer found in men. After lung and bronchus cancer it claims more of
men’s lives than any other cancer (Cancer Facts & Figures, 2019). The American Cancer Society estimates 1
in 9 men will be diagnosed with prostate cancer during their lifetime and 1 in 41 men will die of prostate cancer
("Key Statistics for Prostate Cancer," 2019). Cancer Research UK estimates 1 in 6 males born after 1960 will
be diagnosed with prostate cancer in their lifetime and that prostate cancer is responsible for 7% of all male
cancer mortality ("Prostate cancer statistics,” 2019). Men with African ancestry and/or a family history of the
disease are especially susceptible to the disease. The ‘western lifestyle’ also seems to increase the risk of
developing prostate cancer (Denmeade & Isaacs, 2002).

Prostate cancer has a mean onset age of 66. This, combined with the fact that 90% of the cases are discovered
at the local or regional stage, means that the 10-year survival rate for all stages combined is 98%. Cancer
Research UK reports the 10-year survival rate in England and Wales between 2010 and 2011 for prostate
cancer was 84%.

In early stages, prostate cancer has no symptoms. The first symptoms that appear usually are difficulty
urinating, blood in the urine or pain with urination. More advanced symptoms are pain in the bones of the hips,
spine, or ribs. Screening can be a good way to detect early stage prostate cancer. By doing a prostate-specific
antigen (PSA) test, performing a rectal exam, using transrectal ultrasound or using magnetic resonance
imaging, the disease can be detected before symptoms arise ("Prostate Cancer Treatment," 2019).

Treatments include surgery, pharmacotherapy, radiation therapies, and hormonal therapies depending on the
stage of the cancer and condition of the patient. Treatment can have a negative impact on the quality of life of
the patient. Urinary or erectile difficulties are common side-effects. The next section discusses radiotherapy in
more detail.

1.2, Radotherapy

Radiation therapy employs ionising radiation to stunt the growth of, or kill malignant cells. What radiotherapy
is preferred, depends on factors such as the stage of the disease, the age of the patient and the risk-factor of
the patient (Moon, Efstathiou, & Chen, 2017). Radiation therapy is mostly used in localised prostate cancer.
Combinations of radiation therapy with other radiation therapies or with hormonal or surgical interventions are
common.

12,7, External-beam radiotherapy

There are several therapies in which a radiation source irradiates the patient from outside of the body. These
therapies will be called external radiation (ER) when the specific radiation modality is not mentioned in
literature. External-beam radiation therapy (EBRT) is the most common form of ER. In EBRT an ionising beam
is pointed at the tumour from outside the patient. A linear accelerator produces megavoltage photon beams
that penetrate the tissue and deliver their ionising payload. The major disadvantage of EBRT is the fact the
radiation is not contained to the tumour. Instead a portion of the radiation ends up in the surrounding tissues.
The adverse effects of this access radiation can be decreased by spreading the treatment over a longer period,
usually weeks or months, giving the healthy tissue time to recover. Additionally, using techniques such as
intensity-modulated radiotherapy (IMRT) or stereotactic body radiotherapy (SBRT) can reduce the dose to
surrounding healthy tissue, while delivering a therapeutic dose to the malignancy (Moon et al., 2017).

A recent addition to the field of EBRT for prostate cancer treatment is proton therapy. Instead of using photon-
beams, protons beams are used to irradiate the tumour. Proton therapy potentially offers to reduce the side
effects of photon therapy while maintaining its efficacy. However, the superiority of this technique is still a
matter of debate (Royce & Efstathiou, 2018).
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122, Brachytherapy

In brachytherapy (BT), instead of using an external source of radiation that radiates inward, a radiation source
is placed directly in the malignant tissue. This is done in an effort to minimise radiation exposure to surrounding
healthy tissues and increase dose accuracy. Brachytherapy has for a long time been a standard treatment for
low risk prostate cancer (Moon et al., 2017). In 2017, the American Society of Clinical Oncology and Cancer
Care Ontario recommended that medium to high risk prostate cancer patients should also be offered BT (Chin
etal., 2017).

Low dose rate brachytherapy

LDR BT is especially suitable for low-intermediate risk prostate cancer (Hannoun-Levi, 2017). In low dose rate
brachytherapy (LDR BT), a multitude of radioactive ‘seeds’ are implanted in the tumour. These seeds slowly
release their radiation, killing malignant cells. The main advantage of this therapy is the concentration of
radiation, sparing healthy tissues. Another advantage of this therapy is the reduced number of required hospital
Visits.

High dose rate brachytherapy

In high dose rate brachytherapy (HDR BT) instead of implanting long-term low radiation sources, a high dose
rate radiation source is placed in the tumour for a short period of time. During the procedure a series of needles
are placed and fixated in the prostate. These needles are later populated with high dose rate radiation sources
with the help of an afterloader. By using high rate radiation sources, the exposure time can be reduced to
minutes.

Some advantages of this technique are accelerated treatment and the possibility of more accurate dose
distribution by using inverse treatment planning to adjust dwell positions and times (Skowronek, 2017).
Disadvantages are greater late tissue effects, the need for shielded rooms and afterloading equipment.

Pulsed dose rate brachytherapy

Pulse dose rate brachytherapy (PDR BT) aims to offer the accurate dose shaping and expeditious treatment
of high dose radiation with the low late tissue effects of LDR BT. The procedure is comparable to HDR BT, but
instead of using high-dose rate radiation for a few minutes to treat the tumour, it uses pulses of a lower dose
rate radiation source over a period of hours (Balgobind et al., 2015). A possible disadvantage of this therapy
is the increased treatment duration and therefore diminished cost-effectiveness.

1.2.3 Radionuclide therapy

Radionuclide therapy, or nuclear medicine, uses radioactive pharmaceuticals that are designed to accumulate
in the malignant growth to deliver ionising radiation to the tumour. Researchers are looking for specific markers
to bind the radiopharmaceutical to the growth. This therapy is currently limited to certain types of prostate
tumours, generally castrate resistant tumours ("Fact Sheet: Targeted Radionuclide Therapy and Prostate
Cancer," 2019).
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Quiality literature on steerable needles
for HDR BT in prostate cancer treatment
is scarce. Therefore, | decided to split my
research in three parts. Firstly, to find
literature on the state of the art in HDR
BT, | searched PubMed with the search
terms :"HDR Brachytherapy[Title]” OR
“High Dose Rate Brachytherapy[Title]”
AND “Prostate[Title]” AND
“2016”[PDAT] : “2019”[PDAT].

This search vyielded 110 papers. 18
Additional sources were identified mainly
in the bibliography of previously found
papers. After removing duplicates, the
papers were screened for access to full-
text availability. The remaining paper
were then assessed on their relevance,
this resulted in a total of 63 papers. The
study section process can be seen in
Figure 44.

The second part of my research was into
the anatomy and characteristics of the
prostate and its surroundings and the
difficulties experienced in implanting

\Vethods

Additional records identified through
other sources
(n=18)

Records identified through PubMed
searching (n = 110)

v v

Records after duplicates removed
(n=127)

v

Records screened N Records excluded
(n=127) (n=26)

v

Full-text articles assessed for Full-text articles excluded, with
eligibility La reasons
(n=101) (n=38)

v

Studies included in qualitative
synthesis
(n=63)

v

Studies included in quantitative
synthesis (meta-analysis)
(n=19)

Figure 44 Study Selection Process HDR BT

HDR BT implants. Because the information | was after was quite specific, a systematic approach such as in
the preceding chapter would be unsuccessful. Instead | searched for papers pertaining to implantation related
toxicities in prostate cancer and used their references to build a comprehensive overview of the field.
Additionally, | used the book Sabotta; Atlas of Human Anatomy (Paulsen & Waschke, 2013) for addition
information on anatomy. In total | collected 43 sources. 32 Of those paper were determined to be relevant and

were included in this literature review.
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Methods

The third part of my literature review pertains to steerable needles used for the treatment of the prostate. |
searched PubMed, the journal Medical Engineering & Physics and Google Scholar with the terms ‘Steerable’
and ‘Prostate’. This yielded a limited number of papers. Using the bibliographies of the previously found papers
| collected a total of 50 papers, of which 42 were deemed to be relevant and were included in this literary
review.
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Abstract

In high dose-rate brachytherapy of the prostate, multiple sleeves are placed transperineally into the prostate
under transrectal ultrasound guidance. High dose-rate brachytherapy is often used as monotherapy for low to
intermediate risk prostate cancer patients. In high risk patients a combination of high dose-rate brachytherapy
and external beam radiotherapy is common. In recent years, the field has seen a shift to less fractions with
higher doses.
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The advantage of BT over EBRT is the localised radiation and thereby supposed diminished adverse side
effects. Through the ability to adjust dwell times to the 3d geometry of the tumour, HDR BT has the ability to
reduce radiation to surrounding tissue and reduce adverse effects over LDR BT (Dutta, Alonso, Libby, &
Showalter, 2018). It has been shown HDR BT can be advantageous in the treatments of low, medium and
high risk prostate cancer (Dutta et al., 2018; Grills et al., 2004; Skowronek, 2017). This chapter aims to
determine the state of the art in HDR brachytherapy, the clinical outcomes of these methods and possible
future innovations in the field.

3.7, Methods and practices

The HDR BT procedure can be divided into four general steps:

1. Needle implantation — While the patient is in a dorsal lithotomy or lateral decubitus position (Tselis
et al.,, 2017), under real-time transrectal ultrasonography (TRUS) or magnetic resonance imaging
(MRI)-based guidance, needles are inserted through a template into the perineum. approximately 15
needles are placed throughout the prostate. Depending on the cancer, needle positions can vary
(Yoshioka, Itami, Oguchi, & Nakano, 2019);

2. Treatment planning — Inverse treatment planning is common, using computer tomography (CT), MRI
or TRUS to map the position of every needle. Geometric optimisation is used to calculate dose
distribution according to the prescribed dose and the planning target volume (PTV);

3. Afterloading — An afterloader is used to populate the needles in the prostate. The afterloader
populates the needle according to the treatment plan generated in the previous step. By modulating
dwell times, the afterloader can deliver ionising radiation to the required sites while sparing healthy
tissue. Common dose prescriptions are 54Gy in six fractions and 38Gy in four fractions (Tselis et al.,
2017);

4. Patient management — Depending on the number of fractions per implant, the patient might need to
remain in bed for hours or days. During this time, measures are taken to minimise complications and
discomfort.

While the general steps in modern HDR BT are constant, there is discussion about the specifics of the
procedure. One of these discussions pertains to the dosimetry. The field currently is moving towards higher
dose rates with lower fractions. Therapies with doses of up to 19Gy in a single fraction have been described
(Hoskin et al., 2017; Prada et al., 2016; Siddiqui et al., 2019). It should be noted that some of the authors warn
about 19Gy being a suboptimal dose for HDR BT.

A recent trend in the treatment of prostate cancer has been the decrease in screening and curative treatment.
Because of the nature of this cancer, it is often advantageous for the quality of life of the patient to implement
watchful waiting instead of radical treatment (Arredondo et al., 2008).

3.2, Clinical outcomes

To be able to evaluate the clinical outcome of different studies | will where possible use 5-year biochemical
non-evidence of disease (bNED) rates. These rates are the most widely reported and allow best for
comparison. Late gastrointestinal toxicity (Gl) and late genitourinary toxicity (GU) rates above grade 3 will be
used to describe toxicity of the treatment. For the classification of risk-groups the widely used D’Amico
classification will be used.

Please note that the inclusion criteria for toxicity statistics can vary between studies, complicating direct

comparison. Secondly, the occurrence of these late toxicities is relatively rare which makes the power of most
studies insufficient.
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321, HDR BT as monotherapy, a comparison with other
radiological interventions

HDR BT has widely been accepted as a monotherapy for low and intermediate risk localised prostate cancer
(Yoshioka et al., 2019). However, also for high-risk patients, HDR BT might be non-inferior to other radiological
therapies. Table 11 shows the result of studies specifically into the use of HDR BT as a monotherapy for
prostate cancer.

Treatment Late Gl toxicity = Late GU toxicity
Study Patients Risk Group 5-year bNED (Total dose Gy/ (grade 3 or (grade 3 or
fractions) above) above)
73 Low 95%
Yoshioka et al. 207 | di 0 27/Gy/2, 45/‘5 0 0
(2017) ntermediate 94% Gy 24‘2; %y 7, 1% 0.2%
244 High 89% y
198 Low 96.1%
S"O(%fgb‘it al 135 Intermediate 96.1% 34.5/3 0% 18.7%**
117 High 92.1%
48 Low 100%
Yamazaki et al. 75 Intermediate 95.6% 45.5/7, 54/9. 2% 0%
a H 0, ’
(2018a) 128 High 90.4% 4917
19 Very High 89.2%
P"’Etzeéf;)a" 190 Intermediate 97% 43.5/6* 0% 3.7%
N ¢ al 84 Low
agore et al. o o o
(2018) 35 Intermediate 96% 21l 1% 2%

Table 11 HDR BT Monotherapy, only significant values (*median values ** including erectile disfunction)

Patel et al. (2017) report HDR BT to be a safe and highly effective treatment for localized prostate cancer in
intermediate-risk patients. This study also highlights the difficulty in comparing different studies A 3.7%
genitourinary toxicity is reported, while also stating 32% erectile dysfunction under previously non-symptomatic
patients.

Yamazaki et al. (2018a) showed no statistically significant difference for HDR BT monotherapy versus image-
guided intensity-modulated radiotherapy (IG-IMRT) for localized prostate cancer. The 5-year bNED after
patient selection bias adjustments were 92.9% and 89.1% (p=0.18) for HDR BT and IG-IMRT respectively.
They did find increased genitourinary toxicity in patients treated with HDR BT.

Yamazaki et al. (2019) showed an equivalent outcome of HDR BT compared to LDR BT with or without EBRT.
Kollmeier et al. (2017) found no significant difference in outcomes for LDR and HDR salvage BT for selected
patients. Hegde et al. (2018) showed stereotactic body radiotherapy as well as HDR BT can provide excellent
bNED rates for intermediate risk prostate cancer.

The ASCENDE-RT trial found dose-escalated EBRT as a monotherapy to result in a 62% five year disease
free survival rate (Morris et al., 2017). The studies listed in Table 11, show higher 5-year bNED rates in high-
risk patient who underwent HDR BT as monotherapy. The excellent 5-year bNED rates of HDR BT for high-
risk prostate cancer treatment seem to indicate non-inferiority to other radiological modalities. Despite these
5-year bNED rates, high-risk prostate cancer is recommended to be treated with EBRT with a HDR-BT booster
(Morris et al., 2017).

322, HDR BT as booster, a comparison with other
radiclogical Interventions

For intermediate and high-risk patients an HDR BT boost is often used in combination with external radiation.
Table 12 describes studies into HDR BT as a booster for external radiation radiotherapy. The type of ER varies
among studies and is not always disclosed. Often external beam radiation therapy (ERBT) is used.
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Stud Patients Risk Grou Tre(fj:l(t)rg: ?(ts(T)/o tal S-year I{(?;?Cg Lt?);eic(iiy ER
Y P fractiong) bNED (grade 3 or (grade 3 treatment
above) or above)
169 Intermediate 16.5/3. 18/3 93.3%
Yaxley et al. (2017) 338 High 195/3 24.9% 46Gy/ 23
0,
57 Low 18/3,19.5/3, 1972, ~ O+8% 36.45Gy/
Vigneault et al. (2017) 640 Intermediate 20/2, 21/2 and 95% 15_22y
135 High 15/1 93.5%
Strouthos et al. 303 High 21/2 85.7% ** 0% 23.3%%*  45Gy
(2018a)
5 Low 100%*
Liu et al. (2016) 36 Intermediate 18/2 100%* 2.6% 39Gy/13
115 High 96.9%*
163 Low 98.1
) 1058 Intermediate ) 95.5 Median
Ishiyama et al. (2017) Median 19/7 0,6% 6.2%
1689 High 89.5 39Gy/ 13
490 Very-high 80.4
42 Intermediate 92%
Chao et al. (2019a) _ 18/3,16/2 0% 5.3% 50.4Gy/
53 High 88% 28
65 Intermediate
Olarte et al. (2016) 100 High 19/4 88.7%** 2.2% 7.6% 54Gy
18 Very High
20 Intermediate 100% 45 Gy
Ng et al. (2018) 21/2,19/2, 15/1 0% 4% ;
55 High 80.3% (median)
7 Low
Hoskin et al. (2012) 43 Intermediate 1712 75% 26% 7% 35'71263”
56 High

Table 12 HDR BT booster studies, only significant values (* 3 years bNED ** 7 years bNED *** including
erectile disfunction)

A Norwegian cohort study showed the efficacy of HDR BT+ EBRT over EBRT only for high-risk patients.
Patients undergoing EBRT only had a 1.6 times higher overall mortality rate over ten years then the HDR
BT+EBRT cohort (95% CI 1.08-2.44) (Wedde et al., 2019).

Kent, Matheson, and Millar (2019) showed an overall survival and cause-specific survival increase for all risk-
groups in their cohort when comparing EBRT with an HDR BT boost with EBRT alone.

Chiang and Liu (2016) showed HDR BT as boost to ER performed significantly worse in biochemical control
then radical retropubic prostatectomy, cryoablation and high-intensity focused ultrasound. To be noted is this
result is at least partially due to the lack of recommended androgen deprivation therapy.

The ASCENDE-RT trial (Morris et al., 2017) has shown that a LDR BT boost in external radiation therapy is
effective for intermediate to high-risk prostate cancer. The conclusion of the paper stated; ‘Compared with 78
Gy EBRT, men randomized to the LDR BT boost were twice as likely to be free of biochemical failure at a
median follow-up of 6.5 years.” Hoskin et al. (2012). Found a statistically significant bNED rate increase for
HDR BT boosted EBRT versus EBRT alone.

Older phase 11l trials puts the 5 year bNED rates of EBRT alone at 64% and 54% for 78-Gy and 68-Gy
treatments respectively for high risk prostate cancer patients (Peeters et al., 2006). The data in Table 12 and
the previously cited works lead me to believe in the definite advantages to an HDR BT boost in ER therapy in
comparison to ER therapy alone, makes it highly likely HDR BT boost for EBRT therapy is effective.
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323 Dosimetry

A recent development in HDR BT is research into hypo-fractioned treatments. It is known cancerous prostate
cells should respond favourably to higher doses of ionising radiation. Additionally, increasing doses and
decreasing fractions could reduce costs and hospitalisations. Table 13 describes the studies specifically into
the dosimetry of HDR BT.

Treatment Late Genitourinary
. (Total dose . } Gastrointestinal toxicity Combined
Study Patients (Gy)/ Risk Group 5-year bNED toxicity (grade 3 (grade 3 or With
fractions) or above) above)
0 Low
26 45.5/7 Intermediate 100% 1%
2 High 100%
48 Low 90%
Yamazaki et al. . 0 o
(2018b) 52 49/7 Intermediate 100% 5%
39 High 97.4%
38 Low 86.8%
71 54/9 Intermediate 94.1% 3%
71 High 88.5%
Prada et al. 44 191 Low 66% (6 years) 0% 0%
(2016) 16 Intermediate  60% (6 years) 0% 0%
Nagore et al. 84 Low
2712 96% 0% 1%
(2018) 35 Intermediate
319 38/4 97%
Jawad et al. Low, o o o
(2016) & 2412 Intermediate 871% 0% <1%
96 2712 90%
49 20/1, 19/2 94%* 0% 2.6%
Hoskin et al. Intermediate, ok o o
(2017) 139 26/2 high 93% 0% 1%
106 31.5/3 91%* 0% 1.1%

Falk et al 30 18/3 Low 86.5% 246G
alk et al. ' o o y
(2017) 55 18/2 Intermeglate, 86.6% 0% <5% EBRT

74 14/1 9 87.2%

Table 13 Dosimetry Studies, only significant values (* 4-years)

The discussion pertaining to dosimetry in HDR BT stems from the finding of low alfa/beta ration of prostate
cancer cells. This effectively means the malignancy should respond more favourably to higher doses of
radiation per fraction (Thiruthaneeswaran & Hoskin, 2016). A lot of interest has been shown in single fraction
HDR BT after Mavroidis et al. (2014) showed that, theoretically, a single fraction of 19.2 to 19.7 Gy should
result in comparable biological control to current practices, while significantly decreasing complication rate.

A number of studies investigated the efficacy of single fraction 19Gy HDR BT (Krauss et al., 2017; Morton et
al., 2017; Siddiqui et al., 2019; Vigneault et al., 2018). In the authors opinion, the only study with a sufficient
sample size and a meaningful was conclusion is the paper by Prada et al. (2016) of which the results can be
found in Table 13. This study shows promising late toxicity rates, but shows rather disappointing biochemical
control rates at 5 years. A finding supported by the paper from Siddiqui et al. (2019). Contradictory, Hoskin et
al. (2017) reported 5-year bNED rates of 96% and 85% for intermediate and high-risk patients respectively.
These results were achieved with a single implantation and up to a single fraction. Falk et al. (2017) showed
respectable bNED rates with a single fraction of 14Gy.

Hauck et al. (2017) showed that patients receiving single-fraction HDR-BR have a higher chance of presenting
a benign elevated PSA, also known as a ‘bounce’. This could in part be an explanation for the discrepancy
between the theoretical efficacy of single fraction HDR BT and its clinical outcomes. Astrom, Sandin, and
Holmberg (2018) also found this ‘bounce’ and associated it with a good clinical outcome. Vigneault et al. (2017)
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concluded that hypo fractioned therapies with a higher biologically effective dose (BED) resulted in improved
biochemical control at the cost of a small but acceptable increase in urinary toxicity.

The discussion about the dosimetry in HDR BT for prostate cancer is far from over. There does however seem
to be evidence that a hypo fractionated therapy with a higher BED has the potential to be non-inferior to current
methods in terms of bNED rates while possibly decreasing costs and required hospitalisations.

324 Cost-effectiveness

A study from Vu et al. (2018), using the data from the ASCENDE-RT trial, showed EBRT with a HDR BT boost
to be cost-effective in comparison to EBRT alone due to the lower expected lifetime treatment costs. Halpern
et al. (2016) shows brachytherapy to have significantly lower costs than all the EBRT and proton beam
treatments. The same study also shows a decrease in utilization of brachytherapy between 2005 and 2011.
llg et al. (2016) showed HDR to be less economical of a procedure than LDR BT for low-risk localized prostate
cancer. The main cost increased# comes from the prolonged hospitalization due to multiple fractions and the
personnel costs this entails.

Assuming equivalent clinical outcomes, HDR BT seems to only be more cost-effective then LDR BT in low to
intermediate-risk patients if hypo fractionated regimes are adopted. As a boost or monotherapy for
intermediate to high-risk patients, HDR BT is cost-effective even with the current fractionations.

3.3, Prospects

HDR BT is largely accepted as an adequate treatment for low and intermediate risk prostate cancer treatment
(Sanchez-Gomez, Polo-deSantos, Rodriguez-Melcon, Angulo, & Luengo-Matos, 2017). A randomised trial
showed the effectiveness and safety of a HDR BT boost for EBRT (Hoskin et al., 2012) Studies into the HDR
BT of high-risk prostate cancer are becoming more frequent. Multiple studies have shown the safety,
advantages and cost-effectiveness of HDR BT as monotherapy or as boost for EBRT for patients in all risk
groups (Hannoun-Levi, 2017; Mendez & Morton, 2018).

Studies into the use of HDR BT in salvage prostate cancer treatment are appearing (Chatzikonstantinou et al.,
2017; Hepp et al., 2018; Jiang et al., 2017; Maenhout et al., 2017a; Maenhout et al., 2017b; Wojcieszek et al.,
2016). and show promising results. Studies into dose planning algorithms and parameters continue to improve
survival rates as well decrease late toxicity (Kragelj, 2016; Kragelj, Zlatic, & Zaletel-Kragelj, 2017; Poulin,
Varfalvy, Aubin, & Beaulieu, 2016).

One often described complication in HDR BT is the post-implantation displacement of needles and anatomical
changes during the procedure (Maenhout et al., 2018). With multiple fractions per implantation the chance of
this occurring increases. Using MRI or CT to do the treatment planning also increases the chance of
displacement of equipment or anatomical variations, because the patient must be moved and repositioned.
This effect could be minimised by using TRUS for treatment planning and single fraction implantations (Tselis
etal., 2017). However, with high dose rate hypofractionated regimes, the adverse effect of a displaced needle
would theoretically be more severe than in a treatment with more implants.

Some of the recently appearing practises, using hydrogel spacers to distance the rectum from the prostate
during radiation, have shown significant dose reduction to the rectum, thereby decreasing acute Gl toxicity
and possibly late Gl toxicity (Chao et al., 2019b). Another novel approach is inducing hyperthermia to sensitize
the malignant cells to radiation before radiotherapy (Kukielka, Hetnal, & Bereza, 2016). Another topic that is
frequently studied is imaging of the prostate. With better imaging modalities, a more accurate and valuable
treatment plan can be synthesised (Murgic et al., 2016; Peters et al., 2019; Saigal et al., 2019; Yang et al.,
2017).

To summarise, the field of HDR BT is moving toward hypo fractionated high BED therapies for all risk-patients.

Imaging modalities and assistive techniques are being developed to make the process more effective, faster,
more economical, and safer.
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3.4, Conclusion

In HDR BT several needles are implanted in the prostate through which radiotherapy can be applied locally.
This allows for a more targeted radiotherapy, sparing surrounding tissue. HDR BT has been accepted as an
adequate, safe, and cost-effective monotherapy for low- and medium-risk prostate cancer and as a booster
for all-risk prostate cancer in combination with EBRT. The field is moving toward hypofractionated treatments,
promising reduced hospitalization time, increased patient comfort and decreased costs.
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Prostate anatomy ano
needle positioning
difficulties

Abstract

The prostate is located between the penis and bladder and surrounds the urethra. Needle positioning can be
hindered by unwanted needle bending and tissue movement. The urethra and pubic arch can occlude the
surgeons target. Placed needles cause trauma to the surrounding tissue. Research suggests there could be

a link between needle related trauma and late toxicities such as acute urinary retention and erectile
dysfunction.
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Inserting needles through the perineum into the prostate causes trauma. This chapter aims to elaborate on
the difficulties of needle placement in HDR BT and the toxicities due to implantation trauma. Because literature
on needle accuracy and needle related trauma in the prostate is scarce, where appropriate, literature on
prostate biopsies and LDR BT are cited.

4.1, General prostate anatomy

A normal prostate is about 3 cm high, 4 cm wide, 2 cm deep and weighs 11 grams (Leissner & Tisell, 1979).
The prostate consists of three histological zones, the central, transitional, and peripheral zones (Figure 45)
(Ittmann, 2018). The fibromuscular stroma is a result of developmental interactions with the urethra and has
little glandular function. The prostate does not have a capsule surrounding it but a tough fibromuscular band
that hinders needle insertions (Ryoichi Oyasu, 2008).

Central .
zone Fibromuscular
4 stroma
Bladder \
neck " Transitional
N 25 i Peripheral zone
Prostate ‘- - y B External Zone

gland urethral

\ sphincter

© TeachMeAnatomy

Figure 45 Prostate Anatomy and Histological Zones. (teachmeanatomy.info) Left figure shows the position
of the prostate within the urinary system. Right figure shows the zones of the prostate.

The main function of the prostate is to produce prostatic fluid that in several ways aids the sperm in thriving in
the vaginal environment. Prostate cancer often starts in the peripheral zone (Paulsen & Waschke, 2013). The
fact the prostate surrounds the urethra explains the urinatory symptoms of prostate cancer.

To implant needles into the prostate through the perineum, the following tissues must be passed, from
superficial do deep:

¢ Perineal membrane or corpus spongiosum;

e Transverse perineal muscles or Urethral sphincters;

o fibromuscular band of the prostate (Raychaudhuri & Cahill, 2008).

A7 needle insertion force

To better understand the process of needle

Max Force in

insertion, this section will discuss needle Max Force inthe "5 oo e Max Velocity

forces involved and required accuracy. Needle Perineum (N) (N) (m/s)
(Avg./SD) (Avg./SD) (Avg./SD)

Podder et al. (2006b) used 6 DOF force 17G

sensor to record needle insertion data for 25 (1.47mm) 13.75/3.40 9.20/3.70 1.43/0.69

patients. They presented force and velocity 18G

data for 17g and 18g needles of which a (1.27mm) 7.79/3.45 6.21/1.74 1.20/0.71

summery can be found in Table 14. They , . —

also note needle velocity has little impact on Table 14 Needle insertion forces and velocities (Podder et al.,

the maximum needle force. Podder et al. 2006D).
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(2006b) states: “It is intuitive that lower force will cause less deformation and displacement of internal
tissue/organ, and create less trauma and oedema to the patients. Thus, use of 18G needle (1.27mm in
diameter) is more logical from a clinical point of view.”

The number of needles required for a good quality HDR BT implant in most cases is 15-17 (Frohlich, Agoston,
Lovey, Polgar, & Major, 2010). Evidence of a relation between toxicity and needle trauma is present and will
be discussed later in this paper.

4.5, Needle insertion accuracy

In the placement of 1197 LDR seeds, Jamaluddin et al. (2017) found an average misplacement of 0.49 cm
(95% CI [0.47-0.51]) at an average penetration distance of 6.46 cm (95% CI [6.24-6.68]). In 414 (34.6%) of
seed placements, needle manipulation was observed. However, manual manipulation of the needle did not
show statistically significant correlation with seed misplacement. Jamaluddin et al. (2017) also found a lower
maximum velocity of the needle insertion increases the seed placement accuracy for LDR BT.

Blumenfeld et al. (2007) found the main deviation from target in prostate biopsies to be 6.5mm (SD 3.5mm).
Large deviations were witnessed in asymmetrical needle tips and smaller deviations in symmetrical needle
tips. Needle displacement error due to deflection was found to be a significant cause of diagnostic error.
Sadjadi et al. (2014) found a 5 to 8mm needle deflection when inserting 18g bevel-tipped brachytherapy
needles into a prostate phantom, corroborating the earlier finding.

In LDR BT the misplacement of seeds leads to a disturbance in the treatment plan. In HDR BT the treatment
plan is determined after implantation and can account for needle inaccuracies. Due to this fact needle accuracy
in HDR BT is less of an issue. Needle displacement after treatment planning however is critical, evident by the
sheer amount of literature on post treatment planning needle displacement in HDR BT. Needle displacement
regularly leads to post-implantation correction. Aluwini et al. (2016) found that correcting greater than 3mm
displacements of HDR implants between fractions does not lead to increased acute or late GU or Gl toxicity.

Buus et al. (2018) states that the threshold for acceptable needle migration should be 3mm. Buus et al. (2018)
also states in lower fraction HDR therapies, this threshold should be reduced. Buus et al. (2018) proposes
2mm for doses 215 Gy. The necessity for a decreased threshold can be explained by the lack of the averaging
effect of multiple fractions on the total dose of radiation a tissue receives.

While needle accuracy is not as critical in HDR BT as it is in prostate biopsies or LDR BT. Being able to implant
needles more accurately could reduce needle manipulation and required number of needles to achieve
adequate coverage of the prostate. Why this is of importance will be discussed in Section 4.5.

4.4, Unwanted neede bending

Sadjadi et al. (2014) found needle deflections in a bevel-tipped needle of 5 to 8mm at an insertion depth of
76mm in a prostate phantom. Moreira et al. (2018) found, in robot assisted trans-perineal biopsies, the mean
targeting error to be 6.3mm. They concluded most of this error was due to contact between the skin and the
needle. Methods are being investigated to partially mitigate needle bending in bevel-tip needles (Jun et al.,
2019).

Needle bending is a serious and unpredictable issue complicating many fields including prostate BT. While
needle accuracy is not as critical in HDR BT as it is in LDR BT or prostate biopsies, large inaccuracies are
undesirable. In a questionnaire filled out by interventional radiologists, de Jong et al. (2018) found 85% of
respondents experienced ‘significant unwanted needle bending’ in their practise. The respondents indicated a
mean acceptable needle tip accuracy error of 2.7mm and a mean maximal encountered unwanted needle
bending of 5.3mm. 95% of respondents agreed that that the needles used in interventional radiology needed
improvement and 94% of respondents agreed that steerable needles would help in correcting for needle
bending.
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4.5, Evidence of Implant related toxicities and
responsible tissues

In HDR BT several needles are introduced through the perineum into the prostate. These needles damage
surrounding tissues and structures. Quantifiable evidence of this trauma is hard to come by. This section will
try to determine structures at risk and the complications that trauma to these structures’ entails. Due to the
similar nature of HDR and LDR brachytherapy needle implantation and the lack of literature, both papers on
HDR BT and LDR BT will be included in this section to quantify needle implantation trauma.

The paper by Steggerda, van der Poel, and Moonen (2010) states that structures particularly at risk of damage
by needle implantation of the prostate in LDR BT are: “penile bulb, neurovascular bundles, bladder neck, and
bladder trigone”. This paper subsequently states: “Acute and very early toxic reactions after the implantation,
such as acute urinary retention (AUR), are most likely to be caused by the needle insertions because the
delivered dose shortly after the procedure will be too small to cause these symptoms.”

It speaks to reason that the implantation of needles through the perineum damages tissue which results in
toxicities. This could explain evidence of increased toxicity in BT compared to IMBT, when BT should
theoretically be tissue sparing. The subsequent question would be: what are these structures and can they be
avoided? The following three sections discuss the three main categories of toxicity associated with HDR BT
of the prostate: genitourinary, gastrointestinal and sexual.

451, Genitourinary

Tissues at risk of implant related trauma were identified using the Sabotta Atlas of Human Anatomy (Paulsen
& Waschke, 2013) and the articles cited in the following section.

e Urethra: Responsible for transporting and controlling the flow of urine for removal from the body,
also transports semen. Eapen et al. (2014) hypothesizes periurethral needle placement contributes
to urinary toxicity;

e Urethral sphincters: a set of muscles inferiorly to the bladder responsible for controlling the flow of
urine from the bladder. Only the external sphincter can be controlled voluntarily (Andersson &
Michel, 2011);

e Pudendal nerves: innervates the urethral sphincters amongst other things (Jung, Ahn, & Huh,
2012).

Eapen et al. (2014) provided low level evidence that there is a link between periurethral needle manipulations
and acute urinary toxicity. This finding is corroborated by findings from other papers linking the number of
needle implantations to acute toxicities (Buskirk et al., 2004; Lee et al., 2000; Steggerda, van der Poel, &
Moonen, 2008; Wust et al., 2004).

Buskirk et al. (2004) stated that all cases of acute urinary retention (AUR) after LDR brachytherapy could be
due to the trauma related to needle implantation. This was concluded after trans-perineal template guided
prostate biopsies showed a 11.5% incidence of AUR (95% CI [6.9-17.5]), rates similar to AUR rates in LDR
brachytherapy. Skouteris et al. (2018) found 30 of 379 (7.9%) men developed urinary retention after trans-
perineal template guided biopsy. The elevated risk of AUR in trans-perineal prostate biopsies in relation to
transrectal prostate biopsies indicates AUR is presumably due to needle trauma (Grummet, Pepdjonovic,
Huang, Anderson, & Hadaschik, 2017).

Vargas et al. (2005) found the an increased number of needles implanted to increase the risk of chronic grades
2 or greater and grade 3 urinary toxicity. The paper stated; ‘Patients treated with 14 or greater needles had a
30% increase in grade 2 or greater and a 7% increase in grade 3 chronic urinary toxicity at 4 years (p <0.001
and 0.05, respectively...

In LDR BT the therapeutic dose of radiation is released over a period of months. This means that in the first
48 hours after implantation it is unlikely side effects are due to the radiation (Steggerda et al., 2010). The two
studies mentioned previously indicate the same. The similarity in HDR and LDR brachytherapy implantation
makes it likely that a significant portion of the acute urinary toxicity is due to needle trauma in HDR BT.
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Prostate anatomy and needle positioning difficulties

There is evidence of acute urinary toxicity due to needle trauma and even more evidence of AUR due to needle
trauma. The mechanisms behind these toxicities are largely unknown. Trauma to the urethra, urethral
sphincters, nerves, or blood supply are possibly causes. With the external urethral sphincter and urethra being
of additional concern, as they are directly in the path of an HDR BT needle implantation.

457 Gastrointestinal

| was unable to find a link between implantation trauma and Gastrointestinal (Gl) toxicity. Gl toxicity does occur
in HDR BT however it seems to be solely due to the radiation. Additionally, there are to my knowledge no
nervous or vascular pathways through the perineum that serve the Gl tract.

453 Sexual

To identify structures at risk of trauma in trans-perineal needle implantations responsible for sexual toxicities,
| used the Sabotta Atlas of Human Anatomy (Paulsen & Waschke, 2013) and the paper by Lee et al. (2016)
on vessel sparing in radiotherapy. Structures possibly susceptible to implant trauma are:

e Bulbus penis: enlarged proximal part of the corpus spongiosum. Radiation to this structure
correlates with erectile dysfunction (Fisch, Pickett, Weinberg, & Roach, 2001);

e Corpus cavernosum: A sponge-like structure that engorges with blood to maintain an erection;

¢ Internal pudendal arteries: These arteries supply blood to the sex organs;

e Cavernous nerves: Responsible for facilitating erections, known to cause erectile dysfunction when
damaged (Kundu et al., 2004; Paulsen & Waschke, 2013). These nerves can be highly variable in
anatomy;

o Bulbourethral gland: responsible for producing pre-ejaculate. In close proximity to cavernous
nerves;

e Prostatic plexus: Innervation of the prostate, known to cause erectile dysfunction when damaged.

The paper on vessel sparing radiotherapy and functional anatomy by Lee et al. (2016) provides an overview
on the current knowledge of the structures that are responsible erectile function. The subsequent paper by the
same authors (Spratt et al., 2017) shows a significantly higher percentage of patients undergoing radiotherapy
maintained erectile function when these structures were spared. Macdonald et al. (2005) identified number of
needle implantations in LDR BT to be one of the indicators of erectile dysfunction.

Erectile dysfunction of transient nature is relatively well reported in trans-perineal biopsies (Pepe & Pennisi,
2015; Pepe, Pietropaolo, Dibenedetto, & Aragona, 2013). Pepe and Pennisi (2015) concluded there to be no
long-term effect of trans-perineal biopsies on erectile function. Contradictory, Chong, Van Hemelrijck, Cabhill,
and Kinsella (2016) found a long-term effect of trans-perineal biopsies on erectile dysfunction alongside a
transient effect. A recent finding by Kamali et al. (2019) indicates that transrectal biopsies also could have an
negative effect on erectile function.

Lee et al. (2016) identified tissues responsible for erectile dysfunction at risk of access ionising radiation. It
stands to reason these tissues would not respond favourably to needle trauma. The paper states; “Radiation
dose to the penile bulb is widely believed to be a surrogate to dose to adjacent essential structures such as
the corpus cavernosa, internal pudendal arteries, or terminal branches of the cavernous nerves that drape
over the penile bulb as these nerves approach the corpus cavernosa.”

In the case of erectile dysfunction, the mechanisms behind the symptoms are better understood. Damage to
any of the nerves or the vasculature listed above is known to play a role in erectile dysfunction. However due
to the small size and complexity of these structures, minimising trauma can be a daunting task. Trauma to the
bulbus penis is of especial concern as this tissue is known to be adjacent to the vasculature and neural
pathways that serve the penis.
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4.0, Anatomy limiting access to the prostate

Anatomy can limit access to the prostate. Some anatomical
obstructions are always present, such as the urethra running through Prostate gland
the prostate, and others are patient specific.

407, Urethra

The urethra runs through the prostate. During ejaculation prostate
fluid is added to the semen in the prostatic urethra. To deliver a
satisfactory dose distribution, needles must be placed conformally
throughout the prostate. It is desirable to avoid the urethra when
possible, as periurethral needle placement can increase the chance
of urinary toxicity (Eapen et al., 2014). The anterior-medial area of the
prostate can be hard to reach with a conventional template, because
it is occluded by the urethra (Figure 46).

Implant
catheters

Template
Ultrasound
probe

\ \ Figure 46 Needle implantation in
402, Pubic arch interference HDR BT. (www.prostate.org.au) Red

Large prostate glands can result in an overlap between the pubic arch arrow shows the prostate.

and the prostate, resulting in pubic arch interference (PAI). In PAI, a
part of the prostate is occluded by the pubic arch making implantation more difficult. Typically, patients with
prostates larger than 50-60cc present a significant risk of PAI. Moreover, greatly enlarged prostate volume are
considered a contraindicatory for HDR BT (Monroe et al., 2008). Several methods are available to decrease
PAI, which are:

¢ Hormone therapy to decrease prostate size;

e Obliguely or freehand placed needles;

e Repositioning the patient.

Gibbons, Smith, Beriwal, Krishna, and Benoit (2009) found using a free-hand perineal template yielded
acceptable results for prostates larger than 50cc. Due to the post implantation treatment planning, a small
amount of PAI can be accounted for in HDR BT.

4./, Conclusion

The prostate is a difficult tissue to treat with radiotherapy, both due to its location in the human body and its
makeup. Gaining access means passing through sensitive tissues. The damage needle implantation does to
the tissues surrounding the prostate is largely unknown. By comparing HDR BT to trans-perineal biopsies and
LDR BT, we find some of the urinary and sexual toxicities associated with HDR BT that are likely attributable
to implant trauma. Minimising implant related trauma could be achieved by minimising the number of
implantations in a given treatment, minimising the number of needles per implantation, or sparing some of the
tissues likely involved in these toxicities. Tissue likely susceptible to needle implantation trauma related
toxicities are; urethra, urethral sphincters, penile bulb, internal pudendal arteries, cavernous nerves, and
prostatic plexus.
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Steerable necdles

Abstract

Steerable needles allow the user to correct the path of the needle after insertion. This gives the user the
possibility to avoid sensitive tissues and place the needle more precisely. Several steerable needles are
commercially available. None of these needles are suitable for use in high dose-rate brachytherapy of the
prostate. There are multiple steering mechanisms including bevel-tip steering, pre-curved stylet, and
articulated tip steering. Bevel-tip steering is becoming less prominent while biomimicry is gaining popularity.
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Whilst the majority of the field calls the device implanted to deliver the radiotherapy in HDR BT, ‘needles’, there
are some that use the term ‘catheter’. The general association with steerable catheters are the steerable
catheters used in cardiology. For the sake of simplicity and conformity with the field | will maintain the term
‘steerable needle’.

There are a few possible advantages a steerable needle could have. Two of those being increased positioning
accuracy and the ability to manoeuvre around sensitive tissues. This chapter aims to reveal currently available
steerable needles for prostate procedures, research into the topic and prospects regarding steerable needles.

51, Commercially avallable steerable needles

Several steerable needles are commercially available for a variety of interventions. Some of these are:
e Morrison — 21g (0.8mm), 1-way steerable stylet and needle. Intended uses percutaneous
injection, aspiration and tissue sampling of musculature (AprioMed, 2019);
e Osseoflex® - 8g-10g (4.0-3.5mm) 1-way steerable stylet and needle. Intended for vertebral
augmentation (Medical, 2017);
e Pakter Curved Needle — 21g (0.8), 1-way steerable stylet and needle. Intended for discography,
diagnostic sampling, aspiration, and injection (Cook Medical, 2019).

Systems such as the MIRIAM, a robot designed to take prostate biopsies trans-perennially (DEMCON, 2019),

are currently being developed. None of the available devices or devices being developed mentioned above
are intended to be used in HDR BT of the prostate.

52, Steering mechanisms

The comprehensive paper by van de Berg (2016) classifies six steering techniques, which can be found in
Figure 47. The steering mechanisms the paper identifies are discussed in the following sections

b2l Base é e 1
manipulation

Base manipulation was one of the earlier P
needle steering approaches. By manipulating %
the base of the needle after the tip is inserted,
a curvature can be induced in the needle.
Controlling this curvature according to a %
known model can result in steering (DiMaio &
Salcudean, 2003). The practical complexity of
this approach generally necessitates robotic 3
closed loop control. A second disadvantage

is that the amount of control over the needle

tip decreases the deeper the needle 4
penetrates.

A bevel-tipped needle has the tendency to

veer off-course, by rotating the needle this 6

effect is supressed. Using a duty-cycle can W
allow for steering (Minhas, Engh, Fenske, &

Riviere, 2007). This approach has received ) . )

the majority of attention which has resulted in Figure 47 Six Needlg Stegrmg Mechan|§ms (van de Berg,
the a relatively large volume of work on the 2016) (1: Base manipulation, 2: Bevel-tip, 3: Pre-curved
subject. There are several relevant Stylet, 4: Active cannula, 5: Programmable bevel-tip, 6:

downsides to this technique: Articulated-tip steering)
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Steerable needles

e Due to the constant rotation of the needle a helical path is cut in the tissue during insertion, this
could be an indication of increased in-vivo trauma. This effect is especially present when using a
pre-bent tip in concert with a bevel-tip to increase steering potential;

o Smaller bevelled needles tend to steer better. Unfortunately smaller needles are also more likely
to buckle when inserted into stiff organs such as the prostate;

e Tissue interaction, needle torsion and other factors generally necessitates the use of a closed
loop robotic approach and real-time MRI to achieve accurate duty-cycle steering.

Multiple papers present the steering capabilities of bevel-tipped needles and factors influencing steering are
relatively well known (Adebar, Greer, Laeseke, Hwang, & Okamura, 2016; Cowan et al., 2011, Datla et al.,
2014; Goksel, Dehghan, & Salcudean, 2009; Majewicz et al., 2012; Minhas et al., 2007; Swaney et al., 2013).
However, to my knowledge this type of steerable needle has never been used or tested in-vivo. This leads me
to believe thsat the complexity of the closed-loop MR-guided system poses technical challenges and monetary
limitations that presently make the technique unappealing.

2.3 Pre-curved stylet

A pre-curved stylet is housed within a cannula, exposing more of the pre-curved styled results in more steering.
This technique is best known from the paper of Okazawa, Ebrahimi, Chuang, Salcudean, and Rohling (2005),
rotating the stylet in the cannula and concurrently exposing a porting of said styled, steering in all directions
can be realised. Okazawa et al. (2005) reported 30mm of steering over a 100mm insertion in a tissue phantom.
The system would lend itself for either manual of computer control. Torabi, Gupta, and Walsh (2014) presented
a robotic system based on this technique for the implantation of LDR BT seeds.

h24, Active cannula

Multiple concentric cannulas are placed within another. By exposing more or rotating a particular cannula
steering can be achieved. This technique was first covered in detail in the paper by Sears and Dupont (2006)
and later Dupont, Lock, Itkowitz, and Butler (2010). Burgner et al. (2012) presented a manually controllable
device based on this technique. Some disadvantaged associated with this technique are:

e Lack of robustness against environment variables, making active cannulas best suited for open or

fluid-filled environments;
e The complexity associated with steering is a non-cartesian manner;
e The risk of hard to predict instability due to local minima.

h2b. Programmable bevel-tip

A sectioned needle tip in which, by sliding sections in respect to each other, the geometry of the needle tip is
changed and induces steering through tissue force interactions. The paper by Ko, Frasson, and Rodriguez y
Baena (2011) first introduced the concepts based on the ovipositor of a wasp. The concept uses the
asymmetric tip force generated by a bevel-tipped needle to induce steering. The papers Scali, Kreeft,
Breedveld, and Dodou (2017a); Scali, Pusch, Breedveld, and Dodou (2017c) present a continuation on the
concept by miniaturising the needle.

2.0 Articulated-tip steering

A needle with an articulated tip that can be controlled remotely. This type of mechanisms is common in other
fields of medicine but has received relatively little attention. The size constraint of the needle likely makes the
design and manufacturing of a tip-articulation mechanism for a needle challenging. The paper by van de Berg
(2016) presents the design of a articulated-tip steering needle the sixth chapter. The Morrison steerable needle
and Osseoflex® are both articulated-tip designs.

b3, Needle characteristics

There are a number of needle characteristics relevant for the development of a needle. In Chapter 4.2 the
needle insertion force for prostate BT was discussed. The following section will discuss how needle tip
geometry, pre-bend and coatings affect among other things insertion force.
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53.71. Tip geometry

In the implantation involved in HDR BT, there are generally three types of needle-tip geometries mentioned:
conical, bevel and triangular geometries. Other geometries such as blunt or multi-faceted do exist but are
mentioned infrequently.

O' Leary, Simone, Washio, Yoshinaka, and Okamura (2003) published a comprehensive paper on the
relationship between insertion force, needle-tip geometry, and needle diameter using bovine liver as a
phantom. A linear relationship was found between the insertion depth and insertion force. The slope of this
relation for 1.55mm needles was -0.496, -0.552 and -0.360 for a 14° bevel-tipped, a 28° cone-tipped and a
49° triangular-tipped needle respectively. With the triangular-tipped needle requiring statistically significantly
less insertion force then the other two needles for the same diameter. A positive relationship between the
needle diameter and insertion force as well as a negative relationship between needle diameter and deflection
were also found. No evidence was found for a relationship between the insertion force and angle of the grind
on a bevel-tipped needle.

Hirsch, Gibney, Berube, and Manocchio (2012) showed that a 5-faceted bevel pen needle produced
significantly lower injection forces into skin substitute then a 3-facited bevel pen needle. An extensive overview
on the literature available on needle-tissue interaction can be found in the paper by van Gerwen, Dankelman,
and van den Dobbelsteen (2012).

H3.7. Fre-bend

To increase the steering capability of an asymmetrically steering needle, such as a bevel-tipped needle, the
tip of the needle can be pre-bend, increasing asymmetry and steering capability. Majewicz et al. (2012) showed
this effect in-vivo in canine. Many studies have shown this effect (Majewicz et al., 2012; Swaney et al., 2013).
A pre-bend tip combined with the duty cycling method runs the risk of inflicting addition tissue damage. The
rotation of the asymmetric needle results in a helical path being cut into a phantom. Swaney et al. (2013)
presented a novel approach using a flexible tip to decrease tissue damage while achieving a similar steering
capability to a pre-bent tip.

533, Coating

Needles are coated in a lubricant by the manufacturer. There is evidence this lubricant reduces insertion forces
in synthetic tissue phantoms, whether this effect is present in-vivo is a matter of debate (van Gerwen et al.,
2012).

b4, Performance evaluation of steerable
necdles found in literature

Quality clinical evidence of steerable needle use in the prostate radiotherapy is absent. A search of the
PubMed library for steerable and prostate yields four relevant papers of which none pertain to use in-vivo.
Google Scholar as well as Scopus yield no evidence of in-vivo use of steerable needles. The exception being
the paper by Majewicz et al. (2012), describing the in-vivo behaviour of bevel-tipped steerable needles in
canine.

Scali et al. (2017a) presents a comprehensive overview of steerable needle performance in the second section
of the paper. Table 15 presents a summary of these papers and outcomes, papers drawing similar conclusions
or without mention of any performance data are excluded. Papers published after the publication by Scali et
al. (2017a) have been included provided they meet the same requirements.
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Steerable needles

Needle Insertion Smallest
Type of Needle-Tip Diameter Tissue Methoq of Depth/Deflection Radius of
steering Gauge Phantom Insertion [mm/mm] Curvature
(mm) [mm]
Misra, Reed, Plastisol
Douglas, . . (4:1 ratio .
Ramesh. and Bevel-Tip Bevel-tip 279 (.4mm) plastic to Robotic 0.78* 179.4
Okamura (2008) softener)
Kha(LjJeSnr:],aI?]?ssa Bevel-tip 19 80% liquid
! needle with Bevel-tip plastic 20% Manual 0.24* 198
Sloboda, and notches (2.02mm) softener
Tavakoli (2016) '
Bevel-Tip with Gelatine 121
Swaney et al. flexure . 10%wt ) ) (gelatine)
(2013) Imitating pre- Bevel-tip 20G (0.91) Ex vivo pork Robotic 176 (pork
bend loin loin)
Bevel-Tip Bevel-tip 249 (0.58) Canine Robotic - 164.5
Majewicz et al. kidney
(2012) o Pre-bent ;
Bevel-Tpwith 150y \ith 249 (0.58) Canine Robotic ; 52.3
Pre-bend b - kidney
evel-tip
Pre-Curved
Okazawa et al. . Handheld "
(2005) Stylet in - 219 (0.81) PvC robotic 0.35 -
Cannula
2-Section : o
Koetal. (2011) Programmable Bevel-tip 859 Gelatine 6% Robotic - +70
) (4mm) wt.
Bevel-Tip
. 4-Section . o
Scalli et al. Programmable Bevel-tip 12mm Gelatine 6% Robotic - 178.6
(2017¢) . wt.
Bevel-Tip
. 6-Wire . o
Scali et al. Programmable Bur_]dled +16.5g Gelatine 5% Robotic 0.097
(2017a) . wires (1.55mm) wt.
Bevel-Tip
SMA Both bevel 169 &I,is:;?(l)
Ryu et al. (2015) artlculat_ed tip and c_onlcal (1.67mm) plastic to Robotic 0.12
steering tip
softener
Adebar et al. Articulated-tip ) . 21g EX vivo . .
(2016) steering Conical tip (0.82mm) porcine liver Robotic 0.42 82.7
Henken,
Seevinck,
Dankelman, and  Articulated-tip . +15¢g Gelatine .
van den steering Conical (1.9mm) 15% wit. Manual 0.15-0.22 )
Dobbelsteen
(2017)

Table 15 Summery of papers on steerable needles *calculated or estimated from provided data

Table 15 serves to give an indication of reported results of needle steering, an overview of existing steerable
needle designs and the most used technique. Due to the use of different tissue phantoms, needle diameters,
and tip geometries, direct comparison between papers is arduous. The need for a systematic classification
and testing of steerable needles was also recognised by the paper from Scali, Pusch, Breedveld, and Dodou
(2017b).

Khadem, Rossa, Usmani, Sloboda, and Tavakoli (2018) presented a novel approach using existing bevel-
tipped brachytherapy needles with notches cut out. The notches allowed the needle to flex more during
insertion. The goal of the study was to present a steerable needle that can aid in the case of PAI in
brachytherapy. Another novel unmentioned approach is presented in the paper by Ryu et al. (2015). Optical
heating is used to actuate shape memory alloys, realising steering of a needle. Concerns should be raised
about possible tissue damage from excess heat. Burdette et al. (2010) presented the first steerable needle
with an integrated interventional tool. A pre-curved canula with an ultrasonic ablator as a stylet was used to
ablate porcine livers. van de Berg, Dankelman, and van den Dobbelsteen (2017) used a novel tip-articulated
steerable needle to show the increased endpoint accuracy compared to a non-steered linear stage.
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Rutigliano et al. (2017) presented a study using the Morrison steerable needle in a bovine phantom. The goal
was to reach a target while avoiding obstacles. The paper’s conclusion stated: The steerable needle
performed better than a straight needle with regard to procedure time, needle repositioning events, and CT
scans required for placement.” The paper further claimed ‘Steerable needles can increase accuracy while
decreasing procedure time.’ These claims pertain to needle biopsies.

With the exception of some (Rutigliano et al., 2017; van de Berg et al., 2017) most referenced papers report a
smallest radius of curvature or largest insertion depth/deflection ratio achieved. While | believe this to be an
indication of steerability, deflection controllability and consistency are also of importance. To be useful in
practice the needle requires an approximately linear actuation to deflection correlation and constant behaviour.

There are several steering techniques that are presently receiving attention, these techniques are bevel-tip,
articulated tip, and programmable-tip steering. These techniques achieve a minimum radius of curvature of
50-200mm and an insertion depth over deflection ratio of 0.1 to 0.8. Due to inconsistencies in testing methods,
general comparisons between steering modalities are inconsequential.

0.0, Prospects

Biomimicry in the design of steerable needles is an interesting topic of research being pursued. The paper by
Sakes, Dodou, and Breedveld (2016) on buckling prevention in nature gives valuable insights in the design of
a steerable needle. Sahlabadi and Hutapea (2018) present a needle tip designed to reduce insertion force
based on the barb of a honeybee.

To be able to make active adjustments to a needle, you must be able to see the needle. Studies into
visualisation accuracy and tip visibility improve needle visibility and measurement accuracy, which in turn
elevates the value of a steerable needle as a precision instrument (Cowan et al., 2011; Sadjadi et al., 2014).
Xu et al. (2009) present two algorithms to calculate trajectories for bevel-tipped steerable needles. These
trajectories originate in a single or small area and can avoid sensitive tissues such as the penile bulb around
the prostate by active steering. The research into steerable needles seems to be moving away from duty cycle
bevel-tip steering in favour of articulated-tip and programmable-bevel-tip.

Ho. Conclusion

The topic of steerable needles is an active topic in research. In recent years the focus has slightly shifted away
from bevel-tip duty-cycle steering. Biomimicry of insect barbs has received a lot of attention recently. There is
a need to systematically classify and test steerable needles to advance the field. While humerous papers
present robotic closed-loop systems involving steerable needles, so far, only handheld steerable devices have
made it to market.
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he place of steerable
needles In prostate

AUR B

Abstract

Steerable needles in prostate high dose-rate brachytherapy offer the possibility of steering around anatomical
interference, increasing the group of patients eligible for the procedure. Secondly, steerable needles could be
used to steer around sensitive tissues, decreasing late toxicities associated with the procedure. Lastly,
steerable needles could increase needle positioning accuracy resulting in reduced procedure time and less
needle punctures. The drawbacks of steerable needles include increased system complexity and the possible
decrease in cost efficiency.
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The objective of this literature review is to uncover the possible advantages a steerable needle would have in
HDR BT of the prostate. The previous three chapters on HDR BT, prostate anatomy and steerable needles
served to provide a brief overview of relevant literature to be able to answer this question. This chapter aims
to combine the information of the three previous chapters and explore the possible benefits and drawbacks
steerable needles would have in the field of HDR prostate BT.

0. 1. Advantages

This section will discuss possible advantages of steerable needles in prostate HDR BT based on found
literature.

0.1.1. Anatomical Interference

A steerable needle could aid in patient specific variations. In HDR BT of the prostate, one of these variations
that regularly occurs is pubic arch interference (PAI). In PAI the ilia forming the pubic arch occlude parts of the
prostate impeding needle implantation (Section 4.6). This phenomenon is especially common in patients with
larger prostates. Men with prostates larger than 50-60cc are therefore often advised against undergoing HDR
BT (Gibbons et al., 2009).

To overcome this issue the surgeon either has to reposition the patient, reposition himself or attempt freehand
needle implantation instead of the usual template-guided implantation (Monroe et al., 2008). A steerable
needle would allow for a larger range of patients being eligible for HDR BT. The surgeon could adhere to the
routine template guided implantation in the dorsal lithotomy position and circumvent the PAI with the use of a
steerable needle (Khadem et al., 2018).

85% of the respondents in the questionnaire by de Jong et al. (2018) agreed steerable needles would be useful
to avoid anatomical obstacles. With a majority agreeing with the statement: ‘Steerable needles would be
advantageous for targeted lesions in the prostate’. A steerable needle could also aid in reaching parts of the
prostate occluded by the urethra in a trans-perineal approach while minimising periurethral implantations.

0.1.2, Avoidance of sensitive tissues

Complication rates in trans-perineal biopsies indicate that needle trauma is in part responsible for the
complications associated with HDR BT of the prostate (Section 4.5). The specific tissues responsible for these
toxicities are largely unknown. It stands to reason that sparing sensitive neural and vascular pathways in the
perineum from implantation trauma would decrease the toxicities associated with HDR BT.

The works by Podder, Dicker, Hutapea, Darvish, and Yu (2012); Xu et al. (2009) show that there are
approaches that would decrease the size of the insertion area and/or decrease the number of needles
necessary to achieve adequate coverage.

Urethral and prostate capsule sparing has historically drastically decreased toxicities in surgical and
radiological interventions. This indicates the potential that sparing sensitive tissues has in increasing quality of
life for patients after prostate interventions. Steerable needles could play a part in sparing sensitive tissue
while still delivering adequate dose coverage of the prostate in BT.

0.1.3. INcreased needle positioning accuracy

In a questionnaire by de Jong et al. (2018), 85% of interventional radiologists reported experiencing unwanted
needle bending. Unwanted needle bending can lead to unsatisfactory accuracy in implant placement, which is
well documented in the literature (Section 4.4). 93% of respondents saw the added value of steerable needles
in interventional radiology with 91% being in favour of manual steering and 9% being in favour of robotic control

While implant inaccuracies can be adjusted in HDR BT with inverse treatment planning. A satisfactory implant
coverage of the prostate is required to be able to achieve appropriate dose delivery. Being able to correct for
needle bending and other inaccuracies could decrease procedure time, decrease needle insertions and
manipulations, and increase needle placement accuracy
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The place of steerable needles in prostate HOR BT

van de Berg et al. (2017) showed a handheld steerable needle can increase needle placement accuracy over
a straight needle. More accurate needle placement means being able to better adhere to the desired
implantation locations and thereby decrease the change of needing additional implants to achieve adequate
coverage of the prostate. Decreasing needle insertions could result in less toxicity. This is explored further in
the next section.

6.1.4. Decreased needle insertions

There is a sizable body of work indicating a relation between the number of needle implants and post-
intervention toxicity (Section 4.5). Increased endpoint accuracy would mean treatment plans can be designed
to minimise the number of needles necessary, whilst maintaining adequate coverage of the prostate. According
to the literature this decrease in the number of implanted needles would result in decreased acute and late
toxicity.

Furthermore, a link between periurethral needle manipulation (retracting partially and re-inserting) during
implantation and toxicities was found by Eapen et al. (2014). While Rutigliano et al. (2017) found that using a
steerable needle in a biopsy simulation could decrease the number of needle manipulations required to reach
a particular target in the phantom. This would mean a steerable needle could also have the advantage of
decreasing implant related trauma through decreasing the number of required needle manipulations.

0.2, Drawpacks

Every novel technique has its disadvantages. The question is do the advantages outweigh the disadvantages?
In this section possible disadvantages of using a steerable needle in HDR BT of the prostate are explored.

021, System complexity

Many of the proposed steerable needles drastically increase the complexity of implantations. Bevel-tip duty
cycle steering requires closed-loop feedback generally realised through MR-guidance and a robotic system to
drive the needle. While a system like this could potentially increase needle placement accuracy or be used to
avoid certain anatomical structures, the complexity presents a clear drawback. The availability of imaging
modalities, reliability of control mechanisms and the CE-certification process of complex equipment all pose
challenges to the adoption of the technique.

A second concern in the adoption of steerable needles regarding system complexity is the usability the
instruments has to the surgeon. Barring fully automated systems, a surgeon will control the needle. Steerable
needles like active-cannula type steerable needles, behave in a manner foreign to most surgeons. This could
result in additional complications or increased procedure time.

Introducing a steerable needle for HDR BT implantations will require a system in which the additional
complexity of the procedure is outweighed by the advantages for the patient and/or the surgeon.

0.2.7, INntervention costs

To gain large scale adoption a procedure must be cost-effective. Section 3.2.4 showed HDR BT could be cost-
effective as a monotherapy and is cost-effective as a boost for EBRT. The use of steerable needles during the
implantation will presumably increase the material cost of the procedure. A steerable multi-component needle
will be more costly than a regular straight needle. This difference in material cost however, could be offset by
a reduction in adverse side-effects of the procedure. These side-effects would require, additional procedures,
medication or follow up hospital visits.

Besides direct material cost, increased operation times or training of medical personnel could decrease the
cost-effectiveness of an HDR BT implantation using steerable needles.

Offsetting the cost of the procedure itself with a future cost reduction due to improved patient outcome could

make the use of steerable needles in HDR BT cost-effective. To gain large-scale adoption the steerable needle
system must be designed with cost-effectiveness in mind.
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0.3, Conclusion

| believe the potential advantages this paper has shown for steerable needle in high dose rate brachytherapy,
warrants the development of such a steerable needle. Steerable needles could be used to deal with anatomical
restrictions, decrease tissue damage, increase needle positioning accuracy, and decrease required needle
insertions. However, every new technique has its drawbacks. Increased system complexity and intervention
cost-effectiveness could stand in the way of adoption of a steerable needle for HDR BT implantations.
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Conclusion

The purpose of this paper was to explore the usefulness of a steerable needle in high dose rate brachytherapy
of the prostate. First, | investigated the benefits of high dose rate brachytherapy in the treatment of prostate
cancer in comparison to other treatment options. This showed there is clear evidence of the efficacy and
efficiency of high dose rate brachytherapy in the treatment of prostate cancer. Secondly, | looked at the
anatomy of the prostate and the complications that are encountered with current needle implantations. Third,
| explored the field of steerable needles and the possible advantages they could present in high dose rate
brachytherapy needle implantation. Lastly, these chapters were combined to deliver a verdict about the
usefulness of steerable needle in high dose rate brachytherapy of the prostate.

Several possible advantaged and disadvantages of steerable needles in the field of high dose rate
brachytherapy of the prostate we presented. Unfortunately, due to the lack of quality literature on for instance
the field of steerable needles and the anatomies responsible for toxicities in prostate needle implantations, it
is difficult to provide a conclusive ruling on the usefulness of steerable needles in high dose rate prostate
brachytherapy.

Phantom experiments and theoretic literature provide, ample proof of the possible advantages of steerable
needles in high dose rate prostate brachytherapy. But evidence of its efficacy in practice is scarce. Due to the
complexity of needle-tissue interactions and high dose rate prostate brachytherapy toxicities the transferability
of the results from phantom experiments and theoretical papers is debatable.

This paper presents several possible advantages and disadvantages of steerable needles in high dose rate
brachytherapy of the prostate. Whether these advantages and disadvantages will present themselves in
practice is unknown. However, | believe the potential advantages this paper has shown for steerable needle
in high dose rate brachytherapy, warrants the development of such a steerable needle. Such a needle should
be developed with the cost-effectiveness and usability for the end-user in mind.
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ADPENAIX B -
oteering example
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Appendix C — Theory

restart .
AS  AS + ASstrain
eq] ==
o1 oY
-P-LI
eq? = 2= S Emod-Ier 2 # P is the resultant needle tip force
eq3 = F= PTLI :
L . F-Lslot
eq4 = ASstrain =12 A Emod

# Because ASstrain is calculated for on half of the needle it needls to be doubled

o= a5 [+ Z).on)-( (-2 oor).

eq6 = subs(eq3, eq4),

eq6 = ASstrain = %
eq7 = subs(eq6,eql);
2P LI Lslot
AS AS+ R A Emod
eq7 = —_— =
ol 62
eq8 = subs(simplify(eq5), eq7);
2P LI Lslot
OIR + R A Emod
eq8 = R=
02
eq9 = subs(isolate(eq2, P), eq8)
4 02 Ixx Lslot
ORIk
eq9 = R=
62
eq10 = isolate( eq9, 62)
2
eql0 = 62= - 6l R"LIA
R°LIA + 4 Ixx Lslot
L= n-R
2
Ixx = i'71:~R4 :
7 :
simplify(eq10)
0l L1
= T 2 Lot
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> eqll = piecewise(0 < Ll1and LI < Lslot, rhs(simplify(eql0)))

6l L1
0 < LI < Lslot
eqll = | LI+ 2Lslot Sto
0 otherwise
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Appendix D — expert
consultations

DT, Elekta

On 7/10/19 Martijn de Vries and myself presented the first prototype of the steerable needle to Elekta, a
company specialised in developing medical instruments for radiological therapy. We were able to insert the
needle into a CIRS ‘tissue equivalent ultrasound prostate phantom’ under TRUS guidance. (CIRS, 2019) The
setup can be seen in Figure 48-1. Figure 48-2 demonstrates the amount of possible steering. A needle was
inserted until the deep boundary of the prostate and subsequentially steered medially. Figure 48-3 shows a
needle inserted into to medio-superior part of the prostate and subsequentially steered inferiorly. The image

oy ——

Figure 48 Images taken at Elekta. From top left to bottom right: 1. Prostate phantom and TRUS setup. 2.
Prostate phantom with steerable needle. 3. Ultrasound image of steerable needle inserted superiorly into
the prostate phantom exiting inferiorly. 4. Ultrasound image of steerable needle inserted inferiorly steering
superiorly to follow the curve of the urethra
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shows the amount of steering attainable in a relatively short insertion depth. Figure 48-4 shows a needle
inserted medio-inferiorly into the prostate and steered superiorly, inferiorly following the curvature of the
urethra. The ability to follow the curve of the urethra was an especially welcome sight to the Elekta
representatives, as the deep region of the prostate inferiorly to the urethra can be hard to reach in HDR BT.

Some observations made in our visit to Elekta:

e The needle is relatively flexible. Due to this flexibility the insertion requires two hands to stabilise the
needle;

e The TRUS setup interferes with the needles ability to steer superiorly;

e Previously placed needles could also interfere with the placement of a steerable needle;

e The needle throws a ‘shadow’ on the TRUS imaging, representatives from Elekta this deemed shadow
larger than the shadow of currently available needles;

e The bare needle is too small to comfortably insert into the prostate, a handle is necessary;

e The needle should be fixated to the sleeve during implantation and easily retractable from the sleeve
after implantation;

e The representatives from Elekta were especially enthusiastic about the prospect of reaching the deep
region of the prostate inferior to the urethra. Additionally, increasing the number of patients eligible for
HDR BT by offering an instrument to deal with PAI also rang true.

D.2. Rien Moerland

On 12/11/2019 Martijn de Vries, John van Dobbelsteen and myself met Rien Moerland, a clinical physicist
specialised in brachytherapy, at the University Medical Centre Utrecht (UMCU) to discuss the development of
the steerable needle.

Rien Moerland gave valuable insight into the procedure and possible roles the steering needle being
developed could fulfil. He noted the benefit a SN could have in focal salvage HDR BT. Recurring malignancies
are often located along the periphery of the prostate near the seminal vesicles. In a dorsal lithotomy position,
these can be difficult to access due to occlusion by the rectum. Here a SN could aid to make the area more
accessible. He also noted the ability to access the region ‘behind’ the urethra could prove valuable depending
on the location of the tumour. Dr. Moerland mentioned a typical HDR BT implantation including prepping takes
about 45 minutes with an average of 8 needles placed. He mentioned it takes one or two minutes to place a
needle. Surprisingly he noted the average insertion depth of an HDR BT needle to be about 120mm with the
prostate being about 50mm of this path. This is a fair amount more than literature seems to indicate.

We met two surgeons about to start an HDR BT procedure and presented our SN. They noted the ability to
steer 5-10mm would be a very welcome feature as it would allow them to position the needles more easily in
the appropriate location. Surprisingly, they mentioned a welcome increase in needle placement accuracy.
From literature and other professionals, we have concluded that there is little clinical advantage of more
accurate needle placement.

D.3. UMCU

On 26/11/2019 Martijn de Vries and myself met a humber of physicians at the University Medical Centre
Utrecht (UMCU) to observe a high dose-rate brachytherapy procedure of the prostate. The procedure in
guestion was a salvage procedure where the needle implantation was guided by TRUS and the inverse
treatment planning was done according to MRI imaging.

While salvage HDR BT is not our focus in designing this SN, this procedure bears much resemblance to a
regular variant. The section of the procedure we were most interested in was the implantation of the needles.
In this procedure a total of 6 needles were implanted through a template. The planned locations for the needles
were visible on the TRUS monitor. During implantation feedback was given to the implanting surgeon, by
slightly withdrawing the needle, manipulating the needle, template, or patient, and subsequently reinserting
the needle, the surgeons attempted to place the needle in the designated pathways as best they could. After
every needle, the location was noted in the software and locations remaining to be populated were updated.
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Overall, these six needles took about 45 minutes to place. Noteworthy was the fact the surgeon frequently
spoke about ‘steering’ the needle to arrive at the desired location. The emphasis on accurate needle placement
could in part be due to the small size of the reoccurring malignancy. When asked, the surgeons stated a
steerable needle could be of benefit to the HDR BT procedure. In this application the amount of steering
required to be of benefit to the procedure would be minimal. A steering capability of approximately 5mm would
be sufficient to nudge most needles to their desired location.

D4, EMC

On 17/12/2019 Martijn de Vries and myself met two physicians at the Erasmus Medical Centre (EMC) to
discuss the concept of a steerable HDR BT needle to be used in prostate cancer treatment. This medical
centre performs HDR BT monotherapy in a single implantation with two fractions of 13.5 Gy.

Several possible advantages and concerns of using SN in HDR BT of the prostate came to light. The
physicians expressed the desire to have a needle that could be used to increase the ease of needle placement.
Especially the possibility of reducing needle trauma by decreasing retractions and insertions and possibly
avoiding implantations through the bulbus penis were mentioned. Both could decrease toxicities related with
HDR BT. The ability to steer a needle throughout its implantation under TRUS guidance would enable less
retractions and reinsertions. The ability to reach tumours ventral to the urethra, reach lateral seminal vesicles
and voiding PAI were well received. The physicians estimated that a needle implantation, consisting of
between 15 to 20 needles takes on average 30 to 45 minutes.

A number of concerns came up. The physicians questioned the ability to sterilise the needle, due to the
geometry of the needle. Another concern was the reproducibility of the steering, as inhomogeneous tissue
(such as calcifications) could make the steering difficult to predict. Whether the needle could be steered
enough to leave a previously made ‘track’ was also a concern. A SN could make the quality of outcome more
dependent on the performing radiotherapist, which could be an unwanted side effect. Lastly the physicians
mentioned the amount of change in procedure should be minimal as to improve adoption among radiotherapist.

These concerns should be addressed in the development of this SN and provide valuable insight into possible
hurdles that need to be overcome.
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ADPENCIX I
—xperiment run
fables and results

=1, omall gelatine experiment

Proximal
deflection 0 20 40 60
(angle)

Run 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4
De(frfﬁ};o" 055 38 11 30 9.9 6.0 6.7 49 153 102 194 94 371 150 230 187
Average
deflection 21 6.9 13.6 235

(mm)
I I
~.2. Large gelatine experiment
1 1
Thézé:g r:i:pt Th::;&?:sept This concept is T?riircec::;espt This concept
Concept Location Direction Deflection intg:iesrttian\évith practice to Eﬂzaﬁnlg implantation regusiéee;ill;mg
equipment operate. . time. .

3 6 1 17.5 3 2 5 2 1

6 5 1 24.4 5 4 3 2 2

5 3 3 4.5 3 2 2 3 4

4 2 4 20.5 4 3 1 3 2

1 7 2 255 5 2 4 2 4

7 4 4 13 5 3 4 3 3

2 1 4 22.6 5 3 2 2 4

5 7 1 15 2 2 3 2 4

2 6 3 29.5 5 2 1 2 2

1 1 3 325 3 3 5 2 4

7 4 2 8.4 4 3 3 3 3

3 5 2 125 3 1 4 2 2

6 3 4 55 5 3 4 3 3

4 2 2 4 3 2 1 2 2

2 6 1 245 4 2 1 2 3

3 1 3 10.5 3 2 5 2 2

6 3 4 13 5 3 2 2 2

4 4 1 16.5 2 2 1 2 2

5 5 1 75 4 2 3 2 3

1 7 1 19 4 2 5 2 3

7 2 1 6 3 3 4 3 1
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10.5

30

145

22
6.5

34.5

14.5

18

10.3

315

10
19

245

14
25
155

32

49

36
10.5

46
155

18.5

18
10
10.5

105

10
32

20
30.5

13
24
215

15
30.5

10.5

11
15
135

255

28.5

11

Significance

Experimental Condition

Experimental Condition

0.999947
0.092391
0.001095
3.73E-08
1.94E-06
0.000284
0.040783
0.000308
3.71E-08
3.96E-07

34.03141
72.73141
89.48141
124.8064
106.3064
93.48141
76.50641
93.25641
128.5814
110.0814

-3.775
34.925
51.675

-41.5814
-2.88141
13.86859
49.19359

87
68.5

30.69359
17.86859
0.89359

55.675
38.7

55.45
90.775
72.275

17.64359
52.96859
34.46859
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2 7 21.64359 59.45 97.25641 7.26E-05
3 4 -21.0564 16.75 54.55641 0.849339
3 5 14.26859 52.075 89.88141 0.000961
3 6 -4.23141 33.575 71.38141 0.120362
3 7 -17.0564 20.75 58.55641 0.67055
4 5 -2.48141 35.325 73.13141 0.085182
4 6 -20.9814 16.825 54.63141 0.84659
4 7 -33.8064 4 41.80641 0.999926
5 6 -56.3064 -18.5 19.30641 0.778503
5 7 -69.1314 -31.325 6.48141 0.180789
6 7 -50.6314 -12.825 24.98141 0.954125
1 1
—.3. Phantom validation
Sensor voltage over time raw data example
2
1.8
1.6
1.4
1.2
(1]
g
o
=
0.8
0.6
0.4
0.2
u 1 1 1 ]
10 20 30 40 50 70 8O
Time (s)
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Force (N)

PVA force over time with running mean

1 Cycles
2 Cycles
3 Cycles
4 Cycles

= § Cycles

=4, Performance

40

50

Time (s)

evaluation experiment

Low stiffness phantom

High stiffness phantom

Deflection (Y-

Deflection (X-

Deflection (Y-

Deflection (X-

Condition Location coogjli_rz)?te = coorFt’ili_rl.:-)lte = Note Condition Location coordinate = X) coord\i{r;ate = Note
4 1 0.543 5 5 0.182
2 3 2.778 1.676 skip 1 3 0.915 1.372 skip
3 3 1.176 4 2 2.734
5 1 0.41 3 3 2.005
1 3 1.481 1.64 skip 2 3 3.008 6.525 skip
2 3 3.398 0.39 skip 4 4 2.709
4 4 2.193 1 3 2.221 0.44 skip
5 1 3.414 2 3 3.61 9.163 skip
3 3 0.57 phantom damage 5 4 1.602
1 3 1.469 1.814 skip 3 3 0.888
4 4 0.558 phantom damage 2 3 6.151 4.83 skip
2 3 0.067 0.92 skip 3 3 2.548
5 4 2.939 phantom damage 4 1 2.73
3 3 1.094 phantom damage 5 5 3.962
1 3 1.561 0.184 skip 1 3 1.296 3.077 skip
1 3 0.436 0.781 skip 4 2 2.711
2 3 2.089 1.561 skip 3 3 2525
5 2 0.729 1 3 2.244 0.486 skip
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phantom damage

4 1 3.018 No photo 5 1 0.114

3 3 2.301 pham”;ﬁ;':age 2 3 6.314 1.791 skip
5 1 2.643 phantom damage 2 3 0.909 8.349 skip
2 3 0.353 0.823 skip 4 2 1.446

4 4 1.791 3 3 0.602

3 3 1.753 1 3 0.592 1.048 skip
1 3 1.355 0.184 skip 5 2 1.883

3 3 1572 5 5 0.758

5 2 0.296 1 3 2.02 0.666 skip
4 1 4534 W’O';grggfned 3 3 0.207

2 3 0.023 1.823 skip 2 3 3.949 5.097 skip
1 3 0.23 2.457 4 5 1.043

2 3 0.934 2.688 5 1 0.319

3 3 2.438 2 3 2.314 6.594 skip
1 3 0.23 0.115 skip 3 3 3.008

4 5 1.618 1 3 0.231 0.162 skip
5 2 2.141 4 4 0.776

2 3 1.883 2.135 skip 1 3 1.944 1.157 skip
5 1 1.823 4 5 1.079

1 3 1.185 1.253 skip 2 3 3.633 7.404 skip
3 3 1.355 3 3 0.159

4 4 3.165 5 2 0.597

4 1 3577 5 4 0.321

2 3 0.551 2.755 skip 4 1 1.92

5 4 1.071 2 3 2.985 4.201 skip
3 3 3.121 1 3 1722 1.676 skip
1 3 0.253 2.755 skip 3 3 0.482

1 3 2.939 0.666 skip 1 3 1.936 1.071 skip
3 3 1.185 3 3 1.079

2 3 2.453 0.393 skip 2 3 1.607 6.245 skip
4 5 0.251 5 2 1.423

5 5 0.456 4 4 0

3 3 1.002 5 2 0.23

2 3 1.666 0.81 skip 3 3 0.995

4 4 0.661 2 3 8.173 2.663 skip
5 5 0.433 1 3 2.192 1.236 skip
1 3 1.817 2.648 skip 4 4 0.413

1 3 1.139 2.734 skip 1 3 1.607 1.263 skip
5 2 0.505 5 5 1.194

3 3 1.731 3 3 1.388

4 2 0.217 4 5 0.849

2 3 3.283 0.344 skip 2 3 1.469 8.127 skip
1 3 2.25 1.148 skip 5 1 1.249

2 3 0.528 1.929 skip 2 3 1.561 6.245 skip
3 3 1.148 1 3 1.782 0.255 skip
4 5 2.802 3 3 1.041

5 1 2.073 4 5 0.092

3 3 2.64 5 5 0.671

2 3 3.771 1.296 skip 2 3 3.448 3.633 skip
1 3 0.528 0.39 skip 1 3 1.157 1.944 skip
5 5 0.253 3 3 1.686

4 2 0.661 4 1 2.457

3 3 1.116 4 1 0.482

1 3 1.504 0.648 skip 1 3 1.584 1538 skip
2 3 0.888 2.802 skip 2 3 1.481 1.273 skip
4 5 1.276 5 4 2.227

5 4 1.217 3 3 0.551
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5 4 0.735 5 2 0.413
4 5 1.171 1 3 1.897 0.602 skip
3 3 0.365 4 5 0.879
2 3 0.574 1.561 skip 2 3 7.867 3.008 skip
1 3 0.872 0.941 skip 3 3 0.393
3 3 2.204 5 1 0.161
2 3 2.802 0.957 skip 3 3 0.833
4 2 2.457 1 3 1.319 0.347 skip
1 3 0.463 1.203 skip 2 3 2.847 5.212 skip
5 5 2.25 4 2 0.255
2 3 0.138 1.997 skip 1 3 0.888 1.253 skip
5 4 1.319 3 3 0.866
1 3 0.98 2.096 skip 4 4 1.597
4 2 2.106 5 1 0.482
3 3 2112 2 3 0.207 5.097 skip
4 1 4.859 phantom damage 1 3 0.393 2.615 skip
5 5 2.135 4 2 0.069
1 3 0.758 2.457 skip 2 3 0.023 6.773 skip
3 3 0.228 5 4 1.378
2 3 1.814 0.184 skip 3 3 0.253
3 3 0.023 1 3 2.02 0.735 skip
Photo without
5 2 0.987 needle, but with 5 4 2.244
measurement
4 2 0.62 4 1 4.836
1 3 2.709 1.722 skip 3 3 1.435
2 3 0.452 1.876 skip 2 3 1.342 7.45 skip
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