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SUMMARY 
 

Brachytherapy (BT) is a safe and effective technique to treat prostate cancer that has not spread outside 
the prostate gland (localised prostate cancer). Nonetheless, in current clinical practice hazards can 
arise in positioning the BT needles in the prostate for the purpose of irradiation. Intermediate structures 
can block access to the prostate and needle-tissue interactions can result in unexpected deflection of 
the needle inserted. These situations are undesirable because they lead to insufficient radiation of the 
prostate, potentially reducing treatment outcomes or resulting in patients being excluded from this 
treatment. Various techniques have been proposed in the literature to mitigate these hazards, of which 
actively steerable needles are considered very promising. However, manufacturing and cleaning such 
designs is often complex, while the low rigidity of the needles limits control and increases the risk of 
buckling when penetrating stiffer tissues such as the prostate. These factors have made implementation 
in BT protocols challenging. 
 
A unique steering technique is proposed in this thesis that aims to provide improved flexibility in needle 
positioning while preserving high needle rigidity. This design solution will enable adaptive tip steering 
to control the unexpected deflections in tissue and create controlled curved needle trajectories to 
circumvent intermediate structures. Our investigation focuses on determining if our solution can 
facilitate the use of high-dose-rate (HDR) BT for a wider range of patients. Furthermore, we explore two 
other steering techniques for BT of prostate and brain cancers.  
 
The hazards in literature were studied to define the requirements for the proposed steering solution, 
focusing on: (1) limitations in accessing the prostate gland due to interference from the pelvic bone, 
commonly referred to as pubic arch interference (PAI), and (2) errors in needle positioning. The level 
of PAI has been quantified to determine the magnitude of steering required and clinical guidelines gave 
us insight into the limits of the maximum allowable needle positioning error. In addition, datasets of 
patients with a large prostate volume have been analysed because this group of patients is traditionally 
expected to be at higher risk of PAI. These patients are frequently rejected in advance from undergoing 
BT. Contrary to the probability reported in literature, we found no clear relation between prostate volume 
and PAI. Our analysis showed that the level of PAI varied between patients ranging from no restriction 
to a significant level of access limitation. This variation implies that the current approach may exclude 
patients who could potentially be eligible, resulting in false positive outcomes. The findings of this study 
encouraged the more intraoperative approach with increased flexibility in needle positioning provided 
by our steering solution. 
 
Prototypes of the needle design have been developed and tested in phantoms and ex-vivo tissue. 
Results showed that the steerable needle has similar targeting accuracy as the conventional rigid HDR 
BT needle, while adding the ability to insert the needle along a curved trajectory. A preclinical validation 
test was performed in the clinical setting by experienced physicians in the field of BT with the steerable 
needles and a developed prostate phantom. The planning of curved trajectories to circumvent the pubic 
arch was easily accomplished, and the implantation of steerable needles yielded successful results. 
There was an excellent consistency observed between the pre,- and post-implant treatment plans. This 
experiment provided compelling evidence that steerable needles can effectively achieve a highly 
conformal dose distribution in the prostate. 
 
We completed all the necessary steps to conduct the first in human trial using this non CE-marked 
medical device. We compiled the Investigational Medical Device Dossier (IMDD) in accordance with 
the Medical Device Regulation 2017/745 (MDR) to ensure the safe application of the steerable needle 
in human patients.  
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This thesis presents a unique steerable needle that is ready for clinical investigation, with experiments 
and geometric and dosimetric analyses demonstrating the added value of this instrument in BT 
approaches. The design solution provides the physician improved control and flexibility in needle 
positioning to ensure a more intraoperative and patient-specific approach. Consequently, this 
breakthrough enables HDR BT as a treatment option for prostate cancer patients that are currently 
considered non-eligible because of a large prostate and/or PAI. Simple adjustments to the design 
parameters allow the steering principle to be used for other medical applications that may benefit from 
steerability. 
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SAMENVATTING 
 

Brachytherapie (BT) is een veilige en effectieve techniek om niet-uitgezaaide prostaatkanker te 
behandelen (lokale prostaatkanker). In de huidige klinische praktijk komen echter toch geregeld 
problemen voor bij het plaatsen van de BT-naalden in de prostaat ten behoeve van de daaropvolgende 
bestraling. Tussengelegen structuren kunnen de toegang tot de prostaat blokkeren, terwijl naald-
weefsel interacties een onverwachte afbuiging van de naald kunnen veroorzaken. Deze situaties zijn 
ongewenst, aangezien ze kunnen leiden tot onvoldoende bestraling van de prostaat. Dit kan resulteren 
in een minder effectieve behandeling of kan zelfs leiden tot de exclusie van patiënten. In de literatuur 
zijn er verschillende technieken gepresenteerd om deze gevaren te mitigeren. Een actief stuurbare 
naald wordt hierbij als veelbelovend concept beschouwd. Het vervaardigen en reinigen van dergelijke 
ontwerpen is echter vaak complex, terwijl de lage rigiditeit van de naalden de controle kan beperken en 
het risico op knikken vergroot tijdens het penetreren van stijvere weefsels zoals de prostaat. Deze 
factoren zorgden er tot op heden voor dat implementatie in BT-protocollen een uitdaging was. 
 
In dit proefschrift wordt een unieke stuurtechniek voorgesteld waarmee flexibiliteit bij het positioneren 
van BT-naalden verbeterd zou kunnen worden, terwijl naaldrigiditeit behouden blijft. Met behulp van 
actieve sturing aan de tip van de naald kunnen onverwachte afbuigingen in het weefsel beheerst 
worden en kunnen er gecontroleerde kromme naaldtrajecten worden gecreëerd om tussengelegen 
structuren te omzeilen. In dit onderzoek evalueren wij of deze oplossing ervoor kan zorgen dat een 
grotere groep prostaatkankerpatiënten behandeld zou kunnen worden door middel van high-dose-rate 
(HDR) BT. Daarnaast onderzoeken wij twee andere sturingstechnieken voor BT in de prostaat en 
hersenen. 
 
Om de criteria voor naaldsturing bij prostaat BT te definiëren, zijn de potentiële gevaren met betrekking 
tot de plaatsing van naalden onderzocht, met speciale aandacht voor (1) beperkingen bij het bereiken 
van de prostaatklier doordat het schaambeen in de weg ligt, gewoonlijk aangeduid als pubic arch 
interferentie (PAI), en (2) fouten bij het positioneren van de naald. De mate van PAI is gekwantificeerd 
om de benodigde sturing van de naald te bepalen, terwijl momenteel gehanteerde klinische richtlijnen 
inzicht gaven in de maximaal toegestane fout bij het positioneren van een naald. Daarnaast zijn er 
datasets van patiënten met een groot prostaatvolume geanalyseerd, omdat normaliter verwacht wordt 
dat deze groep patiënten een grotere kans op PAI heeft. Daarom komt het vaak voor dat deze patiënten 
op voorhand al niet in aanmerking komen voor BT. In tegenstelling tot de relatie die in de literatuur is 
gerapporteerd, vonden wij geen duidelijk verband tussen prostaatvolume en PAI. Onze analyse toonde 
aan dat het niveau van PAI tussen patiënten varieert van geen PAI tot een significante hoeveelheid 
PAI. Deze variatie impliceert dat de huidige benadering mogelijk patiënten uitsluit die potentieel in 
aanmerking zouden kunnen komen voor een behandeling met BT. De bevindingen van dit onderzoek 
pleiten daarom voor een meer intra-operatieve benadering met een grotere flexibiliteit bij het 
positioneren van de naalden, hetgeen door onze stuurtechniek kan worden geboden. 
 
Prototypes van het naaldontwerp zijn ontwikkeld en vervolgens getest in fantomen en ex-vivo weefsel. 
De resultaten toonden aan dat de stuurbare naald een vergelijkbare plaatsingsnauwkeurigheid heeft 
als de conventionele rigide HDR BT-naald, terwijl de stuurbare naald ook langs een gebogen traject 
ingebracht kan worden. Tevens is een preklinische validatietest van de stuurbare naalden uitgevoerd 
in de conventionele BT-setting met een ontwikkeld prostaatfantoom door ervaren clinici op het gebied 
van BT. Het plannen van de gebogen trajecten om het schaambeen te omzeilen was eenvoudig te 
realiseren en de stuurbare naalden werden succesvol ingebracht. Het resultaat was een uitstekende 
consistentie tussen de behandelplannen voorafgaand aan en na afloop van de naaldimplantaties. Dit 
experiment leverde overtuigend bewijs dat stuurbare naalden een zeer conforme dosisverdeling in de 
prostaat kunnen bereiken. 
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In dit onderzoek zijn alle noodzakelijke stappen voltooid om in de toekomst klinische testen uit te voeren 
met dit medische instrument, waarbij CE-certificering nog niet aanwezig is. Wij hebben het 
Investigational Medical Device Dossier (IMDD) samengesteld in overeenstemming met de Medical 
Device Regulation 2017/745 (MDR) om de veilige toepassing van deze stuurbare naald bij menselijke 
patiënten te waarborgen.  
 
Dit proefschrift presenteert een unieke stuurbare naald die gereed is voor klinisch onderzoek. De 
experimenten, geometrische analyse en de dosimetrische analyse tonen de meerwaarde van dit 
instrument aan voor HDR prostaat BT. Deze ontwerpoplossing biedt de clinicus een verbeterde controle 
en flexibiliteit bij het plaatsen van de naald en garandeert een meer intra-operatieve en patiënt-
specifieke aanpak. Hierdoor kan deze doorbraak ervoor zorgen dat HDR BT een mogelijke 
behandeloptie wordt voor prostaatkankerpatiënten die momenteel niet in aanmerking komen vanwege 
een te grote prostaat en/of PAI. Door middel van eenvoudige aanpassingen aan de ontwerpparameters 
kan dit sturingsprincipe ook voor andere medische toepassingen worden gebruikt die mogelijk baat 
hebben bij de stuurbaarheid van een instrument.  
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Introduction 
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1.1 BACKGROUND 
 
Worldwide, cancer is a serious health problem with an estimated amount of 19.3 million new cases 
presented every year and 10.0 million deaths in 2020 [1]. This destructive disease, characterised by 
uncontrolled cell differentiation, is rated second in leading causes of death in the United States [2]. 
Current possible cancer treatments include surgery, medicines and radiation therapy to kill or stunt the 
growth of malignant tumour cells. One type of radiation therapy can be applied internally, known as 
brachytherapy (BT). This modality has gained wide acceptance as a treatment option for organ-confined 
tumours. The success of BT has increased with the emerging imaging modalities, technological 
advances and individual treatment planning possibilities.  
 

1.2 BRACHYTHERAPY 

 
BT is a minimally invasive procedure that is well-suited for treating various tumour sites in the body, 
including the breast, cervix and prostate. The term "brachy" is derived from the Greek word for "short", 
referring to the fact that radioactive sources are positioned inside or in the vicinity of the area that 
requires treatment. The sources are delivered through needles and left in situ for a specified amount of 
time to deliver the required doses of radiation, depending on the cancer type, the specific BT technique 
and the treatment plan. In interstitial BT, the needles are inserted through the skin and into soft tissue, 
guided towards the target volume using imaging techniques such as ultrasound (US), magnetic 
resonance imaging (MRI), or computed tomography (CT). Because each source contribution has a 
heterogeneous dose distribution, the dose around the needles is much higher compared to the 
reference dose. The cumulative dose, derived from the individual doses per needle, creates a 
distribution within the target volume which is prescribed to isodoses.  Consequently, careful choice of 
the needle positions is crucial to optimally irradiate the target volume while minimising exposure to 
surrounding healthy tissues and organs-at-risk (OARs). Figure 1.1 shows the specificity of BT in terms 
of dose distribution in the prostate in comparison with external beam radiation therapy (EBRT).  
 

 
Figure 1.1 – Example of dose distribution for a prostate treatment plan with external beam radiation therapy (EBRT) and 
brachytherapy (BT). The plan is calculated on the same patient. The red surface represents the high-dose regions, the yellow 
surface the intermediate-high-dose regions, the dark blue surface the low-dose regions, and the azure blue surface the 
intermediate-dose regions (adapted from [4]).  
 

1.3 PROSTATE BRACHYTHERAPY 
 
Prostate cancer is the second most diagnosed cancer in men with an estimated 375,300 deaths 
worldwide in 2020 and is considered the first cause of death in 48 out of 185 countries [3]. Generally, 
prostate cancer is detected in an early and localised stage, with no spread outside the prostate gland, 
and curative treatments such as radical prostatectomy (RP), EBRT or BT can be performed. The choice 
of treatment depends on several factors, such as comorbidities, type and stage of the cancer, patient’s 
anatomy and preference.  

Chapter 1
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A comparative analysis of prostate cancer treatments showed that BT, as monotherapy or as boost in 
combination with EBRT, is very successful and appears superior to RP or EBRT alone as indicated in 
Figure 1.2 [4]. Considering these findings, this safe and effective treatment should be made available 
as treatment option for as many prostate cancer patients as possible [5].  

 
Figure 1.2 - Percentage prostate-specific antigen (PSA)-free progression at maximum follow-up for patients with (left) 
low-risk and (right) intermediate-risk prostate cancer treated with a range of therapeutic options. Brachy = brachytherapy; 
HDR = high-dose-rate; ADT = androgen deprivation therapy; Cryo = cryotherapy; HIFU = high intensity focused ultrasound 
(retrieved from [4]).  
 

BT employs various techniques for irradiating the prostate using needles and transrectal ultrasound 
(TRUS) for guidance. These techniques include low-dose-rate (LDR), high-dose-rate (HDR), and 
pulsed-dose-rate (PDR), of which LDR and HDR BT are performed most frequently. LDR BT involves 
permanent placement of radioactive seeds, such as iodine-125 or palladium-103, directly into the target 
volume. The seeds are implanted using hollow needles with either loose or stranded seeds, in which 
multiple seeds and spacers are interlinked. The implanted seeds deliver a low dose of radiation over a 
period of several weeks or months. HDR BT is characterised by the use of a high dose of radiation, 
such as iridium-192, for several minutes. The conventional HDR BT needles comprise of an inner and 
outer needle. After the insertion of the HDR BT needles, the inner needles are retracted while the outer 
needles are left in situ. This creates multiple channels intended for remote afterloading with a source 
dwell. On-line optimisation of the dose distribution is possible by optimisation of the time the source 
spends at each dwell positions. Figure 1.3 shows a typical set-up for conventional prostate BT. To 
ensure an optimal distribution of needles within the target volume, a transperineal template with evenly 
spaced holes, positioned 5 mm apart, is utilised. This template enables the needles to be inserted in a 
straight and parallel manner. 

 

 
 

Figure 1.3 - Conventional prostate BT set-up. The set-up includes BT needles and the stepper device including the 
transrectal ultrasound probe and the transperineal template (adapted from [6]).  
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1.4 HAZARDS IN PROSTATE BRACHYTHERAPY 
 
BT improves the lives of many prostate cancer patients (Figure 1.2). Still, insufficient spatial distribution 
of the needles (i.e., total needle geometry) inside the target volume can occur, caused by factors such 
as inaccessibility of the prostate and needle targeting errors. These factors can influence the efficiency 
and efficacy of the procedure; non-conformity to the treatment plan may result in underdosage of the 
tumour or overdosage of the OARs. According to the research of Zelefsky et al. it was estimated that 
15 to 20% of patients obtained a suboptimal dose coverage due to underdosing the target volume or 
overdosing the rectum or urethra [7]. 
 
The conventional BT needle lacks adequate adaptability to effectively address these hazards once it 
has been inserted into the tissue. HDR BT needles are rigid and bound to linear trajectories, while LDR 
BT needles are also rigid but feature a bevelled tip. The asymmetric forces on the tip can offer some 
degree of control during the insertion, but steering is challenging as it depends on the resistance of the 
tissue it interacts with. In practice, achieving the intended needle geometry in BT procedures may 
require multiple attempts at needle insertion or improvising with ad hoc solutions. These actions are 
often considered suboptimal as they may cause additional tissue damage, require adaptations to the 
clinical set-up or workflow and do not necessarily achieve the intended needle geometry.  
 
If an insufficient total needle geometry is expected prior to the procedure because of inaccessibility of 
the target volume, the patient is generally considered non-eligible for BT. The patient is recommended 
a course of androgen deprivation therapy (ADT) to downsize the prostate gland, although this approach 
is associated with negative side effects. Alternatively, another treatment, such as EBRT, may be 
considered.  
 

1.5 STEERABLE NEEDLES AS A SOLUTION? 
 

To minimise both access restriction to the target volume and needle targeting errors, it is necessary to 
enhance flexibility in needle positioning. This thesis proposes various solution strategies to mitigate 
these hazards. The approach that we explore is the use of active steerable needles, as previous 
research has demonstrated their potential to significantly improve BT outcomes by ensuring adherence 
to the treatment plan and enhancing accessibility of the prostate [8,9]. Such steerable needles can 
modify needle-tissue interactions during the insertion to control the needle trajectory and accurately 
reach the target site. In addition, these needles can be used to circumvent anatomical structures and 
sensitive tissues to obtain an adequate total needle geometry.  
 
Various active steering techniques have been proposed in literature, such as cable-driven instruments 
or actuated needle tips (Figure 1.4) [9–17]. Only three active steerable instruments have been 
commercialised which are all cable-driven and induce pivoting of the needle tip by cable pulling 
[12,15,17]. These designs have low axial and flexural rigidity, which can hinder precise control and 
increases the risk of buckling when penetrating stiffer tissues and membranes [18]. Furthermore, the 
fabrication process for most steerable instruments is complex, while subsequent cleaning, sterilisation 
and implementation into the BT set-up can pose additional challenges. Therefore, the development and 
utilisation of steerable needles require careful consideration of their mechanical properties, 
manufacturing complexity, and the practical implementation within the BT workflow. 

 

Chapter 1
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Figure 1.4 – State-of-the-art of active steerable needles. The steerable needles are divided on the basis of the steering control 
principle. The method to control the steering is indicated between parentheses (retrieved from [9–17]). 
 

1.6 AIMS OF THIS THESIS 
 
The associated aims of this thesis are to: 

 
1) demonstrate a unique steerable needle design for HDR prostate BT (technical 

innovation),  

A steering control principle is presented and is explored in the context of the clinical 
application of HDR prostate BT. The purpose of the design is to introduce flexibility in 
needle positioning, while maintaining high axial and flexural rigidity. The balance between 
flexibility and rigidity should ensure controllability during the insertion, while minimising the 
risk for buckling. No major changes to the current clinical workflow and set-up shall be 
introduced.  

The prostate, being a deeply situated organ with high tissue stiffness, poses challenges 
during needle insertion. Tissue resistance, calcifications, and tissue deformation can cause 
undesired deflection of the needle, resulting in deviations from the planned trajectory and 
treatment plan. To address these issues, the steerable needle should enable active control 
of the needle tip in multiple planes, allowing for precise adjustment to mitigate these 
perturbations and ensure accurate targeting. Furthermore, the steerable needle should 
facilitate curved trajectories with varying radii to navigate around intermediate structures 
such as the pubic arch. 

1
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By incorporating this novel steering control principle, the goal is to enhance intraoperative 
needle maneuverability and improve targeting accuracy in HDR prostate BT without 
disrupting the established clinical workflow and set-up. 

2) evaluate if the developed steerable needle can enable HDR prostate BT for a patient 
population, which is currently considered non-eligible (clinical application).  

In current clinical practice with rigid BT needles, the pubic arch can block the access to the 
prostate gland hampering an adequate dose distribution. This obstruction, known as pubic 
arch interference (PAI), poses a challenge in delivering effective treatment and has led to 
the exclusion of patients from BT protocols.  

The introduction of a steerable needle which allows for curved trajectories holds the 
potential to address this issue by providing access to the previously inaccessible prostate 
volume affected by PAI. This innovation could open up the possibility of offering BT as a 
treatment option for patients with larger prostates and/or PAI. 

This thesis introduces a novel steering technique and explores the clinical application of the steerable 
needle in the context of HDR prostate BT. The outcomes of this research hold potential benefits for 
both medical specialists and engineers. The insights gained through this dissertation can contribute to 
the knowledge and expertise of professionals and the outcomes will be in direct interest for treatment 
of prostate cancer patients.    
 

1.7 THESIS OUTLINE 
 
The outline of this thesis is presented in Figure 1.5. Throughout Chapter 2 to 5 the design phases for 
the development and validation of our design solution are covered. In Chapter 2, we explore and 
quantify the hazards related to needle positioning in prostate BT. We evaluate the clinical guidelines 
which are used in current practice and we present solutions strategies to mitigate the hazards. This will 
provide an understanding of the clinical need and relevant design requirements. In Chapter 3, we 
evaluate if the clinical guidelines related to prostate volume and prostate accessibility are sufficient, and 
we elaborate on the steerable needle as a solution strategy. Datasets of patients with a large prostate 
are analysed to geometrically determine the required amount of needle steering for the proposed 
instrument. We virtually apply the steering technique to 27 patients using their diagnostic magnetic 
resonance (MR) scans. Chapter 4 shows the steering principle of the proposed steerable needle: the 
bendable lever. A manufactured prototype is presented and tests are performed in phantoms and ex-
vivo tissue to verify, among other things, the steerability and targeting accuracy of the instrument. 
Validation of the steerable needle in the clinical setting is described in Chapter 5. Treatment planning 
and implantation studies are performed by experienced physicians in the field of BT, with the steerable 
needle and a developed prostate phantom. Chapter 6 describes the route towards the first in human 
trial with the steerable needle (Chapter 4). We show an example how to comply with the Medical Device 
Regulations 2017/745 if a medical device is intended for clinical investigation. 
 
Chapter 7 and 8 have a more explorative nature. We investigate the feasibility of robotic control of the 
developed steerable needle (Chapter 4) using MRI for guidance in Chapter 7. In Chapter 8, we 
elaborate on the use of two other steering mechanisms for different medical applications: the pull-push 
mechanism for low-dose-rate (LDR) prostate BT and the pre-bent needle tip for micro-brachytherapy 
(micro-BT) of the brain. Chapters 2 to 5 and Chapter 7 are independent articles, which have been 
published in or submitted to scientific journals. The content of individual chapters can therefore be partly 
overlapping. Chapter 6 is a monograph which is not intended for publication. Chapter 8 includes two 
summaries of which the article related to micro-BT is published [19]. 
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Figure 1.5 – Outline of this thesis. The green boxes include the design phases for a medical device and additional 
information. The white and grey boxes state the subjects and the chapters of this thesis, respectively. 
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ABSTRACT 
 
Needle positioning in line with the pre-planned needle positions is crucial in prostate cancer 
interventions and becomes more critical with the advance of more targeted therapies. This study 
focuses on the quantification of and current guidelines on the hazards related to needle positioning in 
prostate cancer treatment, in particular (1) access restrictions to the prostate gland by the pubic arch, 
so-called pubic arch interference (PAI) and (2) needle positioning errors. Next, we propose solution 
strategies to mitigate these hazards. The literature search in the Embase, Medline ALL, Web of Science 
Core Collection, and Cochrane Central Register of Controlled Trials databases resulted in 50 included 
articles. PAI was reported in a significant proportion of patients with various prostate volumes. The level 
of reported PAI varied between 0 and 22.3 mm, depending on the patient’s position and the measuring 
method. Needle positioning errors were subdivided into misplacement and displacement. Low-dose-
rate brachytherapy induced the largest reported misplacement errors (up to 10 mm), especially in the 
cranio-caudal direction and the largest displacement errors were reported for high-dose-rate 
brachytherapy in the cranio-caudal direction (up to 47 mm), generally increasing over time. Current 
clinical guidelines related to prostate volume, needle positioning accuracy, and maximum allowable PAI 
are ambiguous and compliance in the clinical setting differs between institutions. Solutions, such as 
steerable needles, assist in the mitigation of the hazards and potentially allow the physician to proceed 
with the procedure. 
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2.1 INTRODUCTION 
 

2.1.1 Background 
 
Prostate cancer is the second most-diagnosed cancer in men and the fifth leading cause of cancer-
related deaths worldwide in 2020 [1]. When detected in an early and localised stage, treatments such 
as radical prostatectomy, external beam radiation therapy or brachytherapy can be performed. 
Brachytherapy modalities include low-dose-rate brachytherapy (LDR BT), high-dose-rate brachy-
therapy (HDR BT), and pulsed-dose-rate brachytherapy (PDR BT), in which radioactive sources or 
catheters are placed in the prostate for irradiation. These techniques are often employed as whole-
gland monotherapy and provide high rates of oncological control. This is at risk of negative side effects 
for the patient, such as irritative micturition, urinary incontinence, erectile dysfunction, and rectal toxicity, 
thereby lowering the quality of life (QOL) [2, 3]. 
 
Over the past decade, a trend toward focal (boost) therapies has been observed that can potentially 
minimise negative side effects [2, 3]. This method is a shift from whole-gland treatment to targeting the 
tumour, while sparing the surrounding healthy tissue, thereby preserving genitourinary and 
gastrointestinal function [4]. Brachytherapy can be applied as a focal (boost) therapy in which the 
tumour is irradiated with high dosages, whilst the remainder of the prostate gland is treated with a lower 
dose. Focal treatment modalities include e.g., brachytherapy, focal laser ablation (FLA), irreversible 
electroporation, cryotherapy, high-intensity focussed ultrasound, and photodynamic therapy. These are 
percutaneous procedures in which needles are guided through the perineal skin to reach the target 
volume for treatment. However, potential perturbations while passing intermediate structures may 
cause hazardous situations. This study provides an overview of the quantification of these hazards and 
the associated current guidelines, and solution strategies to mitigate these hazards.  
 
2.1.2 Hazards in needle positioning 
 
Two hazards, widely reported in literature, can hamper adequate needle positioning. First, the pubic 
arch can restrict access to the ventrolateral part of the prostate. This affects the total needle geometry 
(i.e., the spatial composition of all inserted needles) in the target volume [5] as depicted in Figure 2.1, 
assuming currently available, rigid needles are inserted parallel to each other in the horizontal direction. 
This phenomenon is known as pubic arch interference (PAI). Accessibility of all regions inside the target 
volume is a requirement in focal (boost) therapies and brachytherapy as whole-gland monotherapy to 
obtain homogeneity of the total needle geometry and to ensure an effective treatment [6]. The level of 
PAI indicates to what extent a homogeneous needle distribution can be achieved. 

 

 
Figure 2.1 - Schematic of total needle geometry in patients with pubic arch interference (PAI). The planned total needle 
geometry, indicated in the axial plane, is based on the needle geometry of Mate et al. [7]. The pubic arch obstructs parts of the 
prostate resulting in a non-conformal total needle geometry, indicated by the light grey area in the sagittal plane, making 
accessible targets (X) inaccessible (O) using the transperineal approach with parallel horizontal trajectories (i.e., perpendicular 
to the transperineal template) using straight needle insertion. 
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Secondly, needle positioning errors can arise from misplacement (i.e., the needle is positioned in a 
location different from the planned location due to unwanted needle deflections [8]) or needle 
displacement (i.e., the needle is shifted to a different location after positioning). Erroneous individual 
needle positioning induces treatment of unintended areas (Figure 2.2), which might lead to under-
treatment of tumour tissue or overtreatment of healthy tissue (e.g., urethra, bladder, rectum, and 
neurovascular bundle), leading to similar side effects as documented for whole-gland treatment 
modalities, such as irritative micturition, urinary incontinence, erectile dysfunction, and rectal toxicity, 
thereby lowering the QoL [2, 3].  
 

 

Figure 2.2 - Schematic of individual needle positioning errors in the prostate. The directions of the positioning error of the 
needle (red line) are shown in the axial and sagittal planes. The needle deviated from the neutral axis and did not reach the target 
(X).  

In this study, the term ‘hazard’ is used to refer to potential sources of harm related to transperineal 
needle positioning. These hazards are (1) access restrictions to the prostate gland, i.e., PAI and (2) 
needle positioning errors. Insight into the quantification of these hazards and solution strategies to 
mitigate them can provide information about the impact of different hazards and may give clues about 
how to minimise these hazards. To our knowledge, a systematic overview of the scientific literature on 
the quantification of the hazards related to transperineal needle positioning in prostate cancer 
treatments and their corresponding guidelines is not yet available. Here we intend to fill this gap by 
providing a systematic overview of the quantification of these hazards. Furthermore, we propose 
solution strategies to mitigate these hazards. First, the scientific literature search method is described 
in Section 2. In Section 3, the hazards are quantified, the associated guidelines are described and 
clinical aspects are reported. Section 4 discusses solution strategies to mitigate the hazards, and 
Section 5 presents the conclusions of this study.  

 
2.2 LITERATURE SEARCH METHOD 

 

2.2.1 Scientific literature search 
 
The literature search was executed using the Embase, Medline ALL, Web of Science Core Collection, 
and Cochrane Central Register of Controlled Trials databases and included journal articles and 
conference abstracts in the English language. We used tailored search terms for each database using 
thesaurus terms (MeSH). The search keywords of the queries were organised into three categories: (a) 
therapy (e.g., brachytherapy, ablation therapy, laser ablation), (b) target (e.g., prostate, prostate 
tumour), and (c) needles and challenges or hazards (e.g., needle, catheter, probe, pubic) (Figure 2.3). 
The publication year for the conference abstracts was limited to 2019 – 2022.  
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Figure 2.3 - Visual representation of the search query. Figures limit the search to (a) therapy (b) target site, and (c) needles 
and challenges or hazards. 

   
2.2.2 Eligibility criteria  
 

Throughout this review, the needle is defined as the device used to puncture tissues and position the 
energy or radiation source in the target volume. Only interventions were included with which prostate 
cancer can be treated locally via the transperineal pathway without resecting the prostate, excluding 
articles on diagnostics, treatment of benign tumours, (partial) resection of the prostate, and prostate 
volume determination. Needles that are used for the administration of systemic therapy, such as 
immunotherapy and chemotherapy, were excluded. Regarding the study conditions, only clinical studies 
were accepted, whereas preclinical, phantom, animal, and simulation studies were excluded. 
Furthermore, only studies focused on the quantitative assessment of needle positioning were accepted, 
excluding studies solely focused on needle design, planning, patient selection, physician learning curve, 
automated needle detection, functional or biological outcomes, hospitalisation time, and costs. Hazards 
unrelated to needle positioning were excluded, such as prostate movement due to bladder filling, 
brachytherapy seed migration, and inter-observer variability.  
 

2.2.3 Literature search results 
 
The search yielded 3309 articles (last update December 2022). Based on the eligibility criteria, the titles, 
abstracts, and full texts were checked subsequently. After full-text inspection, 50 articles were identified 
by M.V. and J.B., fulfilling all eligibility criteria (Figure 2.4).  

 
Figure 2.4 - PRISMA flow diagram of the literature selection method.  
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2.3 RESULTS 
 

2.3.1 Quantification of hazards 
 
Pubic arch interference (PAI) 
 
PAI has been assessed in fifteen included studies, as shown in table 2.1. Eleven studies described the 
level of prostate obstruction by the pubic arch and fifteen studies reported the incidence of PAI for 
various prostate volumes. Sejpal et al. [9] researched the largest patient population, with 243 patients, 
and reported that 47 patients (19.3%) showed PAI during needle insertion.  
 
PAI quantification is generally performed on transrectal ultrasound (TRUS)-computed tomography (CT) 
fusion imaging or magnetic resonance imaging (MRI) scans, with the patient in supine position, while 
needle implantation is performed under transrectal ultrasound (TRUS) guidance with the patient in 
dorsal lithotomy position. The patient’s position significantly influenced the level of observed PAI, 
ranging from 0 mm, if total clearance between the pubic arch and the prostate was observed, to 22.3 
mm [13]. Tincher et al. [5] studied the level of PAI for seven patients after CT scans in both lithotomy 
and supine position. The authors reported that the patient’s posture change from supine position to 
lithotomy position decreased the level of PAI by 5 mm [5]. Next to posture change, the used imaging 
modality also induced discrepancies. Martin et al. [10] assessed PAI on TRUS, CT, and MRI scans. 
They found a linear correlation between PAI on the CT and MRI scans with the patient in supine 
position, while 75% of patients had larger values for PAI on CT compared to MRI. They reported PAI 
on CT and MRI of 2.9 ± 0.6 mm and 2.0 ± 0.6 mm (average ± standard error), respectively. PAI on the 
TRUS scans with the patient in lithotomy position was 0.6 ± 0.5 mm, which was significantly different 
from both CT and MRI (p < 0.06). Strang et al. [11] reported that nine patients appeared to have PAI 
on CT, while only four of these nine patients had PAI on TRUS. The change in patients’ posture from 
supine to lithotomy position and imaging modality reduced obstruction by the pubic arch by 11.8 mm 
on average. In contrast, Wallner et al. [12] showed a decrease of only 0.4 mm.  
 
Table 2.1 – Overview of studies that evaluated pubic arch interference (PAI). For each study, the following information is 
reported: the level of PAI [mm], percentage of patients with PAI [%], imaging modality and patient position used for the 
assessment of prostate volume, prostate volume [cc], treatment, and reference. Clearance between the pubic arch and the 
prostate is reported as 0 mm PAI. x͂ = median, x̄ = average ± standard deviation, and (..) = range.   

Level of PAI 
[mm] 

Number 
of 

patients 

Number of 
patients 
with PAI 

(%) 

Imaging 
modality 

Patient 
position 

Prostate volume 
[cc] Treatment Authors 

(citation) Year 

x̄ = 9.5 ± 6.9  
(0 – 22.3) 27 85.2 MRI Supine x̄ = 92.3 ± 38.0 

(48.0 – 178.9) HDR BT De Vries et al. 
[13]  2022 

(0 – 15.1) 40 25 MRI Supine x̄ = 63.8 ± 18.4 LDR BT Zheng et al. 
[14] 2019 

x̄ = 2.0 ± 0.6 
(0 – 12.5) 41 80.5 MRI Supine  

LDR BT Martin et al. 
[10] 2017 x̄ = 2.9 ± 0.6 

(0 – 12.5) 41 82.9 CT Supine  

x̄ = 0.6 ± 0.5 
(0 – 4) 41 46.3 TRUS  

(5 mm) Lithotomy x̄ = 32.6 ± 2.3 

(0 – > 5) 21 14.3 TRUS  
(5 mm) Lithotomy 

x͂ = 28.5 

x̄ = 28.1  
(17.6 – 42.2) LDR BT Fukada et al. 

[15] 2012 

(0 – > 5) 21 28.6 CT  
(3 mm) Lithotomy  
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(0 – > 5) 21 23.8 

 

CT + TRUS 
fusion 

Lithotomy 
x͂ = 29.5 
x̄ = 28.8 

(19.0 – 39.9) 

(0 – 10) 5 100 TRUS  
(5 mm) Lithotomy < 50 cc LDR BT Ryu et al. [16] 2012 

n/a 145 5.5 TRUS  
(7.5 MHz) Lithotomy x̄ = 40.0 

 (33.8 – 86.0) LDR BT Gibbons et al. 
[17] 2009 

x͂ = 6 
(0 – 10) 243 19.3 CT  

(5 mm) Supine  

LDR BT Sejpal et al. 
[9] 2009 

 243  TRUS  
(5 mm) Lithotomy x̄ = 44.7 ± 11.1* 

n/a 40 40 CT  
(5 mm) n/a x̄ = 56 ± 17 LDR/HDR 

BT 
Nickers et 

al.[18] 2006 

n/a 50 6 

TRUS 

(7.5 MHz,  
5 mm) 

Lithotomy x̄ = 32  
(17 – 52) LDR BT Henderson  

et al. [19] 2003 

x̄ = 12.2 ± 3.4 
(8 – 20) 9 100 CT Supine x̄ = 30.9 ± 9.8 

LDR BT Strang et al. 
[11] 2001 

x̄ = 0.4 ± 3.6 
(0 – 7) 14 28.6 

TRUS  
(7 MHz,  
5 mm) 

Lithotomy x̄ = 39.0 ± 18.1 

x̄ = 12.7 
(10 – 21) 7 100 CT  

(5 mm) Supine x̄ = 34.6 ± 11.4  
(17 – 48) 

BT Tincher et al. 
[5] 2000 

x̄ = 7.8 
(6 – 12) 7 100 CT  

(5 mm) Lithotomy  

(0 – 13)* 21 71.4* CT  
(5 mm) Supine  

LDR BT Wang et al. 
[20] 2000 

 33 n/a 
TRUS  

(6 MHz,  
5 mm) 

Lithotomy 
x͂ = 57* 

(50 – 95)* 

x͂ = 0 
(0 – 20) 97 46.4* CT  

(5 mm) Supine  

LDR BT Bellon et al. 
[21] 1999 

 97  TRUS  
(6 MHz) Lithotomy x͂ = 36 

 (15 – 131) 

x̄ = 2.2 ± 3.5* 
(0 – 10) 16 62.5 CT  

(5 mm) Supine  

LDR BT Wallner et al. 
[12] 

1999 

 x̄ = 1.8 ± 4.1* 
(0 – 10) 16 50 TRUS  

(6 MHz) Lithotomy 
x͂ = 36 

(22 – 55) 

n/a 54 5.6 
TRUS  
(4 or 5 
MHz) 

Lithotomy ≤ 60 cc HDR BT Borghede et 
al. [22] 1997 

 
BT = brachytherapy, CT = computed tomography, HDR BT = high-dose-rate brachytherapy, LDR BT = low-dose-rate 
brachytherapy, MRI = magnetic resonance imaging, n/a = not available, TRUS = transrectal ultrasound. *If not specified in the 
manuscript, a best approximation was made based on the information in the graphs.   
 

Needle positioning error 
 
Thirty-five included studies documented quantitative needle positioning errors. Tables 2.2 and 2.3 show 
the reported misplacement and displacement errors, respectively. Most studies (80%, 28/35) 
documented the error for an HDR BT treatment, 11% (4/35) for an LDR BT treatment, 6% (2/35) for a 
PDR BT treatment, and 3% (1/35) for an FLA treatment. The included studies reported needle 
misplacement and displacement assessed on anatomical images of the patient, but used different 
procedures and methodologies, such as (1) whether or not to change patient posture to allow for a 
specific imaging method and (2) varying imaging modalities, time intervals, and reference markers.  
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The patient's position regularly changed between the preoperative, intraoperative, and postoperative 
procedure [23-27], potentially influencing needle misplacement and displacement. Both Carrara et al. 
[28] and Cepek et al. [29] reported a single position (i.e., lithotomy position) for the entire duration of 
the procedure to minimise movement of the prostate and the tumour. Cepek et al. [29] documented 
misplacement errors after a needle insertion depth of 84 to 171 mm with symmetrical bevel-tip needles 
during FLA procedures. The authors reported errors in the cranio-caudal, ventral-dorsal, and medial-
lateral directions of 1.1 mm, 1.8 mm, and 0 mm, respectively. They discussed that the error was caused 
mainly by needle deflection due to the initial skin puncture and the heterogeneity of tissue [29]. Carrara 
et al. [28] documented mean needle displacement of 0.8 and 0.0 mm in the ventral-dorsal and medial-
lateral directions, respectively. In contrast, in the study by Buus et al. [30], patients were placed in 
supine position for the preoperative MRI scan, in lithotomy position during implantation phase, and 
again in supine position for the second MRI scan to measure the error. The authors reported mean 
cranio-caudal needle displacements of 2.2 and 5.0 mm between the first and second HDR BT fraction 
and after the second HDR BT fraction, respectively. Another patient position transition was described 
by Mullokandov et al. [31]. In their study, the patients were taken out of the lithotomy position and placed 
in a frog-leg position (i.e., flexing the hips and abducting the legs) after implantation. The authors 
reported mean cranio-caudal needle displacements of 2 and 10 mm between the first and second HDR 
BT fraction and after the second HDR BT fraction, respectively.  
 
Quantification of the error was performed using different imaging modalities, time intervals, and 
reference markers such as metal markers, bone anatomy, or other implanted needles [32, 33]. Solely 
Smith et al. [34] measured the error along the entire needle length, while in other studies the end 
position of the distal tip was evaluated. Most studies used CT to measure the error (54%, 19/35), while 
some studies used X-ray (29%, 10/35), TRUS (20%, 7/35), MRI (11%, 4/35) or a combination of multiple 
imaging modalities (14%, 5/35). The time between the reference image and imaging after implantation 
ranged from nine minutes to four weeks.   
 
Table 2.2 – Overview of studies that evaluated needle misplacement in transperineal prostate interventions. For each 
study, the following information is reported: needle misplacement divided into cranio-caudal, ventral-dorsal, and medial-lateral 
directions, imaging modality used for the assessment of misplacement, treatment, patient position pre-, intra-, and 
postoperatively, time between implantation and error measurement, and reference. x͂ = median, x̄ = average ± standard deviation, 
and (..) = range. 

Needle misplacement ± SD 
(range) [mm]  

(measurement method 
     

 

  

Cranio-
caudal 

Ventral-
dorsal 

Medial-
lateral 

Number 
of 

patients 

Imaging 
modality Treatment Needle 

tip 

Patient posture 
change  

(pre-, intra-, 
postoperative) 

Time 
[h] 

Authors 
(citation) Year 

 x̄ = 3.8 
± 3.2 
(FM) 

n/a 
x̄ = 1.6 ± 

2.1  
(FM) 

2 X-ray  HDR BT Conical No change 0.25 Smith et 
al. [34] 2018 

x̄ = 3.8 ± 
0.2  

(AM) 

x̄ = 1.5 ± 
0.1  

(AM) 

x̄ = 1.3 ± 
0.1  

(AM) 
15 TRUS  

(6 MHz) LDR BT Bevel No change n/a 
Jamalud-
din et al. 

[35]  
2017 

x͂ = 1.1 
(AM) 

x͂ = 1.8 
(AM) 

x͂ = 0a 
(AM) 10 MRI  

(1.5T) 
FLA, robotic 
implantation 

Sym-
metrical 

bevel 
No change 0.15 Cepek et 

al. [29] 2015 

n/a > 2  
(MF) 

> 4  
(MF) 5 

TRUS  
(6.5 

MHz), X-
ray 

LDR BT, 
robotic 

implantation 
Trocar n/a 1 Fichtinger 

et al. [36]  2008 

n/a 
x̄ = 1.8 ± 

0.6b  
(AM) 

x̄ = 1.8 ± 
0.6b 
(AM) 

30 TRUS  
(1 mm) HDR BT n/a n/a n/a Szlag et 

al. [37]  2008 
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n/a 
x͂ = 3  

(0 –10)b 
(AM) 

x͂ = 3  
(0 – 10)b 

(AM) 
10 MRI  

(0.5T) LDR BT Bevel No change 
0.08 

– 
0.17 

Cormack 
et al. [38]  2000 

x̄ = 4.5 
(IOF) 

x̄ = 2.2 
(IOF) 

x̄ = 2.0 
(IOF) 10 X-ray LDR BT n/a n/a – lithotomy – 

supine 72 
Tascher-
eau et al. 

[39]  
2000 

 
MF = marker frames attached to needle guide, AM = anatomical marker (e.g., bone, urethra, ventral rectal wall, urethra, prostate 
base), FM = fiducial marker (e.g., gold maker), IOF = isocentric orthogonal films, CT = computed tomography, FLA = focal laser 
ablation, HDR BT = high-dose-rate brachytherapy, LDR BT = low-dose-rate brachytherapy, MRI = magnetic resonance imaging, 
n/a = not available or not applicable, TRUS = transrectal ultrasound, US = ultrasound. aNo statistically significant difference, no 
significant displacement, bVentral-dorsal and medial-lateral errors were measured together as a single error, cCranio-caudal, 
ventral-dorsal, and medial-lateral errors were measured together as a single error, dCranio-caudal and medial-lateral errors were 
measured together as a single error, eTotal error between all fractions was documented.  
 

Table 2.3 – Overview of studies that evaluated needle displacement transperineal prostate interventions. For each study, 
the following information is reported: needle displacement in cranio-caudal direction before the first fraction, between the first and 
second fraction, and after the second fraction, needle displacement in ventral-dorsal and medial-lateral direction before the first 
fraction unless otherwise indicated, imaging modality, treatment, patient position pre-, intra-, and postoperatively, time between 
implantation and error measurement, reference. x͂ = median, x̄ = average or mean, SD = standard deviation, and (..) = range. 

 
Needle displacement ± SD  

(range) [mm] (measurement method) 
       

Cranio-caudal Ventral-
dorsal  

Medial-
lateral 

    
 

 
  

<1 
fraction  

1-2 
fraction 

> 2 
fractions 

<1 
fraction  

<1 
fraction 

Number 
of 

patients 

Imaging 
modality 

Treatment 
(number 

of 
fractions) 

Patient 
posture 
change  

Time 
[h] 

Authors 
(citation) Year 

x̄ = 0.9 ± 
0.4  

(FM) 
n/a n/a n/a n/a 20 TRUS HDR BT 

(1) n/a n/a David et 
al. [40] 2019 

n/a n/a n/a 

x͂ = 1.0 
(-1.7 – 

1.8) 
(AM) 

x͂ = 0.9  
(-0.9 – 

1.5) 
(AM) 

10 TRUS HDR BT 
(1) n/a 0.18 Wu et al. 

[41] 2019 

n/a 
x̄ = 2.2 ± 

1.8  
(IM) 

x̄ = 5.0 ± 
3.0f  
(IM) 

n/a n/a 24 MRI 
(1.5T) 

HDR BT 
(2) 

Supine – 
lithotomy 
– supine 

1 – 3 Buus et 
al. [30]  2018 

n/a 

x̄ = 0.9  
(0 – 5.5) 
(during 
fraction) 

(AM)  

n/a 

x̄ = 0.5 
(0 – 2.1) 
(during 
fraction) 

(AM) 

0.6  
(0 – 2.9) 
(during 
fraction) 

(AM) 

17 MRI 
(1.5T) 

HDR BT, 
self-

anchoring
catheter 

(1) 

No 
change n/a Maenhout 

et al. [42] 2018 

n/a n/a n/a 
x̄ = 0.8 
± 0.9 
(AM) 

x̄ = 0.0 ± 
1.8 (AM) 7 TRUS (1 

mm) 
HDR BT 

(2) 
No 

change 1 – 2 Carrara et 
al. [28]  2017 

n/a (0-18)e  
(FM) n/a n/a 162 X-ray HDR BT 

(4) n/a 0 – 
36 

Aluwini et 
al. [43]  2016 

n/a 
x͂ = 8.7 ± 3.3  

(2.7 ± 1.1 – 14.7 ± 1.7) 
(FM) 

n/a n/a 20 CT 
(2 mm) 

HDR BT 
(4) 

n/a – 
lithotomy 
– supine 

0 – 
24 

Reynés-
Llompart 
et al. [27] 

2016 

n/a 
x̄ = 0.97 
± 0.76c 
(FM) 

n/a 

x̄ = 0.97 
± 0.76c 

(1 – 2 
fraction) 

(FM) 

x̄ = 0.97 
± 0.76c 

(1 – 2 
fraction) 

(FM) 

33 CT  
(1 mm) 

HDR BT 
(2) n/a 6 Peddada 

et al. [44]  2015 

n/a x̄ = -0.22 ± 0.2e  
(FM) 

x̄ =  
-0.02 ± 
0.06e  
(>1 

fraction) 
(FM) 

x̄ = 0.01 
± 0.04e 

(>1 
fraction) 

(FM) 

23 CT  
(2 mm) 

PDR BT, 
self-

anchoring 
catheter 

(24) 

n/a 2.2 – 
48 

Dinkla et 
al. [45] 2014 

HAZARDS IN NEEDLE POSITIONING

2

21



x̄ = 6 ± 4 
(FM) 

x̄ = 12 ± 
6  

(FM) 

x̄ = 12 ± 6 
(FM) n/a n/a 30 

CT 
(1.25 
mm) 

HDR BT 
(5) n/a 6 – 

54 

Kawa-
kami et 
al. [46] 

2014 

n/a 

x̄ = 5.8 ± 
1.9  

(-13 – 12)  
(FM, AM) 

n/a n/a n/a 13 CT 
(2 mm) 

HDR BT 
(3,4) 

n/a – 
lithotomy 
– supine 

0 – 
48 

Huang et 
al. [23] 2013 

n/a 

x̄ = 3.5  
(-14 – 13) 

(AM 
method) 

x̄ = 2.3  
(-18 – 9) 

(FM 
method) 

 

n/a n/a n/a 26 
CT  

(1.25 
mm) 

HDR BT 
(1,2) 

n/a – 
lithotomy 
– supine 

36 – 
672 

Koval-
chuk et 
al. [26] 

2012 

n/a 

x̄ = 4.3 ± 
2.7  

(0.3 – 10)  
(FM) 

x̄ = 5.9 ± 
3.6  

(-2.3 – 
12.9)  
(FM) 

n/a n/a 30 CT 
(3 mm)  

HDR BT 
(7) n/a 21 – 

69 
Takenaka 
et al. [47]  2012 

n/a 

x̄ = 5.1 
(1.9 – 
10.1) 
(FM) 

n/a n/a n/a 15 CT  
(3 mm) 

HDR BT 
(2) n/a 24 Foster et 

al. [48] 2011 

n/a 

x̄ = 12.6 
(0.6 –
24.6) 
(FM) 

n/a n/a n/a 22 CT, X-ray HDR BT 
(2) n/a 24 Fox et al. 

[49]  2011 

x̄ = 11.1 ± 
7.6  

(FM)  
n/a n/a n/a n/a 20 

CT  
(3 mm, 
1.5-mm 
interval), 

X-ray 

HDR BT 
(1) 

n/a – 
lithotomy 
– supine 

2 – 3 Holly et 
al. [25] 2011 

0 – 0.5 
(AM) 

0 – 0.4 
(AM) n/a 

0 – 1.3b, 
0 – 1.0b 

(1-2 
fraction) 

(AM) 

0 – 1.3b, 
0 – 1.0b 

(1-2 
fraction) 

(AM) 

25 TRUS HDR BT 
(1) n/a 0.83 

– 1.2 
Milickov 

et al. [50] 2011 

x͂ = 7.5  
(-2.9 - 
23.9) 
(FM) 

n/a n/a n/a n/a 25 
CT  

(3 mm), 
X-ray 

HDR BT 
(2) 

n/a – 
lithotomy 
– supine 

1.4 – 
6.1 

Whitaker 
et al. [24] 2011 

x̄ = 4.5 ± 
1.7  

(FM) 

x̄ = 5.6 ± 
3.6  

(FM) 

x̄ = 6.4 ± 
4.2  

(FM) 
n/a n/a 91 

CT  
(3 mm), 
X-ray 

HDR BT 
(3) n/a 0 – 

48 
Tiong et 
al. [51] 2010 

n/a 
x͂ = 7  

(-14 – 24)  
(FM) 

n/a n/a 64 CT  
(3 mm) 

HDR BT 
(4,7,9) n/a 72 – 

120 
Yoshida 
et al. [52] 2010 

n/a 
x̄ = 7.9  
(0 – 21) 

(AM) 

x̄ = 3.8  
(0 – 25.5) 

(AM) 
n/a n/a 20 CT 

(3 mm) 
HDR BT 

(3) n/a 21 –
28 

Simnor et 
al. [53] 2009 

n/a 

x̄ = 2.7  
(-6.0 –
13.5) 
(AM) 

x̄ = 5.4  
(-3.75 – 

18.0) 
(FM) 

n/a n/a n/a 10 CT 
(3 mm) 

HDR BT 
(2) n/a 24 Kim et 

al. [54] 2007 

x̄ = 1.0 (0-6) (day 2), 
 x̄ = 1.2 (0-6) (day 3)  

(FM) 
n/a n/a 43 CT  

(2 mm) 

PDR BT, 
self-

anchoring
catheter 

(46) 

n/a 24 – 
48 

Pieters et 
al. [55] 2006 
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n/a 
x̄ = 2  
(0 –4) 

(FM, AM) 

x̄ = 10  
(5 – 23) 

(FM, AM) 
n/a n/a 50 

CT 
(2 & 5 
mm) 

HDR BT 
(4) 

n/a – 
lithotomy 
– frog-leg 

3 – 
28 

Mullokan-
dov et al. 

[31] 
2004 

n/a 
x̄ = 11.5 
(0 – 47) 

(IM) 
n/a n/a n/a 20 CT 

(5 mm) 
HDR BT 

(2) n/a 18 – 
24 

Hoskin et 
al. [56] 2003 

n/a 

x̄ = 16 ± 6, 
x͂ = 18 (AM) 
x̄ = 15 ± 4, 
x͂ = 12 (FM) 

n/a n/a 47 X-ray HDR BT 
(4) n/a 2 – 

48 
Pellizzon 
et al. [33] 2003 

n/a x̄ = 20 
(FM, AM) 

x̄ = 4  
(FM, AM) n/a n/a 10 

TRUS 
(7.5 MHz, 

5 mm),  

X-ray 

 

HDR BT 
(4) 

No 
change 

6 – 
36 

Martinez 
et al. [57] 

2001 

 

n/a 

x̄ = 6.8  
(0 – 31.4) 

(FM) 

x̄ = 8.3 (0 
– 25.6) 
(AM) 

x̄ = 3.9  
(0 – 10.4) 

(FM) 

x̄ = 4.2 (0 
– 9.1) 
(AM) 

n/a n/a 96 X-ray HDR BT 
(4) n/a 5 – 

40 
Damore 

et al. [32] 2000 

 
AM = anatomical marker (e.g., bone, urethra, ventral rectal wall, urethra, prostate base), FM = fiducial marker (e.g., gold maker), 
IM = ink markers on the patient's skin or measurement of the needle outside the patient’s body, CT = computed tomography, 
HDR BT = high-dose-rate brachytherapy, MRI = magnetic resonance imaging, n/a = not available or not applicable, PDR BT = 
pulsed-dose-rate brachytherapy, TRUS = transrectal ultrasound. aNo statistic significant difference, no significant displacement, 
bVentral-dorsal and medial-lateral errors were measured together as a single error, cCranio-caudal, ventral-dorsal, and medial-
lateral errors were measured together as a single error, dCranio-caudal and medial-lateral errors were measured together as a 
single error, eTotal error between all fractions was documented, fTotal error between 1st and 3rd fractions were documented.
  
Displacement errors were only reported for HDR BT and PDR BT. Most studies documented 
displacement in the cranio-caudal direction (i.e., 86%, 30/35), of which the largest average error of 20 
mm was documented by Martinez et al. [57], who used 1.9-mm diameter flexible plastic needles with 
metal stylets during HDR BT. The authors stated that despite the needles being attached to the 
template, which was sutured to the perineal skin, the needles displaced up to 31 mm in the caudal 
direction [57]. They stated that the elasticity of perineal tissues was most likely the cause of needle 
displacement [57]. 
 
Pieters et al. [55] developed unique PDR BT catheters with an umbrella anchoring mechanism at the 
tip to fixate the catheter inside the prostate gland. The authors stated that self-anchoring catheters 
showed an absolute mean displacement of 1 mm [55] compared to mean displacements of 11 to 13 
mm in HDR BT of conventional needles [25, 49, 56]. The self-anchoring catheters were also used for 
HDR BT by Maenhout et al. [42], who reported an average three-dimensional (3D) error of 1.3 mm.
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2.3.2 Clinical guidelines  
 
Figure 2.5 provides a proposed decision-making process integrated into the current clinical workflow 
so that physicians can decide on the continuation of the procedure. This process includes published 
clinical guidelines retrieved from the included studies related to prostate volume, PAI, and needle 
positioning error. Exceeding a limit may result in patient exclusion or requires a solution to make the 
patient eligible again. In case of experiencing PAI during HDR or PDR BT treatment, one solution is to 
optimize the radiation dose by considering the actual positions of the implanted BT catheters. The 
radiation dose is determined by the dwell positions, i.e., the locations along the catheter where the 
radioactive sources reside, and the corresponding dwell times, i.e., the amount of time the radioactive 
sources reside at their dwell positions. By increasing the dwell times of the ventral catheters, it becomes 
feasible to sufficiently irradiate the entire prostate also in case of PAI occurrence. However, a drawback 
is the potential creation of high-dose areas, which could impact nearby healthy organs at risk (OARs). 
 
Prostate volume 
 
Prostate volume is traditionally used as an indicator for the occurrence of PAI and is calculated on 
preoperative scans using the elliptical approximation: Prostate volume (cc) = π / 6 (height x width x 
length) of the prostate [17]. The American Brachytherapy Society (ABS) guidelines state that 
brachytherapy for a prostate volume of > 60 cc is technically more challenging as PAI is more prevalent 
in enlarged prostates. Thus, the ABS reported a prostate volume of > 60 cc as a relative contraindication 
for prostate brachytherapy [58]. In contrast, the revised Groupe Européen de Curiethérapie and the 
European SocieTy for Radiotherapy & Oncology (GEC-ESTRO) Advisory Committee for Radiation 
Oncology Practice (ACROP) prostate brachytherapy guidelines, published in 2022, state that a prostate 
gland of > 50 – 60 cc is no longer a contraindication for prostate brachytherapy as larger prostates can 
be successfully implanted if there is minimal PAI [59]. In some institutions, borderline cases with a 
prostate volume of 55 to 60 cc are generally better examined in accordance with the GEC-ESTRO 
ACROP guidelines. The prostate and the OARs are segmented on MRI or CT and digitally rotated to 
estimate the level of PAI in lithotomy position as described by de Vries et al. [13]. However, no 
guidelines are reported for adequate rotation related to posture change from supine to lithotomy 
position.   
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Figure 2.5 - Decision-tree for conformity to treatment plan including clinical guidelines. Rounded rectangle shapes indicate 
procedural steps. Diamond shapes indicate the limits. Exceeding a limit (red diamond shape) requires a solution (see Figure 2.7). 
Note that the preoperative procedure (indicated in yellow) and the intraoperative procedure (indicated in green) partially overlap 
as the approaches differ between institutions. V = prostate volume, Δs = orthogonal distance from the inner surface of the pubic 
arch to the ventral border of the prostate in mm, A = obstructed area by the pubic arch compared to total prostate cross-section 
in %, ∠ = angle between the pubic symphysis and ventral border of the prostate.  
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Pubic arch interference 
 
Prior to needle implantation, the level of PAI is measured on an MRI or CT scan with the patient in 
supine position to estimate the risk of obstruction during needle implantation with the patient in lithotomy 
position. Figure 2.6 indicates various methods to quantify PAI.  
 

 
Figure 2.6 - Measuring methods of pubic arch interference (PAI). (a) Angle (α) between pubic symphysis and ventral border 
of prostate, (b) Orthogonal distance (Δs) from inner surface of pubic arch to ventral border of the prostate and (c) Prostate area 
obstructed (A) by the pubic arch compared to total prostate cross-section.  
 

Firstly, the angle of PAI can be calculated in the sagittal plane by drawing two lines on the scan; one 
horizontal line through the pubic symphysis and one line connecting the most ventral point of the 
prostate with the most dorsal point of the pubic arch at the pubic symphysis (Figure 2.6a). Angle α 
between the pubic symphysis and ventral border of the prostate is the angle that can be related to a 
boundary value above which PAI is likely to occur. Zheng et al. [14] retrospectively analysed MRI scans 
of 40 prostate cancer patients and suggested a boundary value of α = 26.3o to predict the occurrence 
of PAI in lithotomy position. They reported that the angle α of PAI was statistically correlated with the 
occurrence of PAI (p < 0.01).  
 
Secondly, besides the angle of PAI, the distance of the obstruction between pubic arch and prostate 
can be assessed (Figure 2.6b). Multiple studies reported a threshold of 10.0 mm obstruction in supine 
position, assessed by overlaying the narrowest part of the pubic arch over the largest contour of the 
prostate in the axial plane and measured from the point of the prostate, which was at the greatest 
perpendicular distance from the caudal edge of the pubic arch [9, 21]. Zheng et al. [14] suggested the 
boundary value of 11.3 mm as a reliable predictor of intraoperative PAI. They calculated PAI by using 
two parallel lines in sagittal plane through the pubic symphysis and reported a statistical correlation 
between distance and PAI (p < 0.01). When the distance exceeded 11.3 mm PAI was reported to be 
excessive.  
 
Lastly, Bellon et al. [21] and Henderson et al. [19] considered 25% and 33% obstruction of the prostate 
diameter in the axial plane as an indication of excessive PAI (Figure 2.6c), respectively. These 
approximations were not based on a rigorous study. Some studies assessed PAI based on TRUS 
visualisations with the patient in lithotomy position. This position is associated with less PAI and larger 
accessibility of the prostate due to pelvic rotation than supine position [5]. Strang et al. [11] excluded 
patients with > 4 mm PAI, while Fukada et al. [15] expected excessive PAI if > 5 mm obstruction was 
shown, and Ryu et al. [16] excluded patients with > 10 mm PAI.   
 
Needle positioning error 
 
Needle misplacement errors are affected by the needle-tissue interaction forces [60], needle design 
[61], and the implantation procedure [62]. On the other hand, needle displacement errors depend on 
the duration of treatment and perturbations between the needle positioning and treatment phase [49]. 
In HDR BT and PDR BT, the patient receives multiple treatment fractions, whereas in LDR BT and FLA, 
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the patient receives a single dose. Multiple treatment fractions increase the time between needle 
positioning and treatment, which is associated with an increase in positioning error.  

Several studies described correction of the needle position after the detection of misplacement or 
displacement. Aluwini et al. [43] reported that 43.8% of the HDR BT patients required at least one 
correction of the needle position of more than 3 mm, mostly in the cranial direction. Whitaker et al. [24] 
showed that 67% of the needles had a displacement in the cranio-caudal direction of at least 5 mm that 
required correction, and Tiong et al. [51] stated that up to three needles had to be corrected in cranio-
caudal direction per fraction in HDR BT to lower the percentage of fractions from 82.3% to 12.2% in 
which displacements over 3 mm occurred. Buus et al. [30] reported that needle displacements of 3 and 
5 mm introduced a decrease of 5 and 10% in target coverage for HDR BT, respectively. The authors 
proposed a 3D-positioning error threshold of 3 mm, calculated between HDR BT fractions, from the 
needle tip position relative to the corresponding transperineal template opening. For a single-fraction 
treatment with a dose of ≥ 15 Gy, they stated that displacement should be less than 2 mm due to the 
absence of the averaging dose effect of multiple fractions. Kolkman-Deurloo et al. [63] and Tiong et al. 
[51] analysed the effect of needle displacements in HDR BT on X-ray scans along the longitudinal axis 
in simulation studies and recommended corrections of needles with an error exceeding 3 mm. It should 
be noted that the location of the needles in the transperineal template dictated the impact of the error 
on the OARs, as the needles in the dorsal rows were close to the rectum and the needles in the ventral 
rows were close to the urethra. Kolkman-Deurloo et al. [63] discussed that needles in the second and 
third dorsal rows of the transperineal template generally have larger impact on the dose coverage than 
needles in the ventral rows of the template because of the higher dwell weights (i.e., the relative 
contribution of a needle to the total administered dose in brachytherapy). Ventral rows of the template 
are less critical due to the lower dwell weights provided such that the dose to the urethra is not too high. 
Poder et al. [64] reported that 3D-source positioning errors in HDR BT plans could be up to 2 to 5 mm 
while avoiding significant (> 10%) changes in the dose volume histogram of the prostate. Similarly, 
Mason et al. [65] investigated needle positioning errors and reported a threshold of approximately 2 – 
3 mm based on a minimum value required for error detection and avoiding unnecessary 
countermeasures assessed by a physician. Nevertheless, the effect of the needle error still depended 
on the location of the needle in the target volume, the direction of the positioning error, and the weights 
of the dwells. Poder et al. [64] found that displacement of heavily weighted catheters, mainly around 
the urethra, resulted in undertreatment of the central region. Regarding the direction of the error, they 
stated that errors of 3 mm in the cranial-caudal direction (i.e., longitudinal errors) were more sensitive 
than the off-axis errors, lateral errors were more sensitive than medial errors and cranial errors had 
more impact on the dose plan compared to caudal errors. For off-axis errors, Fichtinger et al. [36] 
reported a limit of 2 mm, whereas Borghede et al. [22] reported a limit of 3-4 mm, both for LDR BT 
procedures. For longitudinal errors, limits were reported for HDR BT procedures, ranging from 2 mm 
[30] to 15 mm [47], whilst most studies reported a limit of 3 mm [23, 43, 51] or 5 mm [24, 32, 33, 53]. 
This shows that reported limits for needle positioning errors depend amongst others on the location of 
the needle and the direction of the needle positioning error.   
 

2.4 DISCUSSION 
 

2.4.1 Main findings 
 
This work provided an overview of the quantification of hazards related to needle positioning in 
transperineal treatment procedures of localised prostate cancer. We distinguished between the total 
needle geometry required in the target volume and the individual needle positioning. Firstly, access 
restrictions to the prostate gland by the pubic arch affects the total needle geometry as the ventrolateral 
part of the prostate cannot be reached considering the conventional linear trajectories. Obstructions of 
the prostate up to 22.3 mm were reported for various prostate volumes.  
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Secondly, individual needle positioning non-conformal to the treatment plan can potentially affect the 
treatment efficacy. Needle positioning errors were subdivided into mis- and displacement. Needle 
misplacement was reported for LDR BT, HDR BT, and FLA procedures, in which for LDR BT largest 
errors were reported, especially in the cranio-caudal direction. Needle displacement was only reported 
for HDR BT and PDR BT as these techniques involve fractionated doses, while LDR BT and FLA are 
single-dose treatments. Displacements were reported in all directions. The largest displacement was 
measured in the cranio-caudal direction, and generally increased over time.  
 
Reported clinical guidelines indicate limits regarding prostate volume, PAI, and needle positioning error 
that, when exceeded, demand for patient exclusion from the procedure or solutions to minimise the 
impact on the treatment. However, these guidelines are general, ambiguous and compliance in the 
clinical setting differs between institutions.  
 
2.4.2 Limitations 
 
The evaluation of the needle position and the level of PAI depend on (1) patient posture change, (2) 
imaging modality and specifications, (3) moment of assessment, (4) implemented assessment method, 
and (5) the assessor.  
 
Firstly, patient posture change from supine to lithotomy position introduces discrepancies, and the use 
of multiple imaging modalities can introduce imaging co-registration inaccuracies [21]. Buus et al. [30] 
reported that their average MRI-US co-registration error was 0.52 mm with a maximum of 0.95 mm. 
They stated that organ motion induced by patient posture change affected the outcomes. This is 
substantiated by Yamoah et al. [66], who revealed that preoperative planning for LDR BT resulted in 
poorer biochemical control and higher urinary toxicity compared to interventions with intraoperative 
planning using solely TRUS in lithotomy position.  
 
Secondly, the imaging modality and specifications contribute to uncertainties in the quantitative 
measurements. CT slice thickness introduces an uncertainty of the needle position because of partial 
volume artefacts. Kovalchuk et al. [26] considered uncertainty in needle tip determination of 0.63 mm 
as this was half the slice thickness of their CT slices. Kim et al. [67] reported that an increased CT slice 
thickness increased the obtained dose error after simulations with random shifting of HDR BT catheters. 
The mean dose error was 0.7% for 2-mm slices, 1.1% for 3-mm slices, and 1.7% for 5-mm slices. 
Regarding MRI, Ballester et al. [68] described that the voxel size can change delineation due to blurring 
[68]. Concerning TRUS, Fedorov et al. [69] described that TRUS images have poor contrast at the apex 
and base of the prostate and can affect the image due to the TRUS probe compressing the prostate 
gland. Furthermore, ultrasound has a resolution of 200 microns, resulting in the lack of tumour 
visualisation because of limited sensitivity [70]. 
 
Thirdly, time can be a confounding factor as the observed error depends on the moment of evaluation. 
Kim et al. [54] described that maximum catheter displacement occurred in the 12 hours after the first 
fraction for HDR BT, while Taschereau et al. [8] reported misplacement of the needles 72 hours after 
positioning, which makes these measurements potentially to a greater extend subjected to the influence 
of oedema and organ motion.  
 
Fourthly, the assessment method influences the analysis. For example, PAI quantification can be 
performed by three different methods, and needle positioning errors can be assessed using bone 
anatomy, metal markers, or other implanted needles as reference markers. Kim et al. [54] reported an 
average discrepancy of 2.7 mm in needle displacement between measurements using the ischial bone 
or two gold markers as reference markers.  
 

Chapter 2

28



Lastly, inter-observer variability plays a role in the assessment. Kim et al. [54] reported a difference in 
displacement error detection of 1.0 ± 0.9 mm with a maximum difference of 5.0 mm between two 
observers. Therefore, the error threshold should be large enough to be detected, considering all the 
above-stated inaccuracies, and low enough to avoid a significant impact on the treatment plan.  
 
2.4.3 Solution strategies 
 
To operate below the upper limit of the guidelines for needle positioning, countermeasures can be 
implemented to enable continuation in line with the treatment plan (Figure 2.7). Minimising PAI can be 
achieved in several ways, subdivided into four pillars: (1) neo-adjuvant hormonal therapy, (2) positioning 
strategy, (3) needle design, and (4) needle guidance. Improving needle positioning accuracy can be 
related to (1) positioning strategy and (2) needle design.  

 

 

Figure 2.7 - Overview of solutions to hazards in needle positioning in transperineal prostate interventions. Rounded 
rectangle shapes indicate procedural steps. Diamond shapes indicate limits. Exceeding the limit (red diamond shapes) requires 
a solution. Blue rectangle shapes indicate solutions for the procedural steps that the blue line with the dot grasps, the blue-
outlined rectangle shapes indicate examples of the solutions. V = prostate volume, Δs = orthogonal distance from the inner 
surface of the pubic arch to the ventral border of the prostate in mm, A = obstructed area by the pubic arch compared to total 
prostate cross-section in %, ∠ = angle between the pubic symphysis and the ventral border of the prostate. The grey block 
overlaid on the limits for prostate volume indicates that the guideline for prostate volume is superfluous according to new 
brachytherapy guidelines.  
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Clinical institutions often use hormonal therapy, such as androgen deprivation therapy (ADT), to 
downsize the prostate gland and reduce the risk of PAI. For example, Kucway et al. [71] showed a 
volume reduction of the prostate of 33% after 3 - 4 months of ADT. Traditionally, this therapy is 
performed prior to the brachytherapy treatment in patients with prostate volumes of 50 - 60 cc or with 
observed excessive PAI [9, 19, 71]. Sejpal et al. [9] reported that 27% of the patients received ADT due 
to an enlarged prostate or PAI > 10 mm. On the other hand, this therapy can induce severe side effects 
for the patient, such as erectile dysfunction, hut flushes, increased cardiovascular morbidity, and 
consequently a lower QOL [72-75]. The ABS, therefore, concluded that ADT is only recommended in 
patients with observed PAI, as no benefit was shown from adding ADT to prostate brachytherapy for 
low-risk and favourable intermediate-risk patients without PAI [76]. 
 
Despite preoperative PAI assessment and the use of ADT in many patients, PAI can still occur during 
needle implantation. Figure 2.8 shows techniques to obtain a conformal total needle geometry if PAI 
occurs [11]. Regarding positioning strategies, the patient’s lithotomy position can be extended, the 
TRUS probe, the transperineal template or the needle can be manipulated [77], and the needles can 
be positioned using a free-hand technique without the use of a transperineal template or guide [17, 78]. 
However, the free-hand technique is reported to be difficult and requires experience from the physician, 
as buckling of the needle can occur due to the absence of the transperineal template for guidance [17].  

 
Figure 2.8 - Overview of solutions to improve total needle geometry in prostate with pubic arch interference (PAI). The 
positioning strategy can be altered by needle manipulation, a free-hand positioning technique, transrectal ultrasound (TRUS) 
probe manipulation, using additional needles, template manipulation, or positioning the patient in the extended lithotomy position. 
The needle design can be changed by developing a passive steerable needle (e.g., with a pre-bent or a bevel-shaped tip) or an 
active steerable needle. The needle guidance can be adapted by using a patient-specific template, a template sutured to the 
patient’s perineum instead of attached to the TRUS probe, or robotic implantation of the needle. 
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Concerning needle guidance strategies, the needles can be obliquely positioned using a robotic device 
for angulated approaches, a template sutured to the patient’s perineum instead of attached to the TRUS 
probe, or a patient-specific template [30]. For needle design-related solutions, a needle with an 
asymmetric tip can be steered using the asymmetric needle-tissue force distribution on the needle tip 
[61], while occasionally the distal tip of a needle is bent in an adequate angle by the physician to 
circumvent the pubic arch. On the other hand, asymmetric needle tip steering depends on needle-tissue 
interaction forces making needle control challenging, and a substantial on-site modification in the design 
of the medical device potentially increases the risk on a needle positioning error. Such designs are 
referred to as passive steerable needles [79]. De Vries et al. [80] proposed using steerable needles 
with tip control, known as active steerable needles, to overcome PAI and optimise the dose distribution. 
Podder et al. [81] described that steerable needles could create curvatures conform the prostate 
geometry while reducing the total number of needles required, thereby minimising oedema and 
potentially improving treatment outcomes.  
 
Needle positioning accuracy can be improved by changing the needle design or altering the positioning 
strategy, as indicated in Figure 2.9. Off-axis errors can be minimised by means of steerable needles 
that counteract perturbations or robotic devices that minimise insertion or friction forces, thus 
theoretically reducing needle deflection. Bloemberg et al. [82] described a wasp-inspired, self-
propelling, steerable needle that could incorporate an optical fibre for FLA. To reduce longitudinal 
needle displacement errors, the prostate can be stabilised, the needle can be anchored in the 
transperineal template sutured to the perineal skin, or the needle design can be adjusted to accomplish 
needle anchoring once they are inside the prostate [55]. Taschereau et al. [8] used two additional 
stabilisation needles but observed no significant influence on needle displacement. Self-anchoring 
catheters were described by Pieters et al. [55] and Maenhout et al. [42], with which external fixation in 
the transperineal template became unnecessary and needle displacement was minimised.   

 

 
Figure 2.9 - Overview of solutions to improve transperineal needle positioning into the prostate. Needle positioning 
accuracy can be improved by altering the positioning strategy or changing the needle design. The positioning strategy can be 
altered by tissue manipulation, needle manipulation, needle repositioning, template manipulation, or robotic implantation. The 
needle design can be changed by developing an anchoring needle, a passive steerable needle (e.g., with a bevel-shaped tip), or 
an active steerable needle.  
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An overarching solution for needle misplacement and displacement errors is repositioning the needles 
by advancing or retracting them or completely re-implanting them; however, this induces additional 
tissue trauma [83-85]. In current clinical practice, imaging is often performed after a treatment fraction 
to evaluate the longitudinal error of the needles, after which displaced needles are advanced again. 
Keyes et al. [84] described seven patients in which the needles for LDR BT were re-implanted to ensure 
coverage of the underdosed areas of the prostate. All patients had excellent dosimetry after the re-
implantation procedure [84]. Hughes et al. [85] stated that re-implantation increased the prostate dose 
metrics D90 (i.e., the minimum dose received by 90% of target volume) and V100 (the percentage of 
the target volume that received at least 100% of the prescription dose [86]) from 49 Gy to 201 Gy and 
from 46% to 98%, respectively. Noteworthy is the absence of studies related to needle positioning in 
ablative therapies compared to brachytherapy, which could be explained by the fact that these relatively 
new ablative therapies are often still in the clinical trial phase [87]. In contrast, brachytherapy has been 
performed since the early twentieth century [88, 89].  
 

2.4.4 Recommendations 
 
Future research should be conducted to better relate hazards of needle positioning in transperineal 
treatment procedures of localised prostate cancer and clinical outcomes. With this, congruent and 
adequate guidelines related to PAI and needle positioning error can be implemented. We expect a trend 
toward novel devices with which challenges in needle positioning can be mitigated, including (1) 
robotically controlled needles that can be obliquely inserted to improve the accessibility of the target 
volume and (2) active steerable needles that allow for positioning along curved trajectories to optimise 
total needle geometry with high positioning accuracy. These solutions should be combined with high-
resolution imaging methods like MRI for precise target volume identification and needle guidance. In 
the scientific literature, steerable needles and brachytherapy robots compatible with MRI are already 
upcoming; however, these are not common in clinical practice yet [90, 91]. 

 
2.5 CONCLUSION 
 

This systematic review of the scientific literature examines the hazards and guidelines associated with 
needle positioning during transperineal prostate procedures. Current clinical guidelines regarding 
prostate volume, needle positioning accuracy and maximum allowable PAI are ambiguous, thus a case-
specific approach is recommended to avoid a suboptimal procedure or patient exclusion. Steerable 
needles can offer intraoperative flexibility in needle placement and allow for correction of perturbations 
while overcoming PAI to ensure an optimised treatment. 
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ABSTRACT 
 

A proportion of patients are not directly eligible for prostate brachytherapy (BT) due to pubic arch 
interference (PAI). Constraints in positioning sources behind the pubic arch due to linear, horizontal 
needle paths may hamper effective irradiation of the target volume. This work evaluates the effect of 
prostate volume (Vp) and patient posture change on the amount of PAI and demonstrates that steerable 
needles may broaden the inclusion criteria for patients with enlarged prostates and observed PAI. 
Twenty-seven patients (Vp > 60 cc) were included in this study. Access obstruction to the prostate was 
assessed, using diagnostic Magnetic Resonance Imaging (MRI) scans, after six upward rotations of the 
pelvis and the prostate in 5 degree steps to indicate the effect of patient posture change from supine to 
lithotomy position. For the patients with PAI, we evaluated if the steerable needle could access the 
obstructed volume of the prostate. The data show no clear relation between Vp and PAI. Of 23 of the 
27 patients in which PAI was observed, 14 showed obstruction of the prostate of ≥ 10 mm in the supine 
position (mean PAI ± standard deviation: 15.2 ± 3.8 mm). Anatomical rotation reduced PAI by 4.8 mm 
after every 10 degrees of upward rotation, still resulting in obstructions of 8.1 ± 2.4 mm in 10 of the 14 
cases after 15 degrees rotation. The steerable needle enabled access to all the required coordinates 
of the prostate. The ability to steer along curved paths enables prostate BT for patients with enlarged 
prostates and PAI and reduces the change of needing to abandon treatment. 
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3.1 PURPOSE 
 
The American National Cancer Institute SEER program reports that 12.5% of men will be diagnosed 
with prostate cancer during their lifetime, with this being responsible for 10.7% of all male cancer 
mortality in 2022 [1]. Prostate brachytherapy (BT) is a cancer treatment which delivers a radiation dose 
to the target volume while sparing surrounding organs at risk [2]. Unfortunately, a proportion of men are 
not directly considered eligible for BT as access to the anterolateral part of the prostate can be 
obstructed by the pubic arch in the conventional treatment approaches utilising parallel running, straight 
implant needles. This is referred to as pubic arch interference (PAI). Limitations in positioning low-dose-
rate (LDR) sources or high-dose-rate (HDR) source dwells, behind the pubic arch may prevent effective 
irradiation as an adequate implant geometry in the target volume cannot be obtained.  
 
The American Brachytherapy Society (ABS) guidelines state that a prostate volume (Vp) of  
> 60 cc is technically more challenging as PAI is more prevalent with enlarged prostates, and such a 
prostate volume is a relative contraindication for BT [3]. Earlier studies reported that 9% to 38% of 
patients had a Vp ≥ 60 cc [4–7]. However, the relation between Vp and the occurrence of PAI is not 
strong and large prostates have been successfully implanted with good results for both dosimetry and 
biochemical control without excessive toxicity [2,5,7]. Therefore, the Groupe Européen de Curiethérapie 
and the European SocieTy for Radiotherapy & Oncology (GEC-ESTRO) Advisory Committee for 
Radiation Oncology Practice (ACROP) have recently adapted their guidelines related to gland size 
which now state that a prostate volume of > 50 – 60 cc is no longer a contraindication for BT if there is 
minimal PAI [2]. A threshold of 10 mm overlap by the pubic arch is used to indicate minimal PAI on the 
magnetic resonance imaging (MRI) or computed tomography (CT) scan, with the patient in supine 
position, for minimising the incidence of PAI during the procedure, with the patient in lithotomy position 
[4,8]. For PAI in the lithotomy position a threshold of 5 mm is reported [8,9].  
 
The change in body position causes an anatomical rotation of the pelvis and prostate, estimated at 15 
degrees by Strang et al. [10], with associated improved accessibility of the prostate [11]. However, the 
relation between change in position corresponding obstruction is patient specific, and earlier studies 
showed that a significant proportion of patients with enlarged prostates had excessive PAI of ≥ 10 mm. 
Zheng et al. [12] reported that 10 of 40 patients with a mean Vp of 64 cc had PAI up to 15.1 mm on MRI 
scans, while Bellon et al. [4] showed that 3 of 9 patients with a Vp > 60 cc had 10 to 20 mm PAI on CT 
scans, and Wang et al. observed PAI up to 13 mm on CT scans in 71% of the 21 patients with a prostate 
volume > 50 cc [6]. In addition to the prevalence of PAI in enlarged prostates, smaller prostate glands 
can be difficult to access if the pubic arch is narrow, observed in 5% to 25% of patients with a Vp < 60 
cc [8,13,14].  
 
In practice, attempts to correct minimal PAI can be made by implanting sources in a different position 
to that planned, or manipulating the ultrasound probe [9,15], while excessive PAI demands more drastic 
solutions. The patient can be placed in extended lithotomy position [4,11,15] but this increases the risk 
for rectal needle penetration [16] and can result in movement of the prostate because of probe 
angulation or inflation [17,18]. Besides, not all patients are able to be manipulated into the required 
body positions [16]. Free-hand oblique needle implantations without the use of a transperineal template 
are difficult and require experience [19,20]. These solutions demand adjustments to the clinical set-up 
and workflow and can result in an inadequate dose coverage [18]. Another solution to overcome PAI is 
downsizing the prostate with the use of hormonal therapy, such as androgen deprivation therapy (ADT) 
[8,15]. ADT decreases the prostate volume by 25 to 40 % in 3 months, but is associated with significant 
costs, prolonged treatment time, and morbidity [21,22]. Occasionally, excessive PAI is encountered at 
the time of implantation. The planned implant geometry and the dosimetry requirements cannot be met 
and another subsequent curative treatment is required, such as external beam radiotherapy [9]. This 
introduces additional costs for the healthcare system and a considerable anxiety for the patient. 
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Steerable needles that enable 
circumventing of interference from 
the pubic arch may facilitate proper 
distribution of the source positions 
without a change in clinical set-up 
and thereby potentially ensure 
adequate irradiation of the target 
volume [23]. Such needles allow for 
increased flexibility in needle 
placement and may extend the 
treatment options for patients with 
enlarged and obstructed prostates. 
To investigate the potential benefits 
of steerable needles the present work 
evaluates PAI in 27 patients. Through 
simulation of the rotations of the 
pelvis and the prostate, we show the 
extent to which steerable needles can 
be used in patients with enlarged 
prostates and observed PAI. 

 
 
3.2 MATERIALS AND 
METHODS 
 
3.2.1 Patients  
 
The datasets of 27 anonymised 
patients were included. All patients 
had undergone a diagnostic MRI 
scan (MAGNETOM Aera 1.5T, 
Siemens Healthineers, Erlangen, 
Germany) in the supine position. The 
patient eligibility criteria for this study 
included clinical stage T1–T3b 
cancer, a Gleason score of ≥ 3+3, any 
serum PSA and an original Vp of ≥ 60 
cc based on the formula: Vp =  π/6 x 
(height x width x length). This choice 
excluded small prostates as the 
literature reports that the potential of 
PAI is lower in a smaller Vp [4].   
 

3.2.2 Segmentation  
 
The prostate, pubic arch, urethra and 
rectum were segmented manually by 
an experienced medical physics 
technician approved for procedure by 
a doctor (see Figure 3.1, Top). The 
urethra was not always entirely visible 

Figure 3.1 – Pipeline for the evaluation of the prostate datasets. Top: 
Segmentation of prostate, urethra, pubic arch, and rectum for all datasets. 
Bottom: Anatomical rotation of the prostate and the pubic arch over six 
angles: 0°, 5°, 10°, 15°, 20°, 25°. 
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on MRI, therefore a best estimate was made based on any visible parts and clinical experience. The 
pubic arch was contoured as a single structure. Where the pubic arch separates, a slither was added 
to the contour to connect the left and right sides.  
 

3.2.3 Anatomical rotation 
 
All MRI datasets were loaded into 3D Slicer (http://www.slicer.org/) and SolidWorks (Dassault Systèmes 
SOLIDWORKS Corp.) for image processing. The pubic arch was outlined in the axial reference plane 
of the prostate and the accessible part of the prostate was subtracted from the whole gland to evaluate 
the obstructed volume and the maximum interference in supine position.  
 
The relationship between PAI and Vp was evaluated. To compare supine and lithotomy positions, PAI 
was quantified after six upward rotations of the anatomy in 5 degree steps, ranging from 0 to 30 degrees 
(see Figure 3.1, Bottom). PAI of ≥ 10 mm and ≥ 5 mm were considered excessive in supine and 
lithotomy position, respectively.  

 
3.2.4 Overcoming pubic arch interference  
 
In the sagittal plane distances were measured from the perineum to the plane where maximum PAI was 
found, indicating the required needle insertion depth. If the MRI scan length was not sufficient to detect 
the perineum, a best approximation was made based on the anatomy of patients with sufficient scan 
length. The maximum amount of PAI defined the upper limit for needle steering which is compared to 
the results reported by de Vries et al. [23]. In their study, experiments were performed in which a novel 
steerable needle was inserted in tissue simulants and ex-vivo bovine tissue. The authors reported 
lateral steering up to 20 mm over an insertion depth of 100 mm, and similar targeting accuracy for both 
the steerable needles and the conventional rigid HDR BT needles, while adding the ability to steer along 
curved paths. Figure 3.2 illustrates the set-up for needle steering in a patient with PAI.  

 
Figure 3.2 – Prostate BT set-up with a steerable needle. The steerable needle is steered upwards to access the obstructed 
volume of the prostate, inaccessible with linear insertion paths.  
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The steerable needle illustrated comprises of a tooled inner needle, having an integrated pull-push 
mechanism, and a flexible outer catheter. Bending the proximal end of the needle allows for adjustments 
of the outer catheter pathway and withdrawal of the inner needle creates a work channel for HDR BT.  
 

3.3 RESULTS 
 

3.3.1 Pubic arch interference  
 
Figure 3.3 indicates no clear relationship between Vp and PAI. Figure 3.4 shows the quantification of 
PAI related to anatomical rotation. In 23 of the 27 patients, the anterolateral part of the prostate is 
obstructed, and of these 14 are considered to have excessive PAI in supine position with PAI (mean ± 
standard deviation) of 15.2 ± 3.8 mm.   
 
Four patients had no observed PAI. Change in posture from supine to lithotomy position caused an 
anatomical rotation of the pelvis which reduced PAI by 4.8 mm after 10 degrees of rotation and halved 
PAI with every 15 degrees of rotation. Nevertheless, a 15 degrees rotation is still associated with 
excessive PAI of more than 5 mm in 10 of the 14 cases. These 10 cases had a PAI of 8.1 ± 2.4 mm. 
The obstructed volume of the prostate decreased non-linearly with anatomical rotation.   
 

 
Figure 3.3 – Pubic arch interference versus MRI prostate volume for all datasets. 
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Figure 3.4 – Quantification of PAI and the obstructed prostate volume related to anatomical rotation. Only the patients 
with PAI ≥ 10 mm in the supine position (0o anatomical rotation) based on the original MRI scan are shown in the graphs. The 
dashed lines indicate the average of the datasets, which include the corresponding equation. The table describes the pubic 
arch interference and the obstructed prostate volume for all patients with PAI (< 10 mm and ≥ 10 mm).  
 

3.3.2 Needle steering 
 

For the patients considered in this study, lateral steering up to 22.3 mm was required over a distance 
of 73.7 mm in the supine position, and 12.7 mm over a distance of 91 mm after 15 degrees rotation. 
Figure 3.5 shows that the steerable needle allows for reaching of all the required coordinates after 0 to 
15 degrees of anatomical rotation.  

 

 

 

 

 

 

 

 
 
 

Figure 3.5 – Steerable needle paths to circumvent PAI. The amount of interference after 0 and 15 degrees of anatomical 
rotation is compared to the needle paths from (20). The brown area indicates the potential steering area of the steerable needle 
inside the body of the patient as illustrated in Figure 3.2. The dotted black lines show potential curved needle paths. Steering is 
applied directly after piercing the perineum, referred to as 0 mm needle insertion depth.  
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3.4 DISCUSSION 
 
This work evaluates PAI in patients with large prostates and demonstrates the effect of anatomical 
rotation and the potential value of steerable needles to overcome PAI in a simulation study. Our results 
indicate no clear relation between Vp and PAI, while excessive PAI in the supine position was observed 
in half of the patients. The change in posture from supine to lithotomy position resulted in improved 
accessibility of the prostate, but obstructions of more than 5 mm still occurred after 15 degrees of 
anatomical rotation, which is estimated in literature to relate the supine and lithotomy position [10]. A 
steerable needle, as presented by de Vries et al. [23], may be able to overcome PAI in these cases 
allowing for the inclusion of patients with enlarged prostates and excessive PAI in prostate BT protocols. 
 
In some clinical institutions, patients with a prostate of > 50 - 60 cc are currently considered ineligible 
for BT. However, large prostates have been successfully implanted with good results [2], while Vp 
calculations can be inaccurate which is substantiated by the discrepancy we found between the 
calculated Vp and the Vp based on the segmented prostate; 4 of the 27 datasets appeared to have a 
prostate gland < 60 cc. To avoid exclusion of patients to the BT procedure based on Vp, the GEC-
ESTRO ACROP guidelines proposed the evaluation of PAI in enlarged prostates. However, no standard 
definitions were established for the degree of PAI. Even in small prostate glands difficulties can arise in 
combination with a narrow pubic arch [4]. One study noted that 19% of 243 patients with a mean Vp of 
44.7 cc were likely to obtain an insufficient dose due to PAI [8], Peschel et al. reported that 25% of 
patients required a modified implant [13], and 5.5% of 145 patients in the study of Gibbons et al. having 
a mean Vp of 46.0 cc needed ≥ 1 implant needle inserted under an oblique angle without the aid of the 
needle template as the pubic arch was obstructing the prostate [14].  
 
The change from supine to lithotomy position can facilitate access to the anterolateral part of the 
prostate. This posture change is estimated at 15 degrees by Strang et al. based on trigonometry [10] 
and associated with a decrease in PAI of 4.9 mm reported by Tincher et al. [11]. In our analysis every 
10 degrees of rotation causes a reduction in PAI of 4.8 mm. The discrepancy in these findings indicates 
the variability between patients in either the amount of PAI or in the degree of obtained anatomical 
rotation from supine to lithotomy position. Either way, it is difficult to preoperatively predict the amount 
of PAI occurring during the subsequent procedure. As a general guide ≥ 10 mm PAI in supine position 
and ≥ 5 mm PAI in lithotomy position is considered excessive PAI [4,8,9]. According to the threshold in 
supine position, 52% of patients in this work would be considered not directly suitable for prostate BT. 
When 15 degrees anatomical rotation between the supine and lithotomy position is considered, 37% of 
patients showed excessive PAI. One solution to make these patients eligible for prostate BT is 
downsizing the prostate with hormonal therapy, such as ADT. Nonetheless, this therapy takes months 
and can result in significant side effects for the patient. Press et al. concluded that hormonal therapy 
induced worsening of several scores, including quality of life, incontinence and sexual function, with a 
tendency to lower vitality [7], whilst Lee et al. stated that ADT may lead to increased acute urinary 
morbidity [21]. Other approaches can overcome minimal PAI, such as manipulating rigid implant 
needles and the ultrasound probe, while extending the lithotomy position can overcome more excessive 
PAI. Although, patient repositioning requires adaptations to the set-up and can have limitations [16–
18].  
 
It should be noted that, in this simulated study, the prostate and the pubic bone rotate equally without 
the influence of biomechanics, thus this work indicates the range to which PAI can occur after posture 
change from supine to lithotomy position. The maximum PAI and the corresponding insertion depth are 
taken as a requirement for the end position for the steerable needle which is compared to the reported 
curved trajectories. In this experiment the steering was applied directly after piercing the perineum, 
while the physician may prefer passing beneath the pubic bone first to diminish the chance of collisions. 
This will, in fact, reduce the potential lateral steering. In addition, the steerable needle is developed for 
source positioning in HDR BT. The steering principle can be used for LDR BT but requires a redesign 
to allow for seed implantation. We expect that this will not affect the functionality. The ability to follow 

Chapter 3

46



 

the curved trajectories should be evaluated in a clinical setting as steering was only performed in tissue 
simulants and ex-vivo bovine tissue. In the clinical setting, challenges may arise such as the limited 
workspace for applying steering and real time imaging of non-straight implant needles in 3D. 
 
The novel steerable needle as presented in the study of de Vries et al. [23] can overcome PAI making 
members of the patient group with enlarged prostates and excessive PAI directly suitable for prostate 
BT without the need for prior hormonal therapy. This spares patients the side effects, and the healthcare 
system the costs, related to hormonal therapy. Additionally, PAI can be evaluated intraoperatively and 
ad hoc steering can be used to generate a homogeneous implant geometry in patients with PAI. Further 
research should be performed to investigate the dose plans with the use of steerable needles, and the 
corresponding workflow, in a clinical setting.  
 

3.5 CONCLUSION 
 
The proposed ad hoc steering approach allows for more intraoperative flexibility in needle placement 
independently from the amount of anatomical rotation and obstruction of the prostate by the pubic arch. 
This reduces the change of needing to abandon treatment and suggests that preoperative hormonal 
therapy to downsize the prostate may not be necessary. This solution will limit exclusion criteria and 
allows patients with enlarged prostates and PAI to consider BT as treatment option.   
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ABSTRACT 
 
Steerable instruments allow for precise access to deeply-seated targets while sparing sensitive tissues 
and avoiding anatomical structures. In this study we present a novel omnidirectional steerable 
instrument for prostate high-dose-rate (HDR) brachytherapy (BT). The instrument utilises a needle with 
internal compliant mechanism, which enables distal tip steering through proximal instrument bending 
while retaining high axial and flexural rigidity. Finite element analysis evaluated the design and the 
prototype was validated in experiments involving tissue simulants and ex-vivo bovine tissue. Ultrasound 
(US) images were used to provide visualisation and shape-reconstruction of the instrument during the 
insertions. In the experiments lateral tip steering up to 20 mm was found. Manually controlled active 
needle tip steering in inhomogeneous tissue simulants and ex-vivo tissue resulted in mean targeting 
errors of 1.4 mm and 2 mm in 3D position, respectively. The experiments show that steering response 
of the instrument is history-independent. The results indicate that the endpoint accuracy of the steerable 
instrument is similar to that of the conventional rigid HDR BT needle while adding the ability to steer 
along curved paths. Due to the design of the steerable needle sufficient axial and flexural rigidity is 
preserved to enable puncturing and path control within various heterogeneous tissues. The developed 
instrument has the potential to overcome problems currently unavoidable with conventional 
instruments, such as pubic arch interference in HDR BT, without major changes to the clinical workflow. 
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4.1 INTRODUCTION   
 
Percutaneous needles are commonly used in minimally invasive diagnostics and therapeutic 
procedures. The trajectory and endpoint of the inserted needle influence the effectiveness of the 
procedure [1,2]. Misplacement may cause misdiagnosis, additional tissue damage and less effective 
therapy outcomes [3–6]. One medical procedure that requires optimisation is prostate brachytherapy 
(BT) [7,8]. This technique employs ionising radiation via ≤ 25 rigid implant needles under ultrasound 
(US) guidance to kill or stunt the growth of malignant tumour cells [9,10]. Conventional high-dose-rate 
(HDR) BT needles are rigid and restricted to linear insertion paths so that deep-seated targets close to 
sensitive tissues or organs are challenging to reach. Physicians are challenged in needle placement by 
catheter displacement and deformation, tissue movement and deformation, needle deflection and 
imaging limitations [7,11–18]. These transformations are a result of respiratory motion, movement of 
the patient, tissue anisotropy and inhomogeneity, anatomical structure interference, intermediate 
calcifications, edema and tissue compression and stretching [5,13,19–26]. To counteract these issues 
physicians are often limited to suboptimal correcting actions such as needle base or tissue 
manipulations [24,27]. Reinsertion of the needle is in fact much required [5]. This induces additional 
tissue damage, postprocedural tissue swelling and increases patient discomfort and procedure time 
[5,27–30]. Therefore, needle targeting demands improvement [11]. Another problem that arises with 
HDR BT needles is accessibility in large prostates. The Groupe Européen de Curiethérapie and the 
European SocieTy for Radiotherapy & Oncology (GEC-ESTRO) and American Brachytherapy Society 
(ABS) guidelines state that a prostate of respectively > 50 cubic centimetres (cc) and > 60 cc is 
technically more challenging [31]. They report this limit as a relative contraindication for prostate BT 
because of blockage of the anterolateral area of the prostate [24,32–34]. This phenomenon, known as 
pubic arch interference (PAI), hampers a homogeneous irradiation of the whole gland and excludes a 
large patient group.  
 
Steerable needles could play a part in correcting for needle bending, sparing sensitive tissues and 
avoiding anatomical structures, such as the pubic arch in prostate BT [30]. Multiple passive and active 
steering techniques have been proposed in academic literature and evaluated in experimental set-ups, 
such as pre-curved needles, cable-driven instruments or actuated needle tips [7,21,35–45]. On the 
contrary, only a few active steerable instruments have been commercialised: the Pakter Curved Needle 
Set (Cook Medical Inc., Bloomington, IN, USA), the Morrison Steerable Needle (AprioMed AB, Uppsala, 
Sweden), the Osseoflex SN Steerable Needle (Merit Medical Systems, South Jordan, UT, USA) and 
the Seeker Steerable Biopsy Needle (PneumRx, Mountain View, CA, USA) [27]. The last three 
instruments are cable driven and induce pivoting of the needle tip by cable pulling [4]. However, such 
designs have reduced axial and flexural rigidity and lack accurate control for penetrating stiffer tissue 
and membranes without buckling, thereby limiting the clinical applicability [46].  
 
This work describes an omnidirectional steerable instrument that can be manually controlled where 
axial and flexural rigidity are preserved for increased controllability during needle insertions. The 
instrument is based on a single-piece compliant structure that enables distal tip steering through 
proximal instrument bending and is compatible with the existing approach for prostate HDR BT. We 
present the design of the steerable needle in section 2 which is evaluated with computational 
simulations in section 3. Steering performance of the prototype is assessed in US-guided experiments 
with tissue simulants and ex-vivo bovine tissue in section 4. This section demonstrates the ability to 
accurately steer the needle along curved paths and add value to HDR BT.  
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4.2 NEEDLE DESIGN  
 
The instrument comprises a commercially available flexible outer catheter of polyoxymethylene (POM) 
(ProGuide sharp 6F needle, Elekta Instrument AB, Stockholm, Sweden) with a conical distal tip and a 
steerable patented steel inner needle (PWS140A, Eileen’s Emporium, Gloucester, United Kingdom) 
(Figure 4.1). The inner needle is a single-piece long slender rod, containing four parallel running 
segments, with a length of 205 mm and diameter of 1.40 mm.  
  

 
 
Figure 4.1 - Schematic of the steerable needle assembly. (A) Inner needle. (B) Outer catheter. The assembly of (A) and (B) 
forms the active steerable needle (A+B). The boxes show the transversal cross-section of each part.  
 

The inner needle contains a compliant mechanism as it transmits input forces at the proximal end to 
articulate the distal tip. A lateral input force induces instrument deflection which causes axial pushing 
and pulling of the segments. This topological synthesis is achieved by an electrical discharge machined 
slot of 0.12 mm over a length of 185 mm in both the sagittal and coronal plane, effectively splitting the 
rod in four equal quarters while leaving both ends of the needle joined. Simultaneous translation of the 
four segments in different ratios results in omnidirectional tip steering. The flexible catheter follows the 
deflections of the inner needle, which can be withdrawn from the instrument leaving behind a work 
channel with a lumen of 1.45 mm. Figure 4.2 and 4.3 show the schematic and actual use of the needle 
during steering, respectively.  
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Figure 4.2 - Schematic of needle steering. An applied force on the proximal end of the needle (Fproximal) results in deflection of 
the distal end of the needle (δdi). The roller supports in the middle function as flexure bearings for needle deflection. 
 

 

 

 

 

 

 

 

 
 

 
 
 

 
Figure 4.3 - Needle steering with the manufactured prototype. An applied force on the proximal end of the needle results in 
deflection of the distal end of the needle. The needle guide in the middle functions as flexure bearings for needle deflection.  
 

The segments of the inner needle can be translated in axial direction inside the outer catheter while 
moving in the direction normal to its plane is restricted by the roller support. The roller support and 
design of the inner needle result in a flexure bearing and a compliant mechanism for the kinematic 
requirement of distal tip steering. The translation of segments with respect to each other is referred to 
as relative translation. The output deflection occurs in opposite direction to the input force, as the four 
segments move relative to each other during bending. This is indicated by the pseudo-rigid body (PRB) 
model in Figure 4.4.   
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Figure 4.4 - Pseudo-rigid body model of the inner needle. The inner needle is modelled with six pseudo-rigid-body links and 
six torsional springs. The horizontal segments and roller supports indicate the needle guiding. Downward movement of the 
proximal end results in axial pushing of the bottom segment and axial pulling of the upper segment resulting in upward movement 
of the distal tip.   
 

An increase in the rotational degrees-of-freedom (DOFs) from 0 for the conventional rigid inner needle 
to 2 for the novel steerable needle is accomplished by its design. This is at the expense of a decrease 
of 11.8 % in principal moment of inertia for the cross-section illustrated in Figure 1.A compared to a 
rigid inner needle. This results in a theoretical flexural rigidity (𝐸𝐸 ∗ 𝐼𝐼) of 34.85 * 10-3 (𝑁𝑁 ∗	𝑚𝑚!) for the 
steerable inner needle, where 𝐸𝐸 = 205	𝐺𝐺𝐺𝐺𝐺𝐺 (CES EduPack 2019, Granta Design Limited, Cambridge, 
United Kingdom) and I = 0.17 mm4. The axial rigidity (𝐸𝐸 ∗ 𝐴𝐴)	of the inner needle reflects the ability to 
resist axial loads. A decrease in area from 1.54 to 1.22 mm2 results in a theoretical reduction of 20.8% 
in axial rigidity.  
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4.3 COMPUTATIONAL SIMULATION 
 

 

4.3.1 Finite element model  
 
A static finite element analysis in ABAQUS/CAE 2017 (Simulia, Johnston, RI, USA) evaluates the 
configuration of the inner needle, assesses theoretical maximum stress and deflection, and relates input 
bending and output steering outside of a medium. Table 4.1 shows the properties of the inner needle 
and outer catheter used in the finite element model. Figure 4.2 shows the critical dimensions used in 
the analysis. 
 

Outer catheter Length 200 mm 
 Outer diameter 2.0 mm 
 Inner diameter 1.5 mm 
 Young’s modulus 1 GPa 
 Simplification  Two open ends 

Inner needle Length 208 mm 
 Outer diameter 1.4 mm 
 Young’s modulus 205 GPa 
 Simplification 1 slot over 185 mm 

No starting hole for 
wire-EDM 
No proximal stop  

Needle guide Length 10 mm 
 Simplification Modelled as roller 

boundary condition 
 

 
 

The outer catheter is modelled as a homogenous shell with two open ends and linear quadratic S4R 
nodes. The inner needle contains one slot over 185 mm, splitting the needle into two halves. The inner 
needle contains linear hexahedral shaped elements (C3D8R nodes) on which 3D stress analysis is 
performed. The needle guide is modelled as a roller boundary condition constraining shift and rotation 
of the outer catheter. Input bending around the Z-axis is allowed over the whole proximal needle length 
up to the needle guide. Distal tip angle (θdi) and deflection (δdi) are measured for multiple PRB angles 
(θpr: 10o, 30o, 50o, 70o, 90o) and multiple proximal needle lengths (Xpr: 20 mm, 50 mm, 80 mm, 110 mm). 
Relative translation between the upper and lower segment is measured on predefined nodes in the 
centre of the roller support.  
 
 
4.3.2 Finite element analysis  
 

Geometric chances occur in the model during bending. Figure 4.5 shows the computational model of 
the inner needle in straight and bent condition. Simultaneous pushing and pulling the upper and lower 
segment result in a relative translation causing needle steering. Outward shift of the segments from the 
neutral line is restricted by the catheter, however inward shift is probable. Maximum stresses during 
downward bending are found at the top surface on the proximal end of the upper segment.  

Table 4.1 - Properties of the finite element model. 
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Figure 4.5 – The finite element model of the active steerable needle in normal and bent condition. The boxes show the 
configuration of the inner needle during bending. The arrows indicate the direction of the shift of the segments. Stress and bending 
apply for the computational model with Xpr = 120 mm and θpr = 70o.  
 
 
Figure 4.6 gives an overview of the proximal PRB input angle and the corresponding relative translation 
of the segments. A shorter proximal needle length increases distal tip angle and deflection while 
affecting maximum stress. Maximum stress (1855 MPa), maximum distal tip deflection (37.8 mm) and 
maximum distal angle (41.6o) are found for the sharpest angle (90o). This indicates that the steerable 
needle stays below the elastic limit (~ 2700 - 3300 MPa) of the patented steel material (CES EduPack 
2019, Granta Design Limited, Cambridge, United Kingdom). This information shows us the feasibility of 
the steerable instrument. 

 

 

 

 

 

 
Figure 4.6 – The relationship between 
proximal input angle and relative 
translation between segments for 
different proximal needle lengths. The red 
line indicates the distal output. Markers on 
the distal output line relate to the vertically 
aligned markers on the input lines. Maximum 
stress and deflection is described for all 
proximal inputs.  
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4.4 EXPERIMENTAL EVALUATION  
 
A prototype is manufactured in order to translate the use of the steerable instrument into practice. Three 
validation experiments determine steering characteristics in soft tissue simulants and ex-vivo bovine 
tissue using US imaging.  
 
4.4.1 Experiment 1 – Fixed-bent needle steering  
 

The influence of the initial insertion depth on needle steering and the endpoint precision are assessed 
inside a homogeneous medium for set curvatures.  
 

4.4.1.1 Materials and Method  
 

Set-up and procedure  
 

A porcine gelatin tissue simulant (Gelatin, Dr. Oetker, Bielefeld, Germany) of 10 wt.% at room 
temperature (~20 °C) and a mould with predefined curvatures to ensure reproducibility of the bending 
are used. The tissue simulant is confined within in a transparent Poly (methyl methacrylate) (PMMA) 
container (200 x 112 x 112 mm). The front plate of the container (thickness: 12 mm) contains holes (⌀ 
2.1 mm) functioning as a needle guide. Rectangular compartments in the front face of the tissue 
simulant are filled with air. These compartments are located above every insertion hole and function as 
reference for coordinate <0,0,0> on the US images. The mould is attached to a linear slide which allows 
for controlled translation. The slide can be lifted in X-direction using blocks and the container can be 
moved in Y-direction for a new puncture. The needle is inserted in the tissue simulant for 20 mm in a 
straight orientation to overcome puncture and cutting forces. After every insertion, US imaging with the 
Robotic Ultrasound System (RobUSt) [47] is used with a sweep over two lengths of the tissue simulant. 
Dependence of steering performance on insertion depth is evaluated for two, initially straight, insertion 
paths (dstraight = 0 mm and dstraight = 40 mm). Two different proximal bending angles (slight angle: 22.5o 
and sharp angle: 45o) are applied to determine steering capability over a length of 100 mm.  
 

Image processing and analysis 
 
Figure 4.7 shows a schematic of the experimental set-up and the process of 3D needle shape 
reconstruction using RobUSt, which comprises of a Sonix Touch L14-5/38 (BK Medical, Peabody, MA, 
USA) transducer mounted on a Panda (Franka Emika GmbH, Munich, Germany) robotic arm. RobUSt 
is used to scan a predefined volume of the tissue simulant. During the scan, 2D US images are recorded 
at 20 Hz, along with the corresponding information about the transducer pose expressed in the RobUSt 
reference frame. The set of US images is segmented using constant intensity thresholding to create a 
point cloud containing the silhouette of the instrument. Each silhouette is processed by a shape 
reconstruction algorithm that extracts a continuous shape of the needle described by a 3rd order 
polynomial with coefficients (𝐴𝐴" , 𝐵𝐵" , 𝐶𝐶" , 𝐷𝐷" ∈ ℝ#) and length (𝑙𝑙" ∈ ℝ$) [48]. The location	(𝑝𝑝"(𝑠𝑠) ∈ ℛ#) of a 
point lying on the shape at the distance (𝑠𝑠 ∈ [0; 𝑙𝑙"]) can be calculated from polynomial coefficients as: 

 

𝑝𝑝"(𝑠𝑠) = 	𝐴𝐴" + 𝑠𝑠𝐵𝐵" + 𝑠𝑠!𝐶𝐶" + 𝑠𝑠#𝐷𝐷" =	 [𝐼𝐼#		𝐼𝐼#𝑠𝑠		𝐼𝐼#𝑠𝑠!	𝐼𝐼#𝑠𝑠#] @

𝐴𝐴"
𝐵𝐵"
𝐶𝐶"
𝐷𝐷"

A, (1) 

where 𝐼𝐼# is the 3x3 identity matrix.  
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The last point on the reconstructed 3D needle shape in the XY-plane determines the achieved lateral 
needle steering. The uncontrolled needle deflection at the distal end is assessed in XZ-plane. The trials 
of the same condition are averaged and standard deviation (± σ) is reported.   
 

4.4.1.2 Results 
 
Table 4.2 gives an overview of steering for all 
experimental conditions (EC’s). The results show 
that an increased bending input at the proximal end 
enlarges the angle for lateral tip steering in the 
tissue simulant what is expected from section 3. 
Maximum fixed-bent needle steering of 20.2 mm 
laterally over a distance of 97.7 mm is found. In Z-
direction an unwanted error occurred in all trials 
which increased with insertion depth.  

  

N = 33            Proximal bending angle 

            22.5o 45o 

  
 

0 mm 
 

Mean 
error 
(mm) 
±  σ 

 EC1 EC3 

dstraight 

n 8 9 

Y (length) 0.5 ± 0.2 1.7 ± 1.7 
X (steering) 9.3 ± 1.5 17.3 ± 1.7 

Z (error) -3.9 ± 0.9 -3.8 ± 4.3 

 
 

40 mm 
 

Mean 
error 
(mm) 
±  σ 

 EC2 EC4 

n 8 8 

Y (length) 0.2 ± 0.2 1.2 ± 0.7 
X (steering) 2.6 ± 0.9 8.7 ± 1.1 

Z (error) -2.7 ± 1.3 -4.9 ± 1.5 

Figure 4.7 - Set-up and pipeline for shape reconstruction of the fixed-bent needle steering experiment. The Robotic 
Ultrasound System (RobUSt) is used for shape reconstruction of the steerable instrument. For each insertion, RobUSt performs 
a volumetric scan of the tissue simulant, recording US images along with corresponding transducer pose data, expressed in the 
global reference frame at the base of the robotic manipulator. The silhouette of the instrument is segmented from each frame. 
All segmented data are assembled in a point cloud. The point cloud is processed using an iterative shape reconstruction 
algorithm, described in detail in Suligoj et al. [47]. The iterative shape algorithm first generates a series of points along the 
instrument (red dots). These points are used to fit a third order polynomial (green) describing the continuous shape of the 
instrument. 

Table 4.2 - Steering capability of the steerable needle in the 
fixed-bent needle steering experiment. The mean error ± 
standard deviation (± σ) in X,- Y,- and Z-direction for two different 
proximal bending angles and two initial straight insertion depths 
in a homogeneous tissue simulant.  
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Figure 4.8 shows smooth curvatures for all conditions. Superimposing the needle trajectories of EC2 
over EC1 and EC4 over EC3 indicate that steering response of the needle does not depend on the 
initial insertion depth. A mean distal tip error of 2.2 mm and 0.1 mm were respectively obtained. 
Noteworthy is that uncontrolled absolute deflections of 1.2 mm and 2.0 mm from the neutral axis were 
already observed after 40 mm for EC2 and EC4.  

 

4.4.2 Experiment 2 – Clinical use case: Active needle tip steering in prostate tissue simulant 
 

In prostate BT, rigid needles are inserted over approximately 90 mm into the prostate gland for internal 
irradiation using transrectal US for real-time visualisation [49]. In this experiment, manual active steering 
and real-time needle guidance via 2D US imaging evaluates endpoint accuracy in inhomogeneous 
tissue simulants. The accuracy is assessed over a maximum lateral distance of 15 mm. Straight needle 
insertions with the steerable inner needle and a commercially available rigid HDR BT inner needle 
(ProGuide Obturator, Elekta Instrument AB, Stockholm, Sweden) are performed to place the use of 
steering in context.  
 
4.4.2.1 Materials and Method  
 

Set-up  
 
2D US imaging (Phillips HD7 XE) is used for both needle guidance and definition of the target site 
located at the distal surface of the tissue simulant illustrated in Figure 4.9. The target is a horizontal 
PETG wedge mounted on a slide. Images are taken after every puncture with a Dino-Lite Digital PC-
Microscope (AM73915MZTL 5 Megapixel, 10–140x) fixated in a vertical assembly. Both are aligned 
with the neutral axis.  

 
Tissue simulant design  
 
Two tissue-mimicking blocks (350 x 130 x 90 mm) of poly(vinyl alcohol) (PVA) are manufactured. One 
soft tissue simulant approaches the Young’s modulus of muscular and adipose tissue (~ 15 kPa) [50]. 
One stiff tissue simulant mimics the Young’s modulus of prostatic tissue (~ 50 kPa) [51]. As stiffness of 
the phantom can influence needle deflection, needle steering is performed in both tissue simulants [52]. 
PVA is a synthetic polymer that can mimic mechanical properties of human tissue  by performing freeze-
thaw cycles (FTC’s) and is suitable for US visualisation [53–55]. 

Figure 4.8 - Lateral deflection of the steerable needle over insertion length in the fixed-bent needle steering experiment. 
The mean error ± σ in lateral direction for two different proximal bending angles and two initial straight insertion depths. The 
curves characterised by steering after 40 mm are superimposed on the curves of steering from <0,0,0> to determine what the 
influence of the initial depth is on needle steering. 
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These FTC’s create a polyvinyl alcohol cryogen (PVA-C) due to polymer cross-linking, used in earlier 
research as a simulant for prostate tissue [56]. Within this study, the soft and stiff tissue simulants are 
made with 10 wt.% PVA-C  with 1 and 5 FTC’s, respectively. The Young’s modulus of the tissue simulant 
was evaluated by a compression test. The PVA powder (SELVOLTM, Sekisui Specialty Chemicals 
America, Dallas, Texas) is dissolved in a 60:40 mixture of water and coolant (Talamex, Lankhorst 
Taselaar B.V., Heerenveen, The Netherlands) to prevent expansion of the volume.   
 
Procedure 
 
Manual active steering towards a target is assessed. The experimenter bimanually controls the 
steerable needle and the US transducer for visualisation of the tip position and the target location in 
sagittal plane. When reaching the distal wall of the PVA block the target is removed and the needle is 
punctured out of the tissue simulant to define the end location of the needle tip and error in Z-direction 
with the Dino-Lite Digital PC-Microscope. Additionally, needle insertions without steering and with the 
ProGuide Obturator are performed. The endpoint accuracy of the needle is evaluated in fourteen 
experimental conditions, described in section 4.2.2. All experimental conditions are randomised for 
each tissue simulant of ~20°. First, all insertions in the soft tissue simulant are performed followed by 
insertions in the stiff tissue simulant.   
 

Data and statistical analysis  
 
The mean absolute errors ± σ are evaluated for all experimental conditions and statistical analysis (IBM 
SPSS Statistics 25) is performed to investigate performance of the developed steerable needle. To 
verify the non-normal error distribution a Shapiro-Wilk’s test, the normal Q-Q plots and a visual 
inspection of their histograms are performed. If normality is found, a one-way ANOVA is done and 
Tukey’s HSD procedure evaluates the differences between conditions. Unequal sample sizes are 
analysed in a Games-Howell test. A p-value < .05 is considered statistically significant. 

  

Figure 4.9 - Set-up of active needle steering experiment in prostate tissue simulant. Proximal needle manipulations in Z-
direction allow for steering at the distal tip. Insertion of the needle in the prostate tissue simulant and movement of the US 
transducer is performed bimanually. The camera visualises the back surface of the tissue simulant in transversal plane. The 
prostate, pubic arch, urethra and rectum are illustrated in the figure in sagittal plane to demonstrate the clinical applicability of 
the steerable needle for prostate brachytherapy. The pubic arch and urethra are circumvented to reach occluded prostate tissue.  
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4.4.2.2 Results 
 
Table 4.3 shows the mean absolute errors ± σ of all experimental conditions for both the adipose tissue 
simulant and the prostatic tissue simulant. Active steering (EC1 - EC5) results in a mean endpoint error 
of 1.44 mm.  
 

N = 200 
 

Active steering No    
steering 

ProGuide 
Obturator 

  lateral lateral 
out-of-path 

neutral 
axis 

neutral 
axis reference 

   

  EC1 EC2 EC3 EC4 EC5 EC6 EC7 
  7.5 mm 15 mm 7.5 mm 15 mm    

Adipose  
tissue 
simulant 
(soft) 

n 10 10 10 10 20 20 20 

| Mean absolute 
error (mm) |  
± σ 

1.52 
± 

0.93 

2.45 
± 

1.70 

1.19 
± 

0.80 

1.59 
± 

1.12 

1.45 
± 

0.83 

2.42 
± 

0.82 

2.01 
± 

0.87 

Prostatic 
tissue  
simulant 
(stiff) 
 

n 10 10 10 10 20 20 20 

| Mean absolute 
error (mm) |  
± σ 

1.27 
± 

1.13 

1.64 
±  

1.40 

1.23 
± 

0.78 

0.91 
± 

1.14 

1.15 
± 

0.83 

6.86 
± 

1.74 

2.03 
± 

0.62 

Total 
 1.39 

± 1.02 
2.05 

± 1.57 
1.21 

± 0.77 
1.25 

± 1.16 
1.30 

± 0.84 
4.64 

± 2.62 
2.02 

± 0.75 

 

A Kruskal-Wallis test showed no statistically significant difference in obtained error for the experimental 
conditions related to active lateral needle steering (EC1 – EC4) in both soft tissue simulants. A one-
way ANOVA analysis yielded statistically significant variation between the normally distributed EC5, 
EC6 and EC7 for both the low stiffness tissue simulant F(2,57) = 6.612, p = .003 and the high stiffness 
tissue simulant F(2,57) = 138.500, p < .001. A post hoc Tukey test showed that the reference group 
with the conventional rigid ProGuide Obturator (EC7) did not differ significantly from the group with 
active steering on the neutral axis (EC5) in both tissue simulants. EC6 differed significantly from EC5 
(p = .002) in the soft tissue simulant and from both EC5 (p < .001) and EC7 (p < .001) in the stiff tissue 
simulant.  
 
The Games-Howell post hoc test indicated no significant differences in endpoint accuracy in the adipose 
tissue simulant between the steerable needle and the ProGuide Obturator. In the prostatic tissue 
simulant the actively steered needle on the neutral axis (M = 1.15, σ = .83) had a statistically significant 
smaller error than the conventional rigid HDR BT inner needle (M = 2.03, σ = .62, p = .009). Noteworthy 
is that no steering with the steerable needle resulted in significant differences from EC3 (p = .014) and 
EC5 (p = .012) in the adipose tissue simulant and in statistically significant variation from all 
experimental conditions in the prostatic tissue simulant (p < .001).   
 
  

Table 4.3 - The endpoint errors of the steerable needle and the reference needle per tissue simulant. The endpoint error 
is measured after every puncture showing the mean absolute error and standard deviation (± σ) in millimetres per experimental 
condition. The rigid ProGuide Obturator is used as reference. In EC1, EC2 and EC5 active needle steering is allowed over the 
entire insertion length. In EC3 and EC4 the needle is first inserted without steering over 90 mm and then withdrawn for 50 mm. 
Subsequently, the needle is actively steered out of the created needle path towards the target. In EC6 the steerable needle is 
inserted over 90 mm without active steering. In EC7 the rigid ProGuide Obturator is inserted. The absence of US guidance for 
EC6 and EC7 allows for determination of the Euclidean distance between the endpoint of the needle tip and the neutral axis. 
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4.4.3 Experiment 3 – Active needle tip steering in ex-vivo tissue 
 

Manual active needle tip steering towards targets is executed in ex-vivo bovine tissue with real-time US 
needle tracking. This experiment evaluates adaptive needle path control during insertions and final 
endpoint accuracy in a more challenging medium.   
 

4.4.3.1 Materials and Method 
 
Set-up and procedure 
 
The PMMA container and the RobUSt system are used in this set-up. The container holds 
inhomogeneous bovine tissue (Blade steak, Benali, Rotterdam, The Netherlands) embedded in 20 wt.% 
porcine gelatin (Gelatin, Dr. Oetker, Bielefeld, Germany). On each trial, the steerable needle is inserted 
through a layer of gelatin into the bovine tissue reaching the initial needle position. Omnidirectional 
needle steering is allowed from this position over 90 mm towards the target (⌀ 0.5 mm). Continuous 
back and forth US scanning in Y-direction over the top surface of the tissue is executed to determine 
location of the needle tip and target in transversal plane. A cursor is used to locate the target when the 
US transducer is in the same plane.  
 

Image processing and data analysis 
 
 

Needle tracking inside the ex-vivo tissue is performed using RobUSt in a fashion similar to section 4.1.1. 
Nevertheless, due to environmental clutter within the bovine tissue the silhouette segmentation of the 
needle and target is performed manually for each image without employing the polynomial 
reconstruction. The segmented shapes are used to identify the position of the tip of the instrument with 
respect to the target. Figure 4.10 shows the set-up of the experiment and the trajectory of the needle 
towards the target for one of the trials. 

 
 

  

Figure 4.10 - Set-up of active needle steering experiment in ex-vivo tissue. The trajectory of the steerable needle (red) 
over a length of 90 mm towards a target (black) located laterally from the neutral axis. Control of the steerable needle was 
performed in 3D. Segmentation of the needle and target from the US images are used for analysis. 
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4.4.3.2 Results 
  

Needle steering in X,- and Z-direction towards the targets was required over distances ranging from 3.3 
to 17.3 mm and 0.9 to 11.8 mm, respectively. Steering towards the target over a 90 mm insertion depth 
resulted in a 3D error of 2.0 ± 2.6 mm and a 2D error in the plane of the target of 0.9 ± 2.0 mm. The 2D 
error did not consider the error in Y-direction as insertion depth was a set value.   

 

4.5 DISCUSSION  
  
This work presents a novel omnidirectional steerable instrument for prostate HDR BT. The instrument 
comprises a commercially available outer catheter and a compliant steerable inner needle, which 
replaces the conventional rigid non-steerable inner needle currently used in HDR BT. Steering of the 
inner needle allows for adjustments of the catheter pathway and withdrawal of the inner needle creates 
a work channel for the medical procedure. Thus, the clinician can overcome pubic arch interference 
and correct for deflections to obtain a homogeneous dose distribution.  
 
To the authors’ best knowledge, this is the first steerable needle whereby active tip control is achieved 
by exploiting structural mechanics, without the use of external actuation means such as magnetic 
forces, optical heating, robotic actuation or a joystick at the proximal end. The internal compliant 
mechanism enables distal tip steering with two rotational DOFs through proximal needle bending. A 
reduction in flexural and axial rigidity of 11.8% and 20.8% is observed respectively compared to a rigid 
inner needle. However, the flexural rigidity of the proposed design is much higher than for the designs 
reported in literature [45,46]. Moreover, no buckling was observed in our prostate tissue mimicking and 
ex-vivo experiments, suggesting that the design has sufficient axial rigidity for placement of HDR BT 
catheters. 
 
The computational model showed a linear relation between input angle and relative translation of the 
segments associated with distal tip deflection. Validation experiments demonstrated needle steering up 
to 20 mm and controllability of the prototype in tissue simulants and in ex-vivo tissue. The fixed-bent 
needle steering experiment showed that steering in tissue was history-independent. The clinical use 
case experiment related to prostate brachytherapy showed high endpoint accuracy of the steerable 
needle in a soft and stiff inhomogeneous tissue simulant. These errors were comparable to those of a 
rigid HDR BT needle. The results of the ex-vivo experiment indicated that path corrections were feasible 
in a more challenging medium and off axis targets can be accurately reached following curved needle 
paths.  
 
The results from the finite element analysis demonstrate that the inner needle stays in the elastic region 
of the material and will return to its initial position after removal of the applied input. It should be noted 
that the computational model is a simplification of the developed needle. The input is modelled as a 
circular deflection around the X-axis, while in real practice a lateral force results in a more hyperbolic 
shape at the proximal needle end. This input, approached in Exp. 1, is more representative for the final 
clinical application as the circular curvature is hard to obtain and workspace outside the body can be 
limited. The friction coefficient was kept constant while the simulation indicates that segments are 
translating over each other. Therefore, friction can play a role in the relationship between proximal input 
and distal output. This aspect is not addressed in this study.  
 
The fixed-bent needle steering experiment demonstrated steering regardless the initial straight insertion 
depth due to articulations at the distal tip. This is a distinct advantage over non-holonomic asymmetric 
tip needles because their steering solely depends on needle-tissue interaction and pushing the needle 
through tissue is required to generate needle deflection. Small differences in lateral steering were found 
for the slight angle in Exp. 1 as spontaneous deflections in the opposite direction occurred over the 
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initial straight insertion depth and insertion speed was not kept constant. In addition, uncontrolled 
deflection increased with insertion depth. This spontaneous deflection can be a consequence of the 
decreased flexural rigidity of the needle. Robotic control could counter this error but requires feedback 
control via imaging, electromagnetic tracking or shape sensing. We compensate for the error by 
steering manually. This affects medical device management, costs and clinical workflow to a lower 
extent than teleoperation.  
 
Earlier studies reported needle placement errors up to 3 mm in a prostate and 8 mm in a prostate 
phantom for conical tip and bevel tip brachytherapy needles, respectively [5,20]. A 3 mm error together 
with the 5 mm perineal template grid could theoretically cause a catheter void of 11 mm in very extreme 
cases [57]. In practice, rigid brachytherapy needle withdrawal and reinsertion are often required [5]. The 
steerable needle does not have to be fully withdrawn for error compensation which potentially reduces 
tissue trauma. The steerable needle can be partially withdrawn and steering out of the initial path allows 
for targeting with high accuracy indicated by EC3 and EC4 in Exp. 2.  
 
In the clinical use case experiment we found similar endpoint errors for the rigid ProGuide Obturator in 
2D and the steerable inner needle in one direction regardless the degree of active steering. But, results 
indicated that active steering is essential as its absence decreased the endpoint accuracy. In ex-vivo 
tissue the steerable needle obtained a similar error in 3D and lower error in 2D as compared to the 
ProGuide Obturator in 2D in Exp. 2. In conclusion, the endpoint error of the developed steerable needle 
stays below the mean acceptable error of 2.7 mm for targeted lesions reported after a questionnaire 
under 125 interventional radiologists [11].  
 
The bovine tissue of Exp. 3 contained high amounts of connective tissue which complicated smooth 
insertions. Besides, it was a challenge to control needle steering in two planes during insertion with 
visual feedback processing. Small needle retractions were therefore allowed in all trials. We found that 
the axial and flexural rigidity of the developed steerable needle enables puncturing and path control in 
inhomogeneous tissue simulants and in ex-vivo bovine tissue. Furthermore, the developed steerable 
needle is compatible with currently applied devices in HDR BT and may improve needle targeting 
without major changes to the clinical workflow.  
 
 
4.6 CONCLUSION  
 
A novel axially rigid steerable instrument for HDR BT was developed and validated in this work. Manual 
omnidirectional steering is possible with the aid of a compliant mechanism. Validation experiments 
show high targeting accuracy in tissue simulants and ex-vivo tissue while visualisation of the needle is 
possible with US. The developed steerable needle has the ability to steer along curved paths preserving 
its axial and flexural rigidity. The needle has the potential to add value to medical procedures currently 
performed with rigid needles and enlarge the patient group eligible for prostate HDR BT. 
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ABSTRACT 
 
Prostate cancer patients with an enlarged prostate and/or excessive pubic arch interference (PAI) are 
generally considered non-eligible for high-dose-rate (HDR) brachytherapy (BT). Steerable needles 
have been developed to make these patients eligible again. This study aims to validate the dosimetric 
impact and performance of steerable needles within the conventional clinical setting. HDR BT treatment 
plans were generated, needle implantations were performed in a prostate phantom, with prostate 
volume > 55 cm3 and excessive PAI of 10 mm, and pre- and post-implant dosimetry were compared 
considering the dosimetric constraints: prostate V100 > 95% (13.50 Gy), urethra D0.1cm3 < 115% (15.53 
Gy) and rectum D1cm3 < 75% (10.13 Gy). The inclusion of steerable needles resulted in a notable 
enhancement of the dose distribution and prostate V100 compared to treatment plans exclusively 
employing rigid needles to address PAI. Furthermore, the steerable needle plan demonstrated better 
agreement between pre- and post-implant dosimetry (prostate V100: 96.24% vs. 93.74%) compared to 
the rigid needle plans (79.13% vs. 72.86% and 87.70% vs. 81.76%), with no major changes in the 
clinical workflow and no changes in the clinical set-up. The steerable needle approach allows for more 
flexibility in needle positioning, ensuring a highly conformal dose distribution, and hence, HDR BT is a 
feasible treatment option again for prostate cancer patients with an enlarged prostate and/or excessive 
PAI. 
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5.1 INTRODUCTION 
 
High-dose-rate (HDR) brachytherapy (BT) for prostate cancer patients enables optimisation of the dose 
distribution in the target volume. This is achieved through on-line adjustments of dwell times and dwell 
positions, resulting in excellent clinical outcomes [1]. However, certain challenges persist, including: 1) 
pubic arch interference (PAI), 2) too wide prostates, and 3) lesions ventral to the urethra. These 
situations may result in either underdosage of the target volume or excluding the patient and pursuing 
another therapy. Current clinical guidelines prescribe that a prostate volume (Vp) of > 50-60 cm3 
requires special attention due to the risk of PAI affecting the anterolateral portion of the prostate [2,3]. 
To reduce the risk of encountering PAI during needle insertion, Vp is calculated prior to the procedure 
on the MRI, CT or ultrasound scan. This calculation employs an elliptical approximation formula: Vp 
(cm3) = π / 6 (height x width x length of the prostate) [4]. However, the volume calculation can be faulty, 
and an enlarged prostate is not necessarily a harbinger for PAI. This method potentially excludes 
eligible patients from this beneficial treatment option [5,6].   
 
At our institution(b), patients with a Vp ranging from 50 to 60 cm3, without any contraindications, may be 
admitted if no PAI is expected. To assess the risk of encountering PAI, a digital rotation of the 
segmented pelvis and prostate is performed using the preoperative 3D imaging set, simulating the 
lithotomy position of the patient [7]. However, this method lacks established guidelines, and 
discrepancies arise due to interpatient and interobserver variability. Occasionally, the implantation 
procedure must be aborted because of significant inaccessibility of the target volume. These patients 
require another curative treatment such as stereotactic body radiation therapy, e.g. using CyberKnife 
[8,9]. This introduces additional costs for the healthcare system and a considerable mental and physical 
burden on the patient.  
 
A widely employed approach to minimise the risk of PAI and enhance access to the prostate is by 
downsizing the prostate through a course of androgen deprivation therapy (ADT). However, 
observational studies have indicated that this 3-12-month therapy is associated with a decrease in 
quality of life and the potential for increased morbidity and mortality [10]. Alternative solutions include 
adjustments to the clinical set-up, workflow or patient positioning, but these may not always be practical 
or desired [11].  
 
To address these challenges, we propose the use of specially developed steerable needles, offering 
enhanced flexibility in needle positioning [12]. Using these steerable needles, curved trajectories can 
be created and PAI can be overcome to obtain a conformal dose distribution in the prostate. This can 
be achieved without requiring prior PAI risk assessments or any adaptations to the clinical set-up.  
 
The aims of this work are twofold: firstly, to validate the dosimetric consequences of using steerable 
needles on a non-eligible HDR prostate BT case; and secondly, to assess the feasibility of using the 
steerable needles in the conventional HDR BT setting. The study entails a treatment planning 
investigation utilising the Oncentra Prostate Treatment Planning System (TPS) (Elekta Instrument AB, 
Stockholm, Sweden). An anthropomorphic prostate phantom is developed and employed for the 
planning study, followed by actual needle implantations to evaluate performance, dosimetric 
parameters, and clinical workflow. If conformal dosimetry is obtained by using steerable needles, 
exclusion of such patients from HDR BT could be unnecessary and preoperative ADT for prostate 
downsizing could be avoided in men with enlarged prostates and/or excessive PAI.  
 

5.2 MATERIALS AND METHODS 
 
A dataset was selected from the anonymised MRI patient database with enlarged prostates (Vp > 55 
cm3) [7]. This dataset served as the basis for the development of a prostate phantom, which 
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incorporated the average PAI of the patient database (10 mm). A comprehensive study encompassing 
treatment planning and evaluation of the implantation procedure was conducted. This study compared 
the conventional procedure employing rigid needles to the proposed approach that incorporated both 
rigid and steerable needles.   
 

5.2.1 Study set-up  
 

Treatment planning and needle implantations followed our current clinical HDR prostate BT protocol, 
utilising the developed phantom, novel steerable needles, real-time transrectal ultrasound (TRUS) 
visualisation, and the established clinical treatment planning and optimisation protocol (Figure 5.1). The 
steerable needle comprises of a 245 mm stainless spring steel (AISI 301) steerable inner obturator, 
placed inside a 240 mm flexible polyoxymethylene (POM) ProGuide sharp, conical shaped, 6F needle 
(Elekta Instrument AB, Stockholm, Sweden). The design of the steerable inner obturators is based on 
the steering principle described by de Vries et al. where proximal bending of the steerable needle allows 
distal tip steering over 360 degrees in the axial plane [12]. This design serves two purposes: 1) to 
circumvent intermediate anatomical and sensitive structures and 2) to counteract unwanted deflections 
during a controlled insertion by utilising the transperineal template as a pivot point.        
 

 
Figure 5.1 – The clinical set-up. 1) The anthropomorphic prostate phantom, placed on a 10 degrees wedge to mimic patient’s 
lithotomy position with the rectum parallel to the implanting direction to ensure proper ultrasound visualisation, 2) The steerable 
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needle, steered from the neutral axis by bending the proximal end, 3) The prostate and the pubic arch, visualised by using 
transrectal ultrasound (TRUS) imaging in a sagittal plane. The obstructed part of the prostate is outlined. 4) The overall set-up. 
The steerable needle is inserted in the prostate phantom by the physician under TRUS guidance. The equipment included rigid 
needles, comprising of 240 mm ProGuide sharp 6F needles and the 245 mm ProGuide Obturators, Oncentra Prostate TPS, 
OncoSelect Stepper and Endo-Cavity Rotational Mover, Martinez prostate transperineal template (Elekta Instrument AB, 
Stockholm, Sweden) and the multiplane 9 MHz TRUS transducer (E14CL4b) connected to the bkSpecto Ultrasound Machine 
(BK Medical, Nærum, Denmark).  
 

5.2.1.1 Prostate phantom  
 
A novel prostate phantom was developed because the commercially available prostate phantoms only 
replicate anatomical structures and provide contrast for multi-modality imaging. For the present study, 
the phantom needed to possess realistic mechanical properties to mimic instrument insertions and 
incorporate a pubic arch obstruction, reflecting the average PAI observed in the patient database. PAI 
was measured in an axial plane in terms of the greatest perpendicular overlap distance from the caudal 
edge of the pubic arch to the ventral prostate border, as indicated by de Vries et al. [7]. Two phantoms 
were produced, aiming for similarity to each other and mimicking the patient’s anatomy, including the 
prostate gland, pubic arch and the organs at risk (OARs) comprising of the rectum and the urethra. 
These phantoms were fabricated from polyvinyl alcohol (PVA) as this biomaterial exhibits similar 
microstructure and mechanical properties as that of human soft tissue [13]. Slight variations resulted in 
the first phantom used for the treatment planning study having a Vp of 57.2 cm3, while the second 
phantom, employed in the implantation study, had a Vp of 59.3 cm3. The prostate tissue simulant 
contained 7 wt.% PVA (Sigma-Aldrich, St. Louis, Missouri, United States) with a compressive modulus 
of elasticity of 54.6 ± 4.6 kPa after two freeze-thaw cycles (FTCs) in line with real prostate tissue (58.8 
± 8.2 kPa) and the prostate phantom developed by Shaaer et al. [14,15]. The prostate tissue simulant 
was embedded in a PVA solution with 6 wt.% with one FTC completed (29.4 ± 1.2 kPa). PVA was 
solved in 20% demineralised water (Orphi Farma B.V., Dordrecht, the Netherlands) and 80% dimethyl 
sulfoxide (DMSO 99.7+%, Laboratorium Discounter, IJmuiden, the Netherlands) to form a transparent 
suspension for the prostate and the surrounding tissue [16]. Needle-tissue interaction forces in the 
phantom were considered comparable to clinical use by the physicians (MC & KV). To visually 
distinguish the prostate gland, 0.05 ml of contrast fluid (Food color, Tasty me, Tilburg, the Netherlands) 
was added to the prostate tissue suspension, while 3 wt.% of silica particles (Silica gel 60 .015-.040mm, 
Merck KGaA, Darmstadt, Germany) was used for acoustic scattering on the ultrasound visualisation 
[17]. The pubic arch was 3D-printed with polylactic acid (PLA) plastic and coated with metal particles 
for ultrasonography.  
 

5.2.2 Treatment planning study  
 
Five pre-implant treatment plans were created for HDR BT monotherapy using the Flexitron afterloader 
(Elekta Instrument AB, Stockholm, Sweden) (Figure 5.2). These plans involved delineating the target 
volume, the pubic arch and the OARs using TRUS images. The implant geometry was designed based 
on the implantation pattern from Mate et al. to cover the entire prostate [18].  
 
Plan A represented a treatment scenario for a patient without PAI, making this case eligible for HDR 
prostate BT. This plan served as the baseline plan including 17 rigid needles, aligning with the 
simulation study of Kolkman-Deurloo et al. [19]. Plans B, C, D and E simulated a case with PAI. Plans 
B and C exclusively employed rigid needles. In plan B, six rigid needles were removed from plan A as 
they were virtually located within the obstructed region of the prostate. Compared to plan B, plan C 
introduced six rigid needles to the accessible part of the prostate, specifically in the ventral area to 
optimise the treatment plan.   
 

PRECLINICAL VALIDATION IN USERTEST

5

73



 

Plans D and E took a different approach by replacing those six rigid needles with six curved trajectories, 
reflecting the steerable needles to reach the ventral region of the prostate behind the pubic arch. This 
was performed at the discretion of the physicians to ensure coverage of the obstructed part of the 
prostate gland. Planning of the steerable needle trajectories was conducted in the TPS, with one pivot 
point per trajectory. Ventral steering up to 10 mm was applied after passing below the pubic arch to 
prevent needle-bone collisions and maintain the intended curved trajectories, in accordance with the 
principles described by de Vries et al. [12]. Plan E incorporated a higher degree of steering compared 
to plan D.   
 
Dwell-time optimisation was performed using the inverse optimisation modality of the Oncentra Prostate 
software. For HDR BT monotherapy, the prescription dose for the target volume was set at 2x13.5 Gy 
according to Morton et al. [20]. The dosimetric objectives specified in Table 5.1, including prostate V100, 
V150 and V200, D0.1cm3 urethra, D1cm3 rectum, and the prostate V200/V100 ratio, were utilised to assess the 
quality of the treatment plans via dose-volume histogram (DVH) outcomes. The ratio of prostate V200 to 
V100 showed the degree of dose heterogeneity within the treatment plans.  
 

5.2.3 Implantation study  
 
Needle implantations were carried out in accordance with treatment plans B, C and E by an experienced 
HDR BT physician (MC) with entry-level experience in the use of the steerable needles after an on-site 
hands-on training of 20 minutes. The steerable needle approach with a higher degree of steering (plan 
E) was performed solely because it yielded better DVH outcomes compared to plan D and training had 
shown that 10 mm of lateral steering could easily be achieved. Two conventional rigid needles were 
inserted into the prostate on either side of the urethra (template coordinate C3 and E3) to stabilise the 
prostate gland in analogy with current practice with prostate stabilisation needles.   
 
The implementation of plan E commenced with the physician choosing the needle type and determining 
the sequence for implantation. In current practice this implies first implanting ventrally located needles 
for visualisation purposes and then implanting more dorsally. For each steerable needle, the planned 
curved trajectory was displayed, and a selected steerable needle was positioned at the desired template 
coordinate. While observing the sagittal plane on the ultrasound, the steerable needle was advanced, 
allowing for steering and making slight retractions as necessary to stay on the intended trajectory and 
mitigate potential unwanted deflections caused by interactions between the needle and the tissue. 
Throughout this procedure, all six steerable needles were tracked by manipulating the TRUS transducer 
while the live-plan setting in Oncentra Prostate was enabled. Subsequently, rigid needles were inserted 
in pairs on either side of the urethra, and advanced to their designated end positions. This adhered to 
established practice, ensuring the completion of the implant geometry for plan E. Reconstruction of the 
implanted needles was performed in Oncentra Prostate TPS as in current practice. Next, six steerable 
needles were withdrawn from the phantom, leaving behind eleven rigid needles, thus replicating the 
implant geometry as specified in plan B. Finally, six rigid needles were added to the configuration of 
plan B to construct the implant geometry of plan C. The quality of the post-implant treatment plans was 
assessed based on DVH outcomes, and the time taken for each needle type during the implantation 
procedure was recorded.   
 

5.3  RESULTS 
 

The pre-implant treatment plans are shown in Figure 5.2. Ventral steering was applied over an insertion 
depth up to 58 mm after passing below the pubic arch.   
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Figure 5.2 – Treatment planning study. Column 2 presents the implant geometry for each plan in the reference plane on the 
Martinez template projection. Column 3 shows the corresponding dosimetry. Column 4 displays the curved trajectories for plans 
D and E around the pubic arch in a sagittal plane and the legend of the isodose lines. Plan A is the baseline plan with no pubic 
arch interference (PAI). Plans B - E show obstruction of the prostate due to PAI. Steerable needles are indicated in blue, vectors 
show the degree and direction of steering, and rigid needles are indicated in orange in Column 2. The mean and range of distal 
tip steering with steerable needles are indicated in Column 1. Other colours in Column 2: light grey = prostate tissue, dark grey 
= pubic arch and green = urethra. 
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Table 5.1 shows an increase up to 17.1% in prostate V100, which denotes the prostate volume receiving 
at least 100% of the prescribed dose, in the pre-implant treatment plans that incorporate steerable 
needles (D and E), as compared to the plans employing rigid needles (B and C). The dose to the urethra 
remained below the dose constraint of 115% in all pre-implant treatment plans. The DVH values in plan 
E closely resembled the outcomes observed in the baseline plan (A), where PAI was not a 
consideration. These findings signify an adequate dose coverage in the prostate while minimising 
potential harm to the OARs.   
 

 
Table 5.1 – Dose-volume histogram information of the pre- and post-implant treatment plans. Comparison of dosimetry 
per treatment plan before implantation for all plans and after needle implantation for plans B, C and E. The dose-volume histogram 
(DVH) information indicates the dosimetric objectives and results. Per plan the amount of pubic arch interference and the type of 
needles used are reported. Implantation time is stated for plans C and E with 17 needles per type of needle used.    

The physician successfully implanted all needles, closely adhering to the planned curved trajectories 
with the steerable needles. There were only minor issues with two of the steerable needles, which were 
positioned somewhat too medially, resulting in a slight increase in urethral dose. All steerable needles 
were clearly visible during TRUS imaging, and there was sufficient working space to bend the proximal 
end of the needles for precise distal tip steering. Figure 5.3 shows the implant geometry and post-
implant dosimetry of the steerable needle plan E after needle reconstruction. The average implantation 
time of a steerable needle was 2.5 times longer compared to rigid needles, mainly due to the need for 
multiple evaluation moments during insertion. Besides, one steerable needle required reinsertion 

 Parameter Objective Plan A Plan B Plan C Plan D Plan E 

   

Baseline Rigid Rigid optimised 

Low 

degree 

steering 

 

High degree steering 

   Pre-implant 

treatment 

plan 

Pre-implant 

treatment 

plan 

Post-

implant 

treatment 

plan 

Pre-implant 

treatment 

plan 

Post- 

implant 

treatment  

plan 

Pre-

implant 

treatment 

plan 

Pre-

implant 

treatment 

plan 

Post- 

implant 

treatment  

plan 

Pubic arch 

interference 

  
- 10 mm 10 mm 10 mm 10 mm 

# Rigid 

needles 

  
17  11 17 11 11 

# Steerable 

needles 

 

 

 

 

- - - 6 6 

DVH 

information 

Prescribed 

dose 

13.50 Gy         

Prostate V100 > 95 % 97.00 %  79.13 % 72.86 %  87.70 % 81.76 %  93.54 % 96.24 % 93.74 %  

 V150  37.48 % 37.62 % 36.06 % 40.72 % 36.69 % 37.95 % 38.88 % 37.85 % 

 V200  13.34 % 21.78 % 21.24 % 18.84 % 18.37 % 15.10 % 13.20 % 16.02 % 

 V200/V100  0.14 0.28 0.29 0.21 0.22 0.16 0.14 0.17 

Urethra D0.1 cm3 < 115 %  

(15.53 Gy) 

114.71 %  

(15.49 Gy) 

114.90 %  

(15.51 Gy) 

114.89 % 

(15.51 Gy) 

114.71 %  

(15.49 Gy) 

114.89 %  

(15.51 Gy)  

114.61 %  

(15.47 Gy) 

114.61 %  

(15.47 Gy) 

114.89 %  

(15.51 Gy)  

Rectum 

 

D1 cm3 < 75 %  

(10.13 Gy) 

79.87 %  

(10.78 Gy) 

79.26 %  

(10.70 Gy) 

79.37 %  

(10.72 Gy)  

79.64 %  

(10.75 Gy) 

68.92 %  

(9.30 Gy) 

79.74 %  

(10.77 Gy) 

79.73 %  

(10.76 Gy) 

79.70 %  

(10.80 Gy)  

 

Total 

implantation 

time 

          

Rigid needles       12 min 48 sec   6 min 56 sec 

Steerable 

needles 

      -   10 min 24 sec 
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because it deviated more than 3 mm from the planned trajectory within the first 60 mm of insertion, as 
detected through real-time TRUS imaging. No changes in clinical set-up and no major changes in 
clinical workflow were required for executing plan E.   

 
Figure 5.3 – Implant geometry and post-implant dosimetry of the steerable needle approach (plan E). Left image shows 
the implant geometry including 11 rigid needles and 6 steerable needles, central image displays the dosimetry and right image 
visualises the curved trajectory of one steerable needle which was inserted below the pubic arch and reached the obstructed part 
of the prostate behind the pubic arch conform the planned curved trajectory indicated in orange.  
 

After implantation, the steerable needle approach (plan E) had a sufficient prostate V100 of 93.74% and 
a clinically appropriate dose distribution, indicated by the V200/V100 ratio (Table 5.1). The doses to the 
OARs were similar to those in the pre-implant treatment plan. In comparison with all other plans, the 
steerable needle plan demonstrated the closest adherence to the pre-implant treatment plan. This was 
attributed to the steerable needles' ability to mitigate undesired deflections, which was not possible with 
rigid needles. A decrease in prostate V100 of only 2.5% was observed in plan E, while the rigid needle 
plans exhibited a more substantial decrease of ~6% when comparing post-implant to pre-implant 
treatment plans.  
 

5.4  DISCUSSION 
 

This work presents the dosimetric benefits of a steerable needle approach in HDR prostate BT. It 
assesses the feasibility of planning curved trajectories, implanting the steerable needles according to 
the treatment plan in the clinical setting, reconstructing the needles and creating a post-implant 
treatment plan. We simulated a case by a phantom study in which a patient, normally non-eligible for 
HDR BT due to an enlarged prostate gland and excessive PAI, could effectively undergo treatment 
using a combination of conventional rigid needles and developed steerable needles. Six steerable 
needles were introduced, maintaining the same total needle count as in the baseline plan, which did 
not consider PAI and solely employed rigid needles. The steerable needle approaches showed both 
improved spatial distribution of all needles and target coverage compared to the rigid needle plans while 
sparing the OARs. The dosimetry of the steerable needle plan with high degree of steering closely 
approached the DVH outcomes for the plan without PAI consideration. To the authors knowledge, this 
is the first study where steerable needles are used in HDR prostate BT to overcome PAI in an 
anthropomorphic phantom and in which pre- and post-implant dosimetry outcomes are reported. 
 
Two prostate phantoms were developed due to limitations in shelf life, preventing the use of the same 
model for both treatment planning and implantation phases. A minor difference of 2.1 cm3 in Vp was 
observed between the phantoms, attributable to possible mold leakage and intraobserver variability. 
Nevertheless, discrepancies from 4 to 10% between both phases are common in current practice due 
to prostate deformations, edema and delineation variability [21,22]. Our phantoms exhibited similarities 
in volume and elasticity to the phantom developed by Shaaer et al. but are distinguished in two aspects. 
Firstly, we used heterogeneous PVA, which is a prostate-like material, instead of homogeneous gelatin. 
Secondly, we incorporated a pubic arch a feature not present in their phantom [15]. Similarly, Ryu et al. 
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developed a 60 cm3 prostate phantom that included a pubic arch, but their model was made of 
homogeneous agar [23]. Noteworthy is the overdosing of the rectum in all plans. Row 1.0 of the Martinez 
template could not be placed properly for reaching the dorsal part of the target volume because of the 
small spacing between rectum and prostate in the phantom. Therefore, caution is advised when 
interpreting DVH data for the rectum, and future phantom models should consider increasing spacing 
to reduce rectal dose. 
 
A decrease in target coverage was observed in all plans post-implant, possibly caused by the increase 
in Vp and unwanted needle deflections during the insertions. Nonetheless, the steerable needle 
approach demonstrated better adherence to the pre-implant treatment plan. This was attributed to the 
steerable needles’ ability to be controlled during insertion, allowing for precisely following the planned 
trajectories, which was not possible with the rigid needles. Considering the limited amount of training, 
this finding implies a steep learning curve for using the steerable needles.  
 
Next to unwanted deflections, inaccessibility of the prostate may only become apparent during the 
procedure. Various techniques can be applied in such cases, including TRUS transducer angulation, 
needle manipulations or extending patient’s lithotomy position. However, these actions can compromise 
dose conformity and patient’s comfort. As a result, alternative approaches have been explored, such 
as customised templates with angulated needle paths and non-parallel needle implantations [4,23–27]. 
Ryu et al. performed a study for low-dose-rate (LDR) BT, using oblique needles in a 60 cm3 prostate 
phantom, aiming to overcome PAI [23]. Their results were promising, with a prostate V100 of 97%, V150 
of 41.8% and V200 of 17.1%. However, 25 needles were required for obtaining this level of dose 
coverage while sparing the OARs. Gibbons et al. implanted up to seven LDR BT needles free-hand 
behind the pubic arch in eight patients with a mean Vp of 46 cm3 [4]. Their results showed a prostate 
V100 of 96.3% and V150 of 81.6%, but they did not investigate dose to the urethra. While these previous 
studies have shown potential in addressing the challenge, our study stands out as it achieved similar 
outcomes to these approaches without necessitating significant changes in the clinical set-up [4,23–
25]. Only some minor changes to the clinical workflow were required, which were very easy to 
implement. First, the Oncentra Prostate TPS did not allow for applying smooth curved trajectories in 
the pre-implant treatment plan setting, thus one pivot point per trajectory was incorporated to simulate 
a curvature. Secondly, implantation of the steerable needles was performed in the live-plan setting. This 
may challenge visualisation if steering in multiple directions is applied; tilt scanning with TRUS imaging 
produces 3D images for the live-plan while reconstruction in the TPS is performed in orthogonal planes. 
Thirdly, the steerable needles were inserted one by one, directly at the planned end position each time, 
which slightly increased implantation time compared to inserting rigid needles performed in pairs. 
 
For future optimisation, steerable needles hold the potential to circumvent the urethra for treatment of 
ventrally located tumours, treat wider prostates than the transperineal template allows, address small 
prostates with a narrow pubic arch, avoid the penile bulb and neurovascular bundle, or enhance overall 
dosimetry outcomes. In case of a targeting error with a rigid needle, reported to be up to 3.8 mm [28], 
the steerable inner obturator can be employed to mitigate the unwanted deflection without additional 
tissue damage associated with a full reinsertion. Additionally, steerable needles can be implanted 
conforming the prostate’s geometry. Earlier studies have shown that this approach required 30% to 
80% fewer needles, and Podder et al. have discussed the potential reduction of edema and urinary 
incontinence [27,29]. 
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5.5  CONCLUSION 
 

The utilisation of steerable needles offers increased flexibility in needle positioning, necessitating only 
minor adjustments to the existing clinical workflow. The curved trajectories can be easily planned in the 
Oncentra Prostate TPS, and the implantation process can be executed with minimal impact on 
implantation time, while maintaining excellent agreement between pre- and post-implant treatment 
plans. This work clearly demonstrates that a highly conformal dose distribution can be achieved using 
steerable needles, and hence, HDR BT is a feasible treatment option again for prostate cancer patients 
with enlarged prostates and/or excessive PAI. Importantly, this may eliminate the necessity for 
preoperative ADT for prostate downsizing. The steerable needles are ready for implementation in 
clinical practice with no further developments or investments required.  
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6.1 INTRODUCTION  
 
The Medical Device Regulation 2017/745 (MDR) has recently implemented more stringent legislation 
for medical device manufacturers operating within the EU. The standard research file of the Centrale 
Commissie Mensgebonden Onderzoek (CCMO) has also been adapted for non-CE-marked medical 
devices, used in clinical investigations to comply with the requirements of Article 82 and Annex I of the 
MDR. Such devices are not intended for market introduction, and do not require a quality management 
system (QMS) and post-market clinical follow-up. The standard research file includes the Investigational 
Medical Device Dossier (IMDD), specifying all items that must be covered for an application to a Medical 
Research Ethics Committee (MREC) in the Netherlands. In all circumstances the quality, safety and 
performance of the medical device must be guaranteed before using it in or on subjects or patients. 
Therefore, the use of the IMDD is recommended for in-house, custom-made or investigational medical 
devices. We show an example for the steps that are required for the manufacturing of a medical device 
at an academic institution with no compliance to ISO 9001 or ISO 13485 which is intended for clinical 
investigation.  
 

6.2 INVESTIGATIONAL MEDICAL DEVICE DOSSIER (IMDD) 
 

In this chapter the focus is on the developed steerable needle for high-dose-rate (HDR) prostate 
brachytherapy (BT) described in Chapter 4, hereafter referred to as ‘Steerable Obturator’ or ‘medical 
device’. The Steerable Obturator is an investigational medical device for the purpose of a clinical 
investigation (Medical Research Involving Human Subjects (WMO)) conform Article 82 of the MDR, in 
which the TU Delft is considered ‘manufacturer’ as the institution is acting as ‘sponsor of the clinical 
investigation’.  
 
We compiled the IMDD for this non-CE-marked device within the scope of the MDR and meet the 
requirements of the Regulation (EU) 2017/745 of the European Parliament and of the Council on 
medical devices, amending Directive 2001/83/EC, Regulation (EC) No 178/2002 and Regulation (EC) 
No 1223/2009 and repealing Council Directives 90/385/EEC and 93/42/EEC. The flowchart in Figure 
6.1 shows the sequence of steps involved in the completion of the IMDD. It is important to highlight that 
the manufacturing facility lacked ISO certification, necessitating the implementation of multiple 
protocols. These protocols were compiled, based on the ISO 13485 standard and the Medical Device 
Regulation (MDR). Adherence to these protocols was imperative and the involvement of experts was 
crucial to ensure compliance throughout the manufacturing process. 
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Figure 6.1 – Flowchart for all steps required to compile the IMDD to comply with the requirements of Article 82 and 
Annex I of the Medical Device Regulation 2017/745.  
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Some examples of the steps approached upon to compose the IMDD are provided below:  
 

Chapter 1.1.e – Rationale qualification of medical device 

The Steerable Obturator is qualified as a medical device, because: 

A medical device means any instrument, apparatus, appliance, software, implant, reagent, 
material or other article intended by the manufacturer to be used, alone or in combination, for 
human beings for one or more of the following specific medical purposes:  diagnosis, 
prevention, monitoring, prediction, prognosis, treatment or alleviation of disease. 
 
As per the underlined definition above the Steerable Obturator is considered a medical device  
“INSTRUMENT USED IN COMBINATION FOR TREATMENT OF DISEASE”   
 
 

Chapter 1.1.f – Risk class of the device and justification 

The Steerable Obturator is intended to be used in combination with another device, but the 
classification rules apply separately to each of the devices in accordance with Annex VIII, 
Chapter II, 3.2 of Medical Device Regulation 2017/745. Therefore, risk class of the device is 
Class IIA. 

The Steerable Obturator is not in direct contact with the patient. The Steerable Obturator is 
covered by the commercially available 240 mm ProGuide sharp 6F needle (Elekta Instrument 
AB, Sweden). The Steerable Obturator Assembly, comprising of the Steerable Obturator and 
ProGuide sharp 6F needle, is implanted in the body through the perineal skin for positioning of 
the ProGuide sharp 6F needle according to the treatment plan. After positioning, the Steerable 
Obturator is withdrawn while the ProGuide sharp 6F needle is left in situ. The Steerable 
Obturator Assembly is intended for transient use (<< 60 minutes) and is disposable. 
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Chapter 2.b – Instructions for Use 
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Chapter 3.b – Design and manufacturing process flowchart 
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Chapter 6.1.b – Detailed information on the preclinical verification tests performed  
 

Product 
verification 
test 

 
Justification / Requirements 

 
Applied 
Standards 

 
Results 

 
Pass 

 
Material test 

 
Usage of approved stainless 
steels for manufacturing of 
Steerable Obturator.  

EN 10270-3:2011 

EN 10204-
3.1:2004 

ISO 7153-1:2016 

 
Certificate covers said standards EN 10270-3, EN 10218-
2, ISO 693101, EN 10088-3:2014, EN 10088-5:2009, EN 
10272:2016. EN 0277-1, EN 10278. Materials conform 
ISO 7153-1:2016. 

Yes 

 
3 Pointbending 
Test  

Evaluation of flexural rigidity for 
the purpose of the buckling test. 

Flexural rigidity (E x I):  
7000 - 12000 N*mm2 

ISO 7500-1:2018   
 
ISO 7438:2020 

 
The Steerable Obturator Assembly has a flexural rigidity 
of 7588 N*mm2.  

Yes 

 
Buckling Test  

Evaluation of potential buckling 
during skin puncturing. 

 
Not applicable 

Buckling will occur during skin puncturing. Pre-puncturing 
with a Steel Implantation Needle and extra support at the 
middle of the free length of the Steerable Obturator 
Assembly are required (indicated in the IFU). 

Yes 

 
Uni-axial  
Tensile Test 

- Young’s Modulus (Emod) of 
material: > 180 GPa 

- Yield Strength (σy) of material: 
> 1500 MPa 

- Ultimate Tensile Strength 
(UTS) of material: > 1700 MPa 

 
ISO 7500-1 

ISO 6892-1:2019 

ISO 9513:2012 

 
- Emod of material: 196.9 GPa 

- σy of material: 1582 MPa 

- UTS of material: 1770 MPa 

Yes 

 
Steerability 
Test 

Steering of 15 to 20 mm over 
100 mm insertion depth in 
various tissues. 

 
Not applicable 

The Steerable Obturator Assembly allows for lateral 
steering up 10 and 20 mm over 60 and 100 mm insertion 
depth, respectively. 

Yes 

 
Phantom 
Evaluation 
Test 

Validation of phantom for the 
purpose of preclinical user test 
by medical physicians. 

 
Not applicable 

 
The phantom is suitable for preclinical user test based on 
comparability to real clinical use by the physicians. 

Yes 

 
 
Preclinical 
User Test 

Evaluation of dosimetric 
optimisation and preclinical 
performance with Steerable 
Obturators in clinical HDR BT 
setting. 

 
 
Not applicable 

Implantation of the Steerable Obturator Assemblies was 
possible with excellent agreement between pre,- and 
post-implantation treatment plan, without major changes 
in workflow, without changes to the clinical set-up and 
without significant impact on implantation time. 

Yes 

 
 
Bioburden 
Test 

Evaluation of the amount of 
micro-organisms on the medical 
devices during a batch 
validation. 

 
 
ISO 11737-1:2018 

No micro-organisms found on the medical devices.  

Batch is approved by MicroServe for clinical test. 

 
Yes 

 
Sterilisation 
and Validation 
Test 

Evaluation of sterility of the 
medical devices in final 
packaging during a batch 
validation. 

ISO 11137-1:2015 

ISO 11737-2:2015 

ISO 11737-1:2018 

ISO 11737-2:2020 

No growth of micro-organisms found on the medical 
devices.  

Batch is sterile and approved by MicroServe for clinical 
test. 

Yes 
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6.3 CLINICAL RESEARCH PROTOCOL  
 
The clinical research protocol is required for MREC-approval. The summary of our proposed Phase I 
study with the Steerable Obturators is provided below. Note that the clinical protocol has not yet been 
submitted to, nor approved by the MREC. 

 
Rationale:  

Sufficient distribution of all HDR BT needles in the prostate is required in high-dose-rate (HDR) prostate 
brachytherapy (BT) to ensure an effective treatment. Challenges that remain in current clinical practice 
are patients that experience 1) pubic arch interference (PAI); the pubic arch restricts access to the 
ventrolateral part of the prostate, 2) too wide prostates; the width of the prostate extends the width of 
the transperineal template, and 3) lesions ventral to the urethra; the urethra restricts access to the 
lesion. These challenges can result in inaccessibility of parts in the prostate, thus either underdosage 
of the target volume or pursuing another therapy. In addition to access restrictions, needle targeting 
errors induce non-conformity to the pre-treatment plan and potentially less effective therapy outcomes. 
Physicians are challenged by needle deflections, reported to be up to 3.8 mm from the intended end 
position. Steerable Obturators are expected to increase the accessibility of the prostate by allowing for 
curved trajectories during insertion to reach currently inaccessible parts and avoid intermediate 
structures, while obtaining a high targeting accuracy.  

 
Objective:  

The Steerable Obturator is an investigational device for the purpose of a first in human clinical 
investigation conform Article 82 of the Medical Device Regulation 2017/745. The primary objective of 
the proposed phase I study is to show the safety and feasibility of Steerable Obturators in HDR prostate 
BT. This will be evaluated by the ability to insert the conventional ProGuide outer needles using 
Steerable Obturators, and control the trajectory of the ProGuide outer needles over a linear trajectory 
and a curved trajectory.  
  
 
Study design:  

This phase I study consists of 2 stages, both designed to evaluate safety and feasibility of Steerable 
Obturators in the clinical HDR prostate BT setting.  

• Stage 1) is designed as a non-inferiority phase I study in which 1 patient will be treated 
using HDR prostate BT monotherapy, using ~50% Steerable Obturators and -50% 
ProGuide Obturators [Elekta Instrument AB, Stockholm, Sweden] combined, to 
evaluate the safety and feasibility of Steerable Obturators in the clinical setting when 
controlled and inserted over a linear trajectory. The goal is to exactly apply HDR BT as 
in current clinical practice and to demonstrate the ability to establish equal dosimetric 
objectives used in current practice when incorporating Steerable Obturators. The rigid 
ProGuide Obturators have to be inserted straight, parallel to each other with the aid of 
the transperineal template as in current practice. 

• Stage 2) is designed as a phase I study in which 9 patients will be treated using HDR 
prostate BT monotherapy to evaluate the safety and feasibility of Steerable Obturators 
in the clinical setting when controlled and inserted over a curved trajectory. The goal is 
to demonstrate the ability to establish equal dosimetric objectives used in current 
practice when incorporating 1 Steerable Obturator controlled and inserted over a 
curved trajectory in combination with ProGuide Obturators for all other insertions. The 
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ProGuide Obturators have to be inserted straight, parallel to each other with the aid of 
the transperineal template as in current practice. 

Study population:  

Men with low/intermediate-risk PCa (clinical stage ≤T2b, prostate-specific antigen (PSA) ≤ 15 ng/ml, 
Gleason score 6 or 7 (3+4)) who are considering HDR prostate BT monotherapy in Erasmus MC are 
eligible for this study.  
 

Intervention (if applicable):  

All prostate cancer patients will be treated with HDR prostate BT monotherapy. HDR BT monotherapy 
is delivered in 2 fractions of either 13.5 Gy as in current practice. The 2 fractions are delivered with at 
least 6-hour interval. The ProGuide outer needles stay in situ between fractions with the patients in 
supine position. 

 
Main study parameters/endpoints:  

The primary endpoint of this study is to determine the safety and feasibility of the Steerable Obturator 
in HDR prostate BT. This will be evaluated by the ability to insert the ProGuide outer needles using the 
Steerable Obturator, and control the trajectory of the ProGuide outer needles over a linear and a curved 
trajectory. Secondary endpoints of this study are to evaluate needle targeting accuracy, conformity to 
the dose constraints used in current practice, the workflow (procedure time and required modifications 
compared to current workflow) and the usability.   
 

Nature and extent of the burden and risks associated with participation, benefit and group relatedness:  

The patient extra burden can be limited to a possible extension of 5 extra minutes under general 
anaesthesia at the first BT session and possibly the need to replace a ProGuide outer needle placed 
with a Steerable Obturator with a ProGuide Obturator. 
 
The benefit of participating in this study for all participating men is the satisfaction of participating in a 
trial in order to determine the safety and feasibility of the Steerable Obturator in HDR prostate BT and 
with that improve the standard of care for future prostate cancer patients.  
 

6.4 CONCLUSION   
 
This chapter outlines the procedure followed for clinical investigation of a developed instrument, 
ensuring compliance with the requirements specified in Article 82 of the MDR. We manufactured a 
prototype at an academic institution in accordance with protocols based on ISO 13485 and start the 
first in human trial with the Steerable Obturators in a hospital upon MREC-approval. This example can 
be used as guide for future researchers who want to use their technical development for clinical 
research. 
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ABSTRACT 
 
Conformity of tumour volumes and dose plans in prostate brachytherapy (BT) can be constrained by 
unwanted needle deflections, needle access restrictions and visualisation limitations. This work 
validates the feasibility of teleoperated robotic control of an active steerable needle using magnetic 
resonance (MR) for guidance. With this system, perturbations can be counteracted and critical 
structures can be circumvented to access currently inaccessible areas. The system comprises of (1) a 
novel steerable needle, (2) the Minimally Invasive Robotics in an MR environment (MIRIAM) system, 
and (3) the daVinci Research Kit (dVRK). MR scans provide visual feedback to the operator controlling 
the dVRK. Needle steering is performed along curved trajectories to avoid the urethra towards targets 
(representing tumour tissue) in a prostate phantom with a targeting error of 1.2 ± 1.0 mm. This work 
shows the potential clinical applicability of active needle steering for prostate BT with a teleoperated 
robotic system in an MR environment. 
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7.1  INTRODUCTION   

Prostate cancer is the second most common cause of cancer related deaths among men [1]. High-
dose-rate (HDR) brachytherapy (BT) is a form of internal radiotherapy with excellent clinical outcomes 
for localised prostate cancer [2]. This technique ensures high radiation dose to the target volume while 
sparing surrounding healthy tissue. For this purpose, radioactive sources are temporarily placed in the 
target volume using rigid needles and transrectal ultrasound (TRUS) visualisation for guidance [3]. A 
crucial factor of obtaining conformal dose coverage is high targeting accuracy of the inserted needles 
[4]; inaccurate needle positioning can lead to misplacement, and consequently, radiation hot- or cold-
spots. Unfortunately, TRUS imaging presents limited visual feedback of the internal structures and 
lesions [5] while needle tip visualisation can be difficult [4,6,7]. To complement TRUS visualisation, 
magnetic resonance imaging (MR, MRI) has been incorporated in BT protocols for treatment planning. 
This technique provides anatomical data and functional information of the prostate gland including 
potential lesions [8]. The disadvantage of MRI-TRUS visualisations is that images are collected at 
different moments and typically in different rooms, resulting in patient motions and introducing 
inaccuracies [9,10]. 
 
MR-guided prostate BT does not require patient repositioning, and has demonstrated its feasibility in 
the last decades [11]. This approach posed new challenges such as the use of non-magnetic 
instrumentation only, and limited workspace within the MR scanner. Accordingly, MR-compatible robotic 
systems have been developed to perform prostate BT under MR-guidance inside the MR scanner [11–
13]. Previously, we have developed the MR-compatible “Minimally Invasive Robotics in an MR 
environment” (MIRIAM) system [14], with a 5 degree of freedom (DOF) parallel robot and 4 DOF driver 
for insertion and steering of a bevel-tip biopsy needle under MR-guidance.  
 
Most robotic BT systems are focused on low-dose-rate (LDR) [11,15,16], and some on HDR solutions 
[17,18]. The systems typically provide needle guide conditions for straight path insertions. To reduce 
needle misplacements, several developments have aimed to improve the needle placement accuracy, 
or enhance the accessibility of tumours located ventrally to the urethra or behind the pubic arch, or 
avoid the penile bulb or neurovascular bundles [10,19–22]. Earlier studies showed that increased 
accessibility of the prostate could improve dosimetric outcomes [22–25]. To reduce placement errors, 
Lagerburg et al. developed a robot that performed needle tapping during insertion [26], while other 
robots performed needle rotation to reduce insertion forces and improve targeting accuracy [27,28]. 
Steerable needles have been developed to follow curved trajectories and counteract unwanted 
deflections by actively manipulating the distal tip during the insertion which is manually performed [29–
31]. In the work of Kohn et al., a tendon-driven steerable needle system for prostate HDR BT is 
presented [32]. For needles with compliant parts, local rigidity needs to be carefully attuned, to maintain 
steerability, mitigate hazards (snapping, buckling), and uphold needle state predictability. It was shown 
in the study of de Vries et al. that active HDR BT needles can be developed without significantly 
reducing the axial and flexural rigidity, thus ensuring controllability of the needle trajectory and accurate 
targeting in various inhomogeneous tissues [29]. Needle steering was possible regardless the initial 
insertion depth.  
 
The contribution of this work is the validation of feasibility of teleoperated and MR-guided robotic control 
of an actively steerable HDR BT needle. It therefore combines previously developed components and 
systems, comprising of the MIRIAM system and the da Vinci Research Kit (dVRK), for MR-guided HDR 
prostate BT using steerable needles. The system combines high precision of piezoelectric actuation 
and real-time control of the steerable needle. The multiple DOFs of the system enables control from 
outside the operating room over the orientation, position, and the degree of steering of the needle. The 
system architecture and workflow are outlined and teleoperation of the steerable needle is performed 
in an experiment with a developed prostate phantom in the MR scanner. The purpose of this work is to 
show the feasibility of the MR-compatible system and the successful workflow by inserting the steerable 

TELEOPERATION IN MR-ENVIRONMENT

7

103



 

needle along a curved trajectory towards an obstructed target in the prostate tissue phantom under MR-
guidance. With this, we highlight the ability to perform teleoperated adaptive BT in the MR bore with 
increased accessibility to the prostate gland.   
 
7.2  MATERIALS AND METHODS  

 

7.2.1 System components  
 

The teleoperated system integrates three subsystems: 1) the developed MR-compatible steerable 
needle, based on the design described by de Vries et al. [29], 2) the MIRIAM system designed by 
Moreira et al. [14] and 3) components from the da Vinci Surgical System which is widespread available 
in hospitals used for robotic-assisted surgery [33,34].  
 

Steerable needle  
 

The steerable needle comprises of a flexible outer needle with conical tip of polyoxymethylene 
(ProGuide sharp 6F needle, Elekta Instrument AB, Stockholm, Sweden) and a superelastic nitinol inner 
needle of 270 mm. The inner needle is a single-piece rod of ø 1.46 mm machined into four quarters by 
electric discharge machining along the longitudinal axis of the rod while keeping both ends of the rod 
connected. Bending the proximal end of the steerable needle results in pulling and pushing forces, 
which are transferred through the segments of the inner needle. The outer needle prevents sideways 
movement of the segments which results in distal tip steering in the opposite direction while the needle 
guide functions as pivot point. After placement, the steerable inner needle can be retracted and re-
used, while the outer needle can be connected to the BT afterloader for the introduction of the 
radioactive source. The inner needle makes no patient contact. The steering principle is depicted in 
Figure 7.1. 

 
Figure 7.1 - Needle steering mechanism. Bending the proximal end of the steerable needle introduces longitudinal movement 
of the four segments and steering of the distal end in the opposite direction. The needle guide is a roller support allowing for 
longitudinal movement of the steerable needle while constraining off-axis movement.  
 

MIRIAM system  
 

The MIRIAM system for prostate biopsies consists of nonmagnetic components, and the low-level 
controller and motor drivers of the MIRIAM system are located in a controller cabinet outside of the MR 
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scanner room to minimise electromagnetic interference in the MR scanner and is connected using 10-
meter-long shielded cables going through the waveguide [14]. The system is adapted for the purpose 
of BT omitting the functionality to collect tissue samples for diagnostics via the needle firing system. 
The adapted MIRIAM system facilitates the attachment and alignment of the steerable needle using a 
hinge joint and needle guide for guidance as shown in Figure 7.2. The needle attachment point can be 
moved using a 5-DOF parallel robot actuated by HR2 and HR8 piezo-electric motors (Nanomotion, 
Yoqneam, Israel). The base structure is made from ceramic rods and the needle attachment point is 
positioned using five extendable carbon fibre reinforced rods.  
 

Da Vinci Research Kit  
 

The MIRIAM system is controlled by the dVRK containing components from da Vinci Surgical Systems 
(Intuitive Foundation, Sunnyvale, CA, USA) and used for minimally invasive surgery [33,34]. The dVRK 
is a telerobotic surgical research platform that allows 3D visualisation, and position, velocity and current 
control. The dVRK has a Master Tool Manipulator (MTM) which is controlled by the operator and used 
as input for the system while a stereo viewer provides visual feedback to the operator.   
 

 

Figure 7.2 – MR-compatible MIRIAM system with the steerable needle attached. 

 

7.2.2 Control and communication  
 

A continuous exchange of information between the MIRIAM system and the dVRK allowed for actuation 
of the steerable needle in the XZ-plane via velocity control using the equation:  
 

𝒗𝒗 = 𝑘𝑘	 ∙ 	∆𝒙𝒙	,  (1) 
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where 𝒗𝒗	is the velocity (m/s) of the needle attachment point, 𝑘𝑘	is a scaling constant, and ∆𝒙𝒙 is the 
change in MTM position (m). The continuous exchange of information through the local area network 
(LAN) provides plug and play operation of the system, while the user datagram protocol (UDP) ensures 
fast communication. The dVRK side uses the open source Robotic Operating Software (ROS) package 
version Noetic Ninjemys and the MIRIAM side uses MATLAB 2016 with a protocol handling the 
communication between the MIRIAM system and the dVRK (Figure 7.3). Continuous visual feedback 
collected from the MR scanner is provided to the operator. The actual position and the next position of 
the MIRIAM system, proposed by the operator using the MTM, are visualised and live updates of the 
movement are provided to the operator located outside the MR scanner room. 

 
Figure 7.3 – Communication protocol between the MIRIAM system and the dVRK. The system is initiated by the operator 
on the MIRIAM PC, information about MIRIAM is sent to the daVinci PC and the MIRIAM PC returns to a waiting phase. The 
daVinci PC processes the input, sends information about the MTM of the dVRK to the MIRIAM PC and returns to the waiting 
phase. The MIRIAM PC processes the information and the loop repeats itself. As both systems wait for an input from the other 
PC they will remain in synchronisation. Information is exchanged between the two PCs via Ethernet. The dashed arrows relate 
to the first steps, the other arrows relate to the second steps. 
 

The software of the MIRIAM system is reprogrammed to switch between the steering and the insertion 
state triggered by the position of the MTM. Reorientation of the tip is performed in the steering state, 
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while needle insertion is performed in the insertion state following the orientation of the tip. During 
operation, continuous path length estimations ensure that the carbon fibre reinforced rods of the 
MIRIAM system have the length required to reach the pre-defined target. This is evaluated for every 50 
cycles between the MIRIAM system and the dVRK system to provide fast and accurate communication. 
In the steering state, the position from the MTM is continuously received and converted to the deviation 
of the MTM from the starting position where ∆𝒙𝒙 is multiplied by the scaling constant 𝑘𝑘 = 0.005. The 
constant is experimentally derived to provide control stability after evaluating the end effector movement 
with various constants (1, 0.1, 0.01 and 0.005). The output velocity value is coupled to the pre-defined 
input position for the MIRIAM system and converted into a discrete function via:  
 

𝜟𝜟𝜟𝜟𝜟𝜟𝜟𝜟
%&

=	 𝜟𝜟𝜟𝜟𝜟𝜟𝒌𝒌'𝜟𝜟𝜟𝜟𝜟𝜟𝒌𝒌"𝟏𝟏
(

	,  (2) 
 

where ∆𝒑𝒑𝒑𝒑𝒑𝒑 is the change in position of the needle attachment point and ∆𝑡𝑡 is the change in time. For 
every time step (ℎ) with a frequency of 100 Hz Equation (3) can be applied by combining Equations (1) 
and (2):  
 

𝒑𝒑𝒑𝒑𝒔𝒔𝒌𝒌 = 	𝒑𝒑𝒑𝒑𝒔𝒔𝒌𝒌'𝟏𝟏 + 0.01 ⋅ 𝑘𝑘	 ∙ 	∆𝒙𝒙 ,  (3) 
 

where 𝑘𝑘 is a scaling constant and ∆𝒙𝒙 is the change in position of the MTM in the X-direction related to 
the starting position. Equation (2) is used to change the position for the MIRIAM system based on the 
input of the MTM after which the X, Y and Z coordinates of the position (see Figure 7.2) are sent to 
MIRIAM system. MIRIAM X and Z coordinates were coupled so that the needle attachment always 
moved in an arc-like manner around the needle guide. This prevented needle insertions or retractions 
(Z coordinate) when steering conditions were changed (X coordinate). For insertion ∆𝒙𝒙 in Equation (3) 
is replaced by ∆𝒛𝒛. This method directly translated forward motion of the MTM to the insertion of the 
steerable needle, while backward motion of the MTM caused needle retraction.  
 

7.2.3 Experimental set-up  
 
The MIRIAM system with the steerable needle attached was placed in the MR scanner while the dVRK 
for the control was at a remote location. The components of the system and a schematic of the targeting 
experiment in a prostate phantom are shown in Figure 7.4. 
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Figure 7.4 – System components and schematic of the targeting experiment. The MIRIAM system holds the steerable 
needle and is placed in the 1.5 T MR scanner. The da Vinci Research Kit (dVRK) is placed outside the MR scanner room and 
the operator controls the MTM of the dVRK to perform the targeting experiment in which the needle is steered towards a pre-
defined target in the prostate phantom. The system is connected via Ethernet using the local area network.  
 

7.2.4 Prostate phantom  
 

The prostate phantom contained targets ventrally located to the urethra at a depth of 80 to 87 mm. The 
prostate phantom is based on an anonymous patient dataset containing a 65.8 cc prostate and is 
fabricated of 10 wt.% porcine gelatine (Dr. Oetker, Bielefeld, Germany) approximating the Young’s 
modulus of prostate tissue (58.8 ± 8.2 kPa) [35]. The MR images are segmented in SolidWorks 
(Dassault Systèmes SOLIDWORKS Corp.) and a mould is 3D-printed for manufacturing the prostate 
gland. The phantom contained a prostate gland, adipose tissue, pubic arch of acrylonitrile butadiene 
styrene, urethra (ø 5 mm silicone rubber rod), rectum and four ø 1 mm targets (carbon fibre reinforced 
tubes). To distinguish between the prostate and the adipose tissue 5 grams of contrast powder (Sudan 
orange G, Carl Roth, Karlsruhe, Germany) is added to the prostate.  
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7.2.5 Experimental protocol  
 

The ability to steer the needle along a curved trajectory while avoiding intermediate structures and 
reach the pre-defined target with the teleoperated system is evaluated for ten insertions in a prostate 
phantom under MR-guidance (MAGNETOM Aera 1.5T, Siemens Healthineers, Erlangen, Germany). 
The curvature of the trajectory towards the pre-defined target remained with the operator and 
adaptations of the input position for the MIRIAM system were allowed during insertion to accurately 
reach the target. Figure 7.5 shows an example of steering with the steerable needle attached to the 
MIRIAM system.   
 

 

Figure 7.5 – Steering example with the steerable needle attached to the MIRIAM system. The steerable needle is inserted 
in a medium along a curved trajectory to reach a pre-defined target while circumventing the intermediate structure. Steering is 
applied after penetrating the medium to obtain steering from the neutral axis. 

 

7.2.6 Data acquisition and analysis  
 

Real-time T1-Weighted TurboFlash in 2D (T1W-TF2D) scans are acquired. The imaging parameters 
were: FOV = 191x272 mm; flip angle = 70o; TR/TE = 250.85/1.24 ms; voxel size = 1.31 x 1.31 mm; slice 
thickness = 8 mm and number of slices = 1. High resolution scans are acquired with imaging 
parameters: FOV = 150x180 mm; flip angle = 160o; TR/TE = 5590/101 ms; voxel size = 0.56 x 0.56 
mm; slice thickness = 3 mm and number of slices = 19. The relatively low resolution of the real-time 
scans challenged evaluation of the needle tip position. Thus, a second order polynomial fit was made 
to the simple path curvature to assess the targeting error (see Figure 7.6). The error is assessed in-
plane in 2D by the Euclidean distance between the target and the determined end position of the 
steerable needle tip on the coronal slice.
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7.3 RESULTS  
 

The communication between the 
MIRIAM system and the dVRK 
system, and the control of the 
steerable needle by the integrated 
system were successful as 
teleoperated adaptive steering 
could be performed with dVRK in 
the MR environment. Figure 7.6A 
shows a high resolution MR scan 
of the phantom in coronal plane 
and Figure 7.6B shows real-time 
MR scans with segmented needle 
trajectories and the resulting 2D-
error between the needle tip and 
target positions.  

Figure 7.6 – MR scans in coronal plane of the inserted steerable needle in the prostate phantom. The opacity of the 
prostate is changed for visualisation purposes. (A) High resolution MR scan, (B) Real-time MR scans indicating the segmented 
curved trajectories of the steerable needle (red), the targets (blue) and the targeting errors (orange) for several insertions.   
 

In the steering state, the maximum velocity in X-direction of the needle attachment point was ~0.001 
m/s, while the maximum insertion velocity was ~0.02 m/s. The latency for control between the two 
systems was on average 8.5 ms (range: 0.43 - 51.7 ms) and MR scans were sent to the operator every 
2 seconds. The pre-defined target was reached for all ten insertion after 60 to 180 seconds without any 
reinsertion required and following different curved trajectories with an average targeting error of 1.2 ± 
1.0 mm (Table 7.1).  
 

7.4 DISCUSSION  
 
This work presented teleoperated needle steering in an MR environment for the purpose of HDR 
prostate BT. We showed the feasibility of the teleoperation system and high targeting accuracy of the 
steerable needle in a prostate phantom. The system integrated three subsystems: 1) the steerable 
needle, 2) the MIRIAM system and 3) the dVRK, while MR scans provided the ability to continuously 

          Trial              Target Targeting error (mm) 

1 Left 0.92 
2 Left 1.72 
3 Bottom 0.13 
4 Bottom 2.33 
5 Right 0.41 
6 Right 1.32 
7 Right 0.56 
8 Top 2.72 
9 Top 0.81 

           10 Top 1.12 
       Mean ± σ           1.2 ± 1.0 

Table 7.1 – Absolute targeting errors in 2D of the steerable needle 
insertions in the prostate phantom. σ = standard deviation. 
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monitor the steerable needle trajectory and adapt the level of steering if required during the procedure. 
The system is plug and play which allows it to be used in the MR scanner room with minimal adaptations 
to the set-up. The device places standard ProGuide needles that are directly usable in the subsequent 
radiotherapeutic workflow. Only positioning of the MIRIAM system in the MR scanner and the HDMI 
connection for the MR signal are required.  
 
The needle targeting accuracy we obtained in this work is comparable to other studies with MR-
compatible BT robots [36]: needle positioning errors of 0.9 to 3.2 mm were reported of which some 
studies evaluated oblique needle insertions [21]. All errors remained below the limit of 3 to 4 mm used 
by Borghede et al. [37] when exceeded requiring needle reinsertion. More recently, the CoBra research 
group developed an MR-compatible robot suitable for LDR prostate BT with active steerable needles 
to bypass intermediate structures. The system incorporated a module with piezoelectric motors to be 
mounted on the robot for BT needle steering [38], while our system required attachment of the steerable 
needle only. As a result of increased accessibility of the target volume and the promising dosimetric 
outcomes in earlier studies [22–25], one can emphasise that our system ensures a sufficient dose 
coverage in the prostate. 
 
The integrated system in this work can be classified as a Level II system as “a human specifies general 
moves or position changes and the machine decides specific movements of its actuators” [21]. To 
upgrade this human-in-the-loop system to a level IV system in which “the machine will create and 
complete all its tasks without human interaction”, a predictive model with path planning and closed-loop 
control should be integrated using visual information of the MR scans. Apart from this, optimisation of 
the teleoperation system is required. Firstly, the MIRIAM system has limited movement possibilities in 
the Y-direction while for clinical application steering in X,- and Y-direction is required so that for example 
pubic arch interference can be overcome. Currently, we are working on scan plane control to 
automatically reposition the image plane, which will allow for future 3D steering studies. Secondly, the 
dVRK system allows for 3D visualisation and haptic feedback while not implemented in this work. As 
the needle has a non-negligible stiffness, the X-Z motion coupling, to move the needle attachment point 
in an arc-like manner around the entry point in the needle guide, was only sufficient by approximation: 
slight axial displacements of the needle tip were still observed when the level of steering was adjusted. 
Thirdly, it was previously shown that in particular open or hollow nitinol structures can cause artefacts 
in MR images, caused by shielding effects [39,40]. In our case, we did not see such effects, as our most 
inner component was made from nitinol and we used a polynomial fit on the real-time scans to assist in 
error determination. Nevertheless, it is recommended to approximate more complex needle trajectories 
using a higher order polynomial, and to determine the targeting error in 3D. Finally, we recognise that 
our validations were performed in a static and homogeneous phantom environment. True system 
validation will require a continuation of this work in a more realistic settings. 
 
The ability to steer the distal tip of the steerable needle allows for counteracting perturbations and follow 
a pre-defined trajectory. With this, the teleoperation system can be suitable for other treatments such 
as brachytherapy of the cervix, and biopsies or focal laser ablation of liver and prostate cancers, with 
only minor changes to workflow and without the need to develop a completely new robotic system.
  

7.5 CONCLUSIONS 
  

This work showed the feasibility of teleoperated MR-guided needle steering for BT interventions in a 
prostate phantom. The mode of operation of the system was validated and high targeting accuracy was 
obtained in a prostate phantom. MR scans provided the ability to continuously visualise both the 
steerable needle and the target position. The teleoperated system allowed for adaptive steering of the 
needle thus compensating for deviations from the pre-defined trajectory, avoiding intermediate 
structures and reaching previously inaccessible target locations.   
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8.1 INTRODUCTION 
  

Various steering mechanisms have been investigated in earlier studies [1–6]. In Chapter 4, we 
proposed a bendable lever for high-dose-rate (HDR) prostate brachytherapy (BT). In this chapter we 
explore two other steering mechanisms: (1) the pull-push mechanism and (2) the pre-bent tip. The pull-
push technique has been developed for the application of low-dose-rate (LDR) prostate BT, using a 
robotic system for actuation and permanent radioactive seeds for irradiation, in a magnetic resonance 
(MR)-environment. Pre-bent tip steering has been investigated for the treatment of brain malignancies, 
in which radioactive microspheres are injected directly into the tumour for local irradiation. This 
experimental treatment is referred to as micro-brachytherapy (micro-BT) and utilises MR scans for 
image-guided therapy.   
 
Steering principle (1) enables adaptive steering of the distal needle tip upon actuation of the segments 
in the axial direction to create a curved trajectory during insertion (Figure 8.1). Retraction of the inner 
needle from the outer needle creates an open channel towards the target for radioactive seed 
placement. 

 
Figure 8.1 – Steering technique: pull-push. Axial movement of the segments at the proximal end creates an offset which 
provides distal tip steering. Drawing is not to scale. 

 
Steering principle (2) ensures a straight channel towards a pre-defined position, after which the pre-
bent inner needle is advanced out of the outer needle, allowing for a curved open channel towards the 
target (Figure 8.2). Axial translation and rotation of the inner needle can be controlled by the operator 
at the base to reach different targets from the initial straight channel.  

 
Figure 8.2 – Steering technique: pre-bent tip. Rotation of component (A) and (B) at the base enable rotation and axial 
translation of the inner needle for distal tip steering, respectively. Drawing is not to scale. 
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8.2 PULL-PUSH MECHANISM   
 
In the Interreg 2 Seas CoBra research project a novel robotic device is developed to improve the quality 
of diagnosis and LDR BT of organ-confined prostate cancers in an MR-environment. At our institution 
(TU Delft) we developed a LDR BT module including a novel active steerable needle with 2 rotational 
degrees of freedom at the distal tip to improve access to all parts of the prostate and control unexpected 
needle deflections during the insertion. This approach potentially improves dose conformity and 
reduces the number of transperineal insertion points. Focus within this project is on the delivery of 
permanent seeds for LDR BT as clinical partners had experience in this treatment. MR-guidance is 
used for high quality images of soft tissues, detection of micro-lesions and adaptive tracking of target 
motion.  

 
8.2.1 Design 
  
The inner needle is manufactured from a ⌀	 1.46 mm superelastic nitinol rod (Confluent Medical 
Technologies, CA, USA) with a length of 320 mm (Figure 8.1). The inner needle is split into four 
segments over a distance of 318 mm using the electrical discharge machining process described in 
Chapter 4. The outer needle comprises of a polyimide tube of 220 mm (⌀inner: 1.47 mm, ⌀outer: 1.60 mm, 
Nordson Medical, Westlake, Ohio, USA) and 200 mm superelastic nitinol cannula (⌀inner: 1.65 mm, ⌀outer: 
1.80 mm, Euroflex GmbH, Pforzheim Germany). The degree and direction of needle steering can be 
controlled upon axial actuation of the piezoelectric motors (MOTOR LT2020C-030D1A00, PiezoMotor 
Uppsala AB, Sweden) which are connected to the proximal end of the segments (Figure 8.3). To align 
the segments with the motors a guiding block is 3D-printed using Selective Laser Sintering (SLS). The 
Acrylonitrile Butadiene Styrene (ABS) block contained four curved channels for guiding the segments. 
Omnidirectional steering is achieved at the tip by a jointless integrated pull-push mechanism. For 
example, actuating the two upper and two lower piezoelectric motors to provide a pull and push 
movement, respectively, causes upward steering of the steerable needle. The most distal 20 mm of the 
outer needle does not contain nitinol to ensure flexibility of the tip. After needle placement, the inner 
needle can be retracted to create an open channel for LDR seed delivery via the two-way port. The 
outer needle remains in the body and can be used to create a new trajectory for subsequent seed 
delivery.   
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Figure 8.3 – LDR prostate BT module. (A) 3D-model of LDR BT module on linear actuation unit of developed robot (see Figure 
8.4B) and (B) prototype of LDR BT module. The distal end of the needle is enlarged in the bottom right. 

 
8.2.2. Summary of evaluation 
  
The feasibility of needle steering with the LDR BT module is evaluated in experiments with a prostate 
phantom similar to the phantom described in Chapter 5.2. Active steering in the prostate phantom was 
possible in all directions and steering up to 15 mm over a 110 mm distance was obtained (Figure 8.4A).  
 
Artefact formation of the needle and piezoelectric motors is evaluated in 3 T magnetic resonance 
imaging (MRI) (Ingenia system, Philips, Best, the Netherlands) (Figure 8.4B). Figure 8.4C shows that 
the largest distortion is observed at the distal end of the superelastic nitinol components.  
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Figure 8.4 – Evaluation experiments of LDR BT module on developed robotic system in 3T MRI. (A) upward needle steering 
to circumvent pubic arch in a prostate phantom, (B) evaluation of LDR BT module on developed robot in 3T MRI on 3D FFe scans 
for artefact quantification, and (C) artefact measurements on MR scan of distal end of needle as indicated in Figure 8.3B). The 
imaging parameters were: flip angle = 8°; bandwidth = 271 Hz; slice orientation = coronal, slice thickness = 0.5 mm and number 
of slices = 101.  
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8.3 PRE-BENT TIP 
 

Chapter contains the summary of the paper “Dedicated holmium microsphere administration device for 
MRI-guided interstitial brain microbrachytherapy” published in Medical Engineering & Physics (2021) 
[7].    
 
The chapter presents a needle device for the purpose of intratumoural delivery of radioactive holmium-
166 microspheres (166Ho-MS) for the treatment of brain malignancies. Direct delivery of radioactive 
166Ho-MS in brain tumours looks promising [8,9], as it minimises toxicity to surrounding healthy tissue 
while the irradiation dose to the tumour can be high [10,11]. However, currently no dedicated needle 
systems exist for controlled administration of Ho-MS under MR-guidance. Normal straight syringes lack 
the ability to distribute the Ho-MS over the whole tumour and multiple punctures through healthy brain 
parenchyma are not desired as they may increase risk of haemorrhage and dissemination of cancer 
cells [12,13]. We propose a needle device to bypass the blood-brain barrier and ensure spatial 
deposition of 166Ho-MS in the tumour using a pre-bent needle tip. MRI is considered as a promising 
visualisation method for this application. MRI has high tissue contrast and allows for anatomical tumour 
reference in combination with quantitative distribution of the injected radioactive (166Ho) and non-
radioactive (165Ho) microspheres [11]. This approach may be beneficial in a highly selected group of 
patients with brain tumours. 

 
8.3.1 Design  
 
The needle device, which is designed to be used under MR-guidance, consists of an outer needle 
manufactured from the bioceramic material alumina oxide (⌀inner: 0.8 mm, ⌀outer: 1.6 mm, length: 200 
mm, Ortech Ceramics, Sacramento, California, USA) and an inner needle of superelastic nitinol (⌀inner: 
0.42 mm, ⌀outer: 0.71 mm, Euroflex GmbH, Pforzheim Germany) with pre-bent tip (Figure 8.5). Alumina 
oxide has optimal properties for this application: biocompatibility [14–16], low magnetic susceptibility 
(χalumina = -18.1 x 10-6) in MR scans [17,18], high material stiffness (Emod = ~370 GPa) [19] and scratch 
resistance [14–16]. Superelastic nitinol is reported to be biocompatible, resistant to fatigue and twist, 
and creates small susceptibility artefacts in MRI. The magnetic susceptibility value of nitinol is  
245 x 10-6, where human soft tissues are estimated to be in a range of ~20% of χwater = -9.05 x 10-6 [18].  
 

The tip has a curvature with a 15 mm radius over a distance of 0.5 π radians. The outer needle can 
create a linear channel towards the target volume, while the inner needle can be individually controlled 
by the user for axial translation and rotation using the mechanism at the base. With the pre-bent tip, it 
becomes possible to target an entire lesion of 30 mm in diameter. The superelastic properties of the 
material enable the distal tip of the inner needle to have a curvature [20,21]. This curvature adopts a 
straight orientation when advanced through the outer needle and returns to its pre-bent shape if the tip 
emerges from the outer needle. To facilitate the injection of Ho-MS, the inner needle can be connected 
to a syringe containing the Ho-MS suspended in a carrier fluid. This connection is established through 
a luer-lock mechanism on the proximal end of the instrument.  
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Figure 8.5 – Needle device with inner needle in its maximum position. Black arrows indicate intended rotational movement 
to control the axial translation and rotation of the inner needle. Components are identified by the grey arrows, text and numbers. 
Cross-section of the inner needle tip is enlarged in the bottom left.  

 
8.3.2 Summary of evaluation  
 
The performance of the developed prototype is assessed by measuring targeting accuracy of the inner 
needle tip after insertions in porcine gelatine phantoms of 13 wt.% (Gelatine, Dr. Oetker, Bielefeld, 
Germany), approaching the Young’s modulus of the stiffest brain tumour tissue found in Abramczyk & 
Imiela [22] (Emod = 75.7 kPa). A mean targeting error of 0.9 ± 0.6 mm was found in 2D for 168 insertions.  
 
Dose delivery capability with Ho-MS is validated in tissue phantoms mimicking a tumour in brain tissue 
(Figure 8.6A and 8.6B). This phantom was composed of a baseline composite hydrogel (CH) and 
incorporated a tumour phantom with a diameter of 50 mm. This diameter allowed for both positioning 
of the inner needle over a diameter of 30 mm and Ho-MS penetration in the phantom. The baseline CH 
was obtained by dissolving 1.125 wt% Polyvinyl Alcohol (PVA) and 0.425 wt% Phytagel in deionised 
water [23]. 0.0012 wt% Manganese chloride (MnCl2) was added to mimic the T2 MRI contrast of gray 
matter and tumour tissue [24]. The brain and tumour phantom had the same material composition but 
had one and two freeze-thaw cycles, respectively. Ho-MS injection was possible in all predefined 
positions resulting in a sufficient dose distribution of the Ho-MS.  
 
Next to mechanical and dose distribution performance, artefact quantification of the instrument is 
studied in a 3 Tesla MRI test (Figure 8.6C). The results indicated that the bioceramic material caused 
smaller distortions compared to the superelastic nitinol which is consistent with the magnetic 
susceptibility values. Furthermore, a more perpendicular orientation towards the magnetic field resulted 
in the largest artefacts due to the maximal susceptibility effect and the radio-frequency eddy current.  

EXPLORING OTHER STEERING MECHANISMS: PULL-PUSH | PRE-BENT TIP

8

121



 

 
 

Figure 8.6 – Evaluation experiments of pre-bent needle. (A) Injection protocol of the tumour phantom. Three cross-sections 
in transversal plane at different heights show the Ho-MS injection locations indicated by the cross-marks, (B) Microsphere depots 
according to Figure 8.6A, and dose distribution in brain tumour phantom. Visualisation is made with a multi-gradient echo MRI 
scan (left) and using Q-suite (right). Both images are merged with the T2W-TSE scan for visualisation of the instrument and 
anatomical tumour reference, and (C) artefact measurements on MR scan. Needle angle (°) towards the magnetic field, B0, is 
shown on the X-axis, the amount of distortion in (%) on the Y-axis. Al2O3 = alumina oxide, SE NiTi = superelastic nitinol. 
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8.4 DISCUSSION  
 
The proposed pull-push steering mechanism enables lateral steering up to 15 mm over 110 mm 
insertion depth in a prostate phantom. The steerable needle can be visualised in 3T MRI; however, 
distortions occurring at the distal end of the integrated nitinol components can pose challenges in 
accurately localizing the needle. Retraction of the inner needle creates an open channel towards the 
target that can be utilised for seed delivery in LDR prostate BT.  
 
The needle device with pre-bent tip can be used to inject Ho-MS directly into a tumour in brain phantom. 
Visualisation of the needle device and Ho-MS can be performed in 3T MRI. The pre-bent needle 
steering technique ensures a conformal dose distribution in the tumour requiring only one access 
channel through healthy brain tissue. The needle device has the potential to be an effective treatment 
method for brain malignancies and this approach may be beneficial in a highly selected patient group. 
 
The pull-push mechanism and the pre-bent needle approach maintain high axial and flexural rigidity by 
means of the design and can be used in an MR environment. Both steering techniques are suitable for 
manual and robotic control, although elaborated in this chapter only for one specific type of control. 
Differences in the design are a result of the requirements for the associated application: (1) the pull-
push mechanism allows active steering of the distal tip, after which the shaft follows the orientation of 
the tip during the insertion. The smooth curvature of the needle enables seed delivery for LDR prostate 
BT. Active steering is required for this application as the prostate lies relatively deep in the body and 
perturbations during an insertion could induce unwanted needle deflection. This steering concept can 
be used to mitigate deflections and insert the needle according to the treatment plan or to circumvent 
intermediate structures. Steering principle (2) involves the outer needle creating a straight channel 
towards the target volume, while the inner needle can be extended from the outer needle to reach 
multiple targets using its pre-bent tip. This allows for a proper distribution of Ho-MS within the tumour. 
The brain is a relatively soft organ and it is not likely that needle-tissue interactions will cause needle 
deflection. Therefore, this steering technique focuses on increasing the accessibility of the tumour while 
minimising the amount of punctures through healthy tissue, rather than adaptive steering as proposed 
for HDR and LDR BT.  
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9.1 SYNOPSIS  
 
The primary aims of this thesis were twofold: first, to demonstrate an innovative design for a steerable 
needle specifically developed for high-dose-rate (HDR) prostate brachytherapy (BT), and second, to 
evaluate if this developed steerable needle could make BT accessible for a patient population currently 
considered non-eligible. These aims were driven by the overarching goal of enhancing needle 
positioning, thereby improving current BT protocols and expanding the potential group of patients who 
could benefit from this technique. 
 
In current clinical practice, there is a regular need for improved accessibility of the prostate or 
adaptability of the needle trajectory once the needle is inserted. Insufficient distribution of needles inside 
the prostate can adversely affect the treatment plan and may result in the exclusion of patients from 
this safe and effective therapy. Recognising the challenges associated with needle positioning in 
prostate BT (Chapter 1), we delved deeper into the subject by conducting an extensive literature review 
in Chapter 2 and analysing patient datasets in Chapter 3. These endeavours provided valuable insights 
into the clinical need and the requirements for a steerable needle design which was proposed as a 
potential solution. 
 
Building upon the identified clinical need, we proposed a novel steering principle and manufactured a 
prototype, which was evaluated through verification tests in Chapter 4. To assess the dosimetric 
consequences of using the steerable needle, a preclinical validation study was conducted involving 
experienced physicians in the field of BT and presented in Chapter 5. The findings from this study 
provided insights into the potential benefits of utilising the steerable needle in improving dosimetric 
outcomes. Chapter 6 outlined the path towards conducting the first human trial with the developed 
medical device. Further explorations have been done in the field of robotic control, magnetic resonance 
guidance and alternative steering mechanisms in Chapter 7 and 8 to investigate the potential of steering 
technologies. 
 
This thesis holds significant value for future research in both technical and clinical domains. Engineers 
can gain insights from the presented steering techniques, defined design requirements, developed 
tissue phantoms, and the described process towards clinical investigation. From a clinical perspective, 
patients may benefit from this study in the future. The presented steerable needle has the potential to 
improve treatment plans and expand the application of BT to patients who are currently excluded due 
to a large prostate volume and/or excessive pubic arch interference (PAI). By addressing these 
challenges, the steerable needle technology opens up possibilities for enhanced treatment outcomes 
and broader eligibility for patients. 
 
For more specific discussions, please refer to the chapter discussions in this thesis. 
  

9.2 MAIN FINDINGS 
 

In prostate BT, "needle positioning errors" and "PAI" can disrupt the optimal distribution of needles 
within the target volume, resulting in insufficient dose coverage, ad hoc solutions or patient exclusion. 
The guidelines pertaining to these hazards are documented; however, they suffer from ambiguity. This 
lack of clarity poses difficulties in differentiating between errors that are considered "acceptable" versus 
"significant", as well as determining the threshold for classifying PAI as "minor" versus "excessive". We 
found that positioning errors were considered significant if they were greater than 2-4 mm (off-axis error) 
and 2-15 mm (longitudinal error). Excessive PAI was determined using various methods, including an 
overlap distance exceeding 10.0-11.3 mm in the supine position and 4-10 mm in the lithotomy position, 
an overlap area greater than 25-33.3%, or an angle to the pubic symphysis surpassing 26.3 degrees. 
However, the response and actions taken when these limits are exceeded vary among institutions and 
physicians. 
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The evaluation of prostate volume has traditionally been utilised to assess the risk of prostate 
inaccessibility during the BT procedure, but no clear relationship was reported between prostate volume 
and PAI for patients with volumes exceeding 60 cc. Consequently, this method can result in false 
positives, excluding patients based on assumed PAI without actual evidence, and false negatives, 
including patients with small prostates but experiencing excessive PAI. Furthermore, prostate volume 
calculations can be inaccurate, while measurements for PAI and errors are influenced by multiple 
factors, including imaging technique and specifications, timing and method of assessment, and the 
assessor. These complexities highlighted the need for a more intraoperative and patient-specific 
approach that offers greater flexibility in needle positioning.  
 
We developed an active steerable needle to deal with the variability between guidelines and patients 
and address the aforementioned hazards. The needle was specifically designed to fit the ProGuide 6F 
outer needle commonly used in current HDR BT procedures. Steering at the distal tip was achieved by 
bending the proximal end of the needle using an internal compliant mechanism and the transperineal 
template for pivoting. This design provided sufficient needle rigidity to puncture various heterogeneous 
tissues while maintaining precise control. These characteristics resulted in similar endpoint accuracy to 
that of the conventional rigid BT needle when tested in prostate phantoms (≤ 2 mm), while also adding 
the ability to insert the needle along smooth curved trajectories. It was possible to obtain lateral steering 
up to 10 mm and 20 mm over insertion depths of 60 mm and 100 mm, respectively, to overcome 
excessive PAI. Furthermore, we demonstrated that the implementation of this unique steerable needle 
facilitated the delivery of highly conformal dose distributions in phantoms with larger prostate volumes 
and excessive PAI, with excellent agreement between pre- and post-implant dosimetry. Incorporating 
the steerable needle into the BT workflow required only minor adjustments to the existing set-up and 
did not significantly impact the implantation time. 
 

 
9.3 ACTIVE STEERABLE NEEDLE AS THE SOLUTION! 
 
To enhance prostate BT and enable its application in multiple scenarios, we have explored various 
strategies. It became apparent that proposed solutions could effectively address specific hazards, but 
often entail non-desired consequences. For example, hormonal therapy can be used to downsize the 
prostate and increase the accessibility, but this treatment is associated with a decrease in quality of life 
and an increase in morbidity and mortality [1–4]. We, therefore, investigated if steerable needles could 
serve as a solution without resulting in unintended consequences. Active steerable needles would allow 
for a more intraoperative and patient-specific approach that would go beyond the limitations of existing 
guidelines, which do not always align with the specific demands of individual patients.  
 
Based on the findings of this thesis, we can confidently conclude that active steerable needles offer a 
highly promising solution to enhance flexibility in needle positioning and mitigate the hazards associated 
with restricted access to the prostate and needle targeting errors without introducing additional 
drawbacks. This solution offers an optimal total needle geometry without introducing major 
modifications to the clinical set-up and workflow. However, it is important to note that strict conditions 
for the use of steerable needles in BT relates to the ability to puncture prostate tissue and maintain 
controllability.  
 
During our investigation into the state-of-the-art of active steerable needles, we discovered that existing 
designs suffer from limitations such as inadequate degrees of freedom, insufficient needle rigidity for 
precise trajectory control, reliance on motorised actuation, inability for miniaturisation to fit the 
conventional HDR BT outer needle, and challenges related to fabrication and cleaning. In contrast, the 
developed needle exhibits numerous advantages over these existing designs. We ensured sufficient 
rigidity of the needle through careful consideration of the design, the manufacturing method, and the 
material used. The incorporation of a compliant mechanism and the utilisation of the transperineal 
template for pivoting allowed us to eliminate the need for a handle at the base. These design choices 
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not only maximised the workspace but also minimised the number of parts, facilitating easy assembly 
and cleaning processes. Preclinical tests in prostate phantoms showed that our steerable needle could 
be safely used to puncture various tissue types and maintain adequate control within all experiments. 
In addition, it required only a short training period for the physicians to become proficient in its handling. 
Considering the steep learning curve, the ease of control by hand and the simplicity of the design, we 
expect a potentially rapid clinical implementation. This is in contrast to, for example, robotic solutions, 
which often require a more comprehensive set-up and more extensive technical documentation for their 
clinical use. 
 
Promising scenarios for the use of the developed steerable needle relate to the accessibility of the 
prostate involve including patients who are typically excluded based on an unfavourable location of the 
tumour, their prostate volume and/or the presence of PAI. The incorporation of this group of patients is 
justified by the favourable outcomes observed in our own research and supported by existing literature, 
which highlight good dosimetry and biochemical control [5–8]. Our approach eliminates the necessity 
for prostate volume evaluation to estimate the risk of PAI and makes the assessment of the level of PAI 
redundant. Other scenarios focus on avoiding the neurovascular bundles or the penile bulb without 
compromising the dose plan or inserting needles conforming the prostate geometry. Previous studies 
have discussed that trajectories conform the prostate geometry can lower the number of needles 
required by 30% to 80%, potentially reducing edema and urinary incontinence [9,10]. Moreover, 
steerable needles can be used in patients with a small prostate (< 50 cc) and a narrow pubic arch. The 
level of PAI is not evaluated in this group of patients, while previous studies reported this hazard in 5 to 
25% of patients [11–13]. It is crucial to explore the utilisation of steerable needles in future research for 
addressing these cases. 
 
Regarding control of the needle trajectory, the steerable needle offers the ability to manipulate the 
orientation of the tip and make adjustments during the insertion to effectively manage unexpected 
needle deflections. By combining adaptive control of the needle tip with ultrasound visualisation, it is 
possible to make real-time modifications to the needle trajectory, ensuring precise alignment with the 
planned trajectory and maintaining adherence to the intended treatment plan. It is important to note that 
significant off-axis errors in HDR BT are not very common, but when using fewer needles, such as in 
the case of focal HDR BT, strict adherence to the treatment plan becomes more crucial. This is because 
the options for optimising the dose through dwell time and position optimisation are limited.  
 
Overall, we can conclude that the developed active steerable needle holds significant potential benefits 
in the clinical setting, both for currently included patients, as well as for excluded patients who can 
benefit from the safe and effective nature of BT [14]. Besides, hospitals can benefit from this approach 
considering the cost-effectiveness of prostate BT [15,16].  
 

9.4 FINDING BALANCE  
 
In our steerable needle design, we aimed for an optimal balance between flexibility, flexural rigidity and 
axial rigidity. These properties are inextricably linked; changes in flexibility versus rigidity dictate the 
curvature desired. Initially, we conducted a study to determine the required magnitude of steering based 
on the level of PAI. Our geometrical study indicated that approximately 10 mm of lateral steering over 
60 mm insertion depth could effectively overcome PAI. Next, we incorporated various constraints for 
the design of the steerable needle. These included requirements regarding the dimensions, the material 
density for a proper ultrasound visualisation, and the ability to create smooth curved trajectories for 
afterloading with a radioactive source. To meet the latter requirement, the shaft needed to exhibit 
sufficient flexibility to align with the orientation of the tip during needle insertion. In addition, the needle 
required two rotational degrees of freedom to enable tip manipulations in 360 degrees in axial plane. 
This eliminated the need for rotating the needle around its longitudinal axis to steer in multiple directions 
reported in earlier studies with steerable needles [17,18]. These constraints touched upon the 
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complexity of the design, where simplicity was sought to avoid challenges in the manufacturing and 
cleaning processes. Against the demands of flexibility was the optimisation of rigidity. We maximised 
the rigidity of the needle by means of the design. A symmetrical pull-push mechanism was integrated 
in the design, while the number of recesses at the tip was minimised compared to designs reported in 
literature [9,17,19]. The design consisted of one single structure which was tooled by electrical 
discharge machining. The two slots created had a width of 0.12 mm, maximising the second moment 
of inertia (I), related to flexural rigidity, and the cross-sectional area (A), related to axial rigidity. 
Furthermore, finite element analysis was conducted to determine the prevailing stresses in the needle 
during use. It was crucial to ensure that the maximum internal stress remained below the Yield Strength 
of the material, as exceeding the elastic region would result in plastic deformation or fracture. Lastly, 
we identified the most suitable and readily available material on the market, and prototypes of the 
needle design were manufactured. Experiments demonstrated that the local needle rigidity was finely 
tuned to ensure controllability during needle insertion, while minimising the risk for buckling and 
maintaining predictable needle behaviour.  
 

9.5 LIMITATIONS  
 
Tissue resistance influences the controllability of a needle trajectory during a needle insertion. Our 
steering mechanism had high local flexural rigidity at the needle tip to overcome the resistance in 
various heterogeneous tissues and enable tip steering in all our experiments. However, some caution 
is advised for stiffer tissues as they have not been extensively tested. Especially in these cases, the 
steerable needle is more prone to unwanted deflection due to the decreased rigidity of the needle if 
compared to the conventional rigid BT needle. Insufficient control during the insertion could therefore 
increase the needle positioning error. On the other hand, very soft tissues can pose a challenge after 
needle implantation. If the needle is inserted along a curved trajectory, the proximal end of the steerable 
needle needs to be brought to the neutral axis to allow for inner needle retraction. In cases of very low 
tissue resistance, this can cause movement of the distal tip, leading to a targeting error in softer tissues. 
While we did not observe significant tip displacement in our phantoms, this aspect should be thoroughly 
investigated during clinical testing. 
 
In this thesis, we emphasised that utilising steerable needles could enhance current BT cases and 
enable the inclusion of more complex scenarios. While earlier studies have shown promising results for 
both standard and complex cases, we expect that the greatest added value will be observed in 
challenging cases that require improved prostate accessibility and the avoidance of critical structures. 
The rationale behind this expectation is primarily grounded in the recognition that the more standard 
cases already show a high level of safety and effectiveness when utilising rigid needles. Nevertheless, 
further research is necessary to determine whether employing steerable needles to navigate around 
structures such as the neurovascular bundles or the penile bulb can effectively achieve a sufficient dose 
plan. It is important to consider the potential for interference of the steerable needles and visual 
impairments in these situations. Similarly, the use of steerable needles in cases involving small 
prostates with a narrow pubic arch, where a limited number of needles are required, warrants 
investigation. By exploring these aspects, the feasibility and efficacy of steerable needles in addressing 
the unique challenges presented by these cases can be evaluated. 
 
9.6 FROM INNOVATION TOWARDS IMPLEMENTATION 

 
The Technology Readiness Level (TRL) is a method for estimating the maturity of technologies and 
innovations and includes TRL 1 to TRL 9. At academic institutions medical developments generally 
remain in the concept phase (TRL 1 to TRL 3) which is exempt from the Medical Device Regulation 
2017/745 (MDR). The simplicity of our design and the ability to steer and control the needle trajectory 
in various tissues, convinced us to further develop the instrument’s readiness for the first in human trial. 
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By achieving this milestone, a bridge is built between the technical and clinical domain; a technical 
solution is developed to address a specific clinical need. We compiled the Investigational Medical 
Device Dossier (IMDD) according to Article 82 of the MDR, related to TRL 4 to TRL 6. Upon acceptance 
of the clinical protocol, a phase I study will be performed. This study is related to the safety and feasibility 
of the medical device. In case of favourable results, a phase II study can be conducted related to the 
effectivity of the treatment with steerable needles and the patient outcomes. Steering around the urethra 
or the pubic arch are scenarios that can be addressed to provide an improved total needle geometry, 
as formerly inaccessible volumes could now be reached and irradiated. Dosimetry and acute toxicity 
can be compared to historical data of patients when only conventional rigid needles were used. Looking 
further into the future, the steerable needle could be brought to market and integrated into the existing 
set of instruments for a HDR prostate BT procedure. Hereto, further investigation should be performed 
according to Article 62 of the MDR (TRL 7 to TRL 9).  
 

9.7 FUTURE PERSPECTIVES AND OTHER APPLICATIONS  
 
Steerable needles hold promising future perspectives as they offer several advantages over traditional 
rigid needles. They provide physicians with greater accessibility and controllability of the needle 
trajectory and end position in the patient’s body. This potentially leads to improved patient outcomes 
and reduced risks on negative side effects. Throughout this thesis, we proposed three different steering 
techniques: the bendable lever, the pull-push mechanism and the pre-bent needle tip. All proposed 
steering concepts, individually or in combination, can potentially be used for other applications. We 
believe that the steering principle of the bendable lever holds most potential in the following scenarios, 
thanks to its unique characteristics and easy implementation: BT in the prostate, cervix or breast; biopsy 
or ablation of prostate or liver tumours; and treatment of a pancreatic, lung, kidney or spleen tumour 
[20,21]. Only simple modifications in the design parameters are required for the purpose of the medical 
application. Easily adaptable parameters are: material, shape (rod or tube), diameter and length of the 
needle. For example, a material with a higher Young’s Modulus or larger diameter provides a higher 
flexural rigidity and a higher Euler buckling force, while an increased needle length or miniaturisation 
decreases the resistance against buckling. Furthermore, the steerable HDR BT needle could potentially 
be used in combination with direct tracking of the needle tip via real-time magnetic resonance imaging, 
ultrasound or electromagnetic tracking. This ensures automatic reconstruction of curved trajectories 
and avoids manual verification after placement of the outer needle associated with a high-risk failure 
mode [22,23]. The physician is no longer bound by the order of implantation, namely from ventral to 
dorsal to ensure transrectal ultrasound visualisation of the needle, but the physician can control the 
implant strategy. This allows the physician to use rigid needles for heavy-weighted source implants, 
while steerable needles are used to tweak the dose distribution and avoid structures such as the penile 
bulb.  

 
9.8 CONCLUSION 
 
Insufficient dose coverage or exclusion of patients from BT protocols can occur due to needle 
positioning errors and/or PAI. Existing clinical guidelines are ambiguous, and current solution strategies 
are often suboptimal. We developed a steerable needle that enhances the accessibility to the prostate 
and offers improved control over the needle trajectory once it has entered the tissue. This unique 
steerable needle concept facilitates a conformal dose distribution, offering potential improvements in 
the efficiency and efficacy of HDR prostate BT procedures. This approach makes previously excluded 
patients with a large prostate volume and/or excessive PAI suitable again for BT protocols. Simple 
modifications in the design parameters allow the proposed steering principle to be used for other 
medical applications.  
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