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Abbreviation Definition 

2D Two-dimensional 

3D Three-dimensional 

AAA Anisotropic Analytical Algorithm 

ACCORD Academic and clinical central office for research and development 

ANOVA Analysis of variance 

AP Anterior, Posterior 

ASTRO American society for radiation oncology 

CASP Critical appraisal skills programme 

CBCT Cone-beam computed tomography 

cm Centimetres 

CTV Clinical target volume 

DIL Dominant intraprostatic lesion 

DVH Dose volume histogram 

EM Electromagnetic 
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EQD2 Equivalent dose in 2Gy fractions 

GTV Gross tumour volume 

IGRT Image guided radiotherapy 

IMRT Intensity modulated radiotherapy 

KIM Kilovoltage intrafraction monitoring 

kV kilovoltage 

MATLAB Matrix laboratory 

mpMRI Multi-parametric magnetic resonance imaging 



I. Glossary of terms 

8 
 

MR Magnetic resonance 

MRI Magnetic resonance imaging 

MV megavoltage 

NTCP Normal tissue complication probability 

OAR Organ at risk 

PD Prescribed dose 

PRV Planning risk volume 

PSA Prostate-specific antigen 

PTV Planning Target Volume 

RL 

SBRT 

Right, Left 

Stereotactic body radiation therapy 

SI Superior, inferior 

SIRLAP Superior, inferior, right, left, anterior, posterior 

TCP Tumour control probability 

VMAT Volumetric modulated arc therapy 
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III. Abstract 

Aim: To investigate the use of the RayPilot tracking system to help treat prostate SBRT with 

a dose escalated boost of 45Gy in 5#. 

Method and materials: Seven patients in the PRINToUT trial received prostate SBRT 

(36.25Gy in 5#) treated using 3 VMAT arcs delivered on Truebeam linacs and planned using 

the Eclipse TPS (v13.6). Pre-treatment imaging was with kV orthogonal and CBCT and 

tumour tracking using the RayPilot system. RayPilot uses an electromagnetic transmitter 

inserted into the prostate. The position of the transmitter was analysed retrospectively using 

the RayPilot system readout and the transmitter position on CBCT images. A planning study, 

adding a dose escalated boost (45Gy in 5#) to the prostate SBRT plans was carried out, with 

additional plans simulating degrees of patient displacement from the clinical imaging data. 

All new plans were assessed against the PRINToUT protocol.  

Results: From the CBCT images, the mean displacement of the RayPilot transmitter 

comparing the CT and the CBCT scans was -0.04cm(x), 0.07cm(y) & 0.16cm(z). The 

RayPilot system recorded all treatments except #3, 4 & 5 for patient 4 due to technical 

issues with the mean displacement of the transmitter within 0.03cm. In the planning study 

the PTV, CTV and PTV(boost) dose coverage was acceptable with dose escalation but only 

two patients in the study met all of the rectum dose constraints. Simulating the CBCT 

positional data, PTV coverage was not met on four patients and for the RayPilot data the 

plan dosimetry was not significantly affected by the displacements.   

Conclusion: The RayPilot tracking system could be used in the treatment of prostate SBRT 

with a dose escalated boost. Further studies would be required before this could be used as 

a primary imaging method for patient positioning.  
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IV. Lay abstract 

Prostate radiotherapy treatments are typically delivered over 20-39 treatment days, with a 

“fraction” of the overall radiation dose given on each day. There is growing evidence 

suggesting benefits of reducing the number of treatment days and delivering more radiation 

dose each day. This is known as “SBRT”. Prostate radiotherapy treatments are extremely 

targeted, delivering a high dose to the prostate with the dose reducing sharply outside this 

volume. If the prostate is not positioned correctly during a fraction, a reduction in the 

intended dose can occur which can impact the efficacy of the treatment. However, the 

position of the prostate is checked and adjusted before each treatment through X-ray 

imaging of radio-opaque markers implanted in the prostate. Tracking systems provide 

additional positional information while the radiation is delivered.  

 

Seven prostate patients had SBRT treatments utilising a tracking system called RayPilot, 

which uses an electromagnetic transmitter implanted in the prostate to give real-time 

positional information during treatment.  A more complex version of SBRT aims to treat the 

whole prostate but further target the gross tumour with a larger radiation dose. The imaging 

and tracking data in this study were analysed to assess if RayPilot could be used for tumour 

tracking in this more complex treatment delivery. Positional data acquired during each 

patient’s treatment delivery was used to simulate the delivered radiation if this more complex 

technique had been used. The simulated dose to the prostate and the tumour was found to 

be within acceptable clinical parameters for all patients. The study concluded that it was 

feasible to use the RayPilot tracking system to treat SBRT with a higher dose to the tumour 

but identified further work to be carried out.  
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VIII. Brief statement for examiners 

This research project was completed as a module within the Higher Specialist Scientific 

Training (HSST) programme. This is a five-year work-based scheme aimed to develop 

Clinical Scientists with the skills and knowledge they require to act as Consultants and 

results in the award of Doctor of Clinical Science (DClinSci).  

The course included three main themes of study: 

 Leadership and Management 

 Scientific and clinical 

 Research and innovation 

 

The Doctoral award, is completed through a combination of taught academic modules and a 

research project completed in the trainee’s department. The academic modules included a 

range of topics and were assessed through written assignments, presentations and other 

methods to evidence the required level of specialist knowledge had been achieved in each 

subject. Completed modules, assessment method and word count are included in Appendix 

1 to support this thesis submission.  

 

Although distinct from this research project, the specialist skills and knowledge gained from 

the taught modules were applied directly to aspects of this thesis and research. The 

leadership and management modules provided theoretical and practical exposure to a range 

of tools that can help improve efficiency, time management, communication, project 

management and reflective practices. The scientific modules provided a deeper 

understanding of specific radiotherapy topics including dosimetry, plan optimisation and 

imaging.  These were particularly relevant to this project and were developed further to meet 

the challenge of delivering this thesis.   
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1 Introduction 

1.1 Background 

One of the key learning objectives identified through HSST participation was to develop the 

skills required to deliver and lead research in a clinical radiotherapy department. This 

research project included some novel application of a clinical system, utilising real clinical 

data and influencing the direction of a clinical service whilst fulfilling the remit of academic 

research.  

 

The ability to deliver precise radiation doses to a target during radiotherapy using techniques 

such as volumetric arc therapy (VMAT) can be advantageous, as it allows the prescription 

dose to be delivered to the tumour whilst sharp dose gradients help to minimise the dose to 

organs at risk and normal tissue (1). This more targeted radiotherapy can be problematic for 

treating mobile tumours, and even with advanced image-guided radiotherapy (IGRT) 

techniques to position the patient correctly before their fraction, target displacement can 

occur during the beam delivery – known as intrafraction motion (2). This can lead to a 

reduction in the dose delivered to the target (3), and can be mitigated by the use of 

appropriate target margins (4).  

 

Hypofractionation delivers a higher dose per fraction to the target whilst reducing the number 

of fractions, sometimes known as stereotactic body radiotherapy (SBRT) (5). This can have 

radiobiological advantages (6), improve departmental efficiencies and be more convenient 

for patients by reducing the number of visits. Reducing the number of patient visits has been 

identified as an advantage in reducing the risk to patients and staff during the COVID-19 

pandemic (7). However, with a larger contribution to the overall dose from each fraction, the 

delivery of each fraction can be more complex and resource intensive than a standard 
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fraction. Target displacements through intrafraction motion during SBRT can have a greater 

impact on the delivered dose than standard fractionations (8). The reduced number of 

fractions means that positional displacements from an individual fraction may have a greater 

impact on the overall dose. The impact of random positional errors for a single fraction, can 

be blurred out over a longer fractionation, but can have a similar impact to a systematic error 

when the fractionation is reduced. Target tracking is a technique where the position of the 

target is monitored throughout treatment. This data can be used to inform motion 

management strategies which include beam gating (9) or real-time adaption of the plan 

during treatment delivery (10).  

 

This research project investigated the use of a system called RayPilot (11), which uses an 

electromagnetic transmitter inserted into the prostate and tracks its position in real-time 

during treatment. The device is inserted through the patient’s perineum in theatre by a 

radiologist. The transmitter is connected through a cable to a sensor plate with 16 antennae, 

which is placed on the treatment couch during the treatment (Fig 1). The antennae can 

detect the positional coordinates of the transmitter in real-time. An algorithm within the 

software uses the positional coordinates to calculate a displacement vector against a 

reference position. If the displacement exceeds a designated tolerance, then an alert is 

given in software allowing the treatment staff to manually halt the treatment delivery.  

 

This system had been procured to be used within research studies at the Edinburgh Cancer 

Centre. Its use in the delivery of prostate SBRT within the PRINoUT clinical trial (12) 

provided the opportunity to investigate the system’s novel aspects using high quality clinical 

data collected within a trial. 
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Fig 1: Diagram of the orientation and set up of a patient using the RayPilot positional 

tracking system during a radiotherapy treatment 

To support research of the RayPilot system, a review on current radiotherapy tumour 

tracking methodologies and clinical practice for dose escalated prostate SBRT was carried 

out. This informed the direction of the project and helped form research questions. Imaging 

and tracking data collected from the patients in the study was analysed to assess the 

performance of the tracking device and this data was used in a planning study to investigate 

its use in treating prostate SBRT with a dose escalated boost. The results are presented in 

the format of three scientific papers.  

 

The study was carried out between September 2018 and January 2021 at the Edinburgh 

Cancer Centre. Between March 2020 and June 2020, no work on this project was carried 

out, in line a mandate from NHS Lothian that development work would be paused due to the 

response of the COVID-19 pandemic. Research work was resumed in July 2020. 
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1.2 Rationale for journal format 

As the project developed, it became apparent that the volume of empirical results would be 

sufficient to be grouped into three distinct work packages.  

 Paper A: Investigation of the accuracy and stability of RayPilot for prostate 
motion management during SBRT: Initial experiences 
 

 Paper B: Analysis of the intrafractional motion of the prostate during SBRT 
using an EM Transmitter 

 

 Paper C: Investigating a planning solution and the dosimetric impact of 
intrafraction motion for dose escalated prostate SBRT using the RayPilot 
Tracking system 

 

Whilst these work packages were linked, it was apparent that the results from each could 

generate sufficient content for independent scientific publications. This aligned well to the 

journal format style of thesis in which each academic paper contributes to the flow of the 

overall thesis. In this case, the results generated by the work packages contained in papers 

A & B contributed to the methodology in the work package reported in paper C. The data 

reported in paper A and paper B were submitted and accepted as posters at ESTRO 2020 

(13) (Appendix 3) and ASTRO 2020 (14) (Appendix 4) respectively. The inclusion in the 

thesis of these studies in the respective journal formats for these organisations seemed 

appropriate. One of the key learning objectives identified through HSST participation was to 

develop the skills necessary to deliver and lead research in a clinical radiotherapy 

department. Writing the thesis in this style provided exposure to the rigour of writing scientific 

papers and offered a framework to further develop and apply these skills in the future.  

1.3 Referencing system 

To maintain consistency with each intended target journal, the individual papers were 

presented as a complete piece of work with distinct references and figure numbers, separate 

from the rest of the thesis. This was denoted by the prefix of the respective letter A, B or C of 
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the paper in the thesis. The references at the end of the thesis and figure numbers include 

every other section, excluding the three empirical results papers.  

1.4 Research questions and output 

Three research questions were formulated for this study following a review of current 

literature and clinical practice: 

 What is the accuracy and stability of RayPilot for prostate motion 

management during SBRT? 

 How does RayPilot compare against other motion management systems for 

SBRT? 

 Can RayPilot be used for dose escalated prostate SBRT? 

 

The research study has produced the following research output at time of writing: 

 Poster presentation at ESTRO 2020 (November 28th – December 1st 2020) 

 Poster presentation at ASTRO 2020 (October 25th – October 28th 2020) 

 Poster presentation at ScoRFF 2020 (12 March 2020) 

 Paper A: Scientific paper included in thesis 

 Paper B: Scientific paper included in thesis 

 Paper C: Scientific paper included in thesis 

 

The following are proposed future research outputs: 

 Abstract submission based on work package reported in Paper C to be 

submitted to ESTRO 2021 
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 Submission of work packages within Papers A, B and C to an appropriate 

scientific journal for peer review and publication 

 

1.5 Summary of contributions 

This research project contained in this thesis was the work of the named author, however there 

were additional contributions from others involved in the project. This section aims to highlight the 

aspects of the research project carried out by the author and acknowledge where appropriate, 

additional contributors. 

 

During the development of the PRINToUT trial, there was a significant involvement from the author 

as the lead physicist for commissioning the trial and subsequent prostate SABR treatment technique 

and taking overall responsibility for the treatment planning aspect of the trial. Individual 

components carried out included the development and testing of a planning solution, producing the 

quality system documentation such as work instructions, providing staff training, attending MDT’s, 

devising the treatment workflow, commissioning the treatment planning technique and writing the 

commissioning report. A lead role was also taken during a review of the trial 6 months after the first 

patient, including implementing some changes to the planning workflow and the approach to the 

on-treatment image review.  

 

As the member of the physics team responsible for the RayPilot system, this involved performing 

acceptance and commissioning measurements on the system, troubleshooting during clinical use 

when required and liaising with the manufacturers for upgrades, services and replacement systems. 

There were two occasions during the research project where some of the hardware of the system 

was replaced, and a full acceptance and commissioning was carried out.  
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The Literature review, including journal searches and final write up was carried out by the author, 

however guidance and input into this process was received through regular meetings with the 

project supervisors (Mike Kirby, Linda Carruthers & Bill Nailon). This gave an opportunity to get 

valuable feedback on review techniques and writing style that had a significant influence on the final 

review.  

 

The practical measurements in paper A of the thesis were measured and collated by the author. This 

included isolating the co-ordinates manually of each measurement point from the patient CT and 

CBCT images used in the study. This approach was determined following guidance from the project 

supervisors. The final version of paper A was written by the author, however the other named 

authors contributed through draft reviews, with comments or suggestions being integrated into the 

final version.  

 

For the research outlined in Paper B, the practical measurements were carried out by the author. 

Some input into aspects of particular patient treatments was given by one of the treatment 

radiographers, Susan Adamson, who was included as one of the authors. This included information 

on practical issues for individual treatment fractions. This provided added context for these 

measurements, especially where positional outliers had to be removed from the overall 

measurements. The paper was written in full by the author of this thesis, however the other named 

authors contributed throughout the project and offered comments and advice on the write up that 

influenced the final version.  
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The planning study contained in Paper C was carried out solely by the author, under guidance from 

the project supervisors. This included developing and testing the planning solution for prostate SBRT 

with an integrated boost. The implementation of the displacements from clinical data was carried 

out manually on each patient and the dose statistics for each scenario was collated for final analysis. 

The practical aspects of this were all carried out by the author, however there was input from the 

project supervisors on the approach to the planning study and analysis. The final write up was 

written by the thesis author, with several reviews and input from the project supervisors who were 

also named as authors.  

 

The critical appraisal paper was written solely by the author. The project supervisors provided 

additional input into this paper, including comments and advice on writing style and content.  

1.6 Declarations 

The oncology department at the Edinburgh Cancer Centre has an ongoing research collaboration 

agreement with Micropos, the manufacturer of the RayPilot positional management system. 

 

 

 

 

 

 

 

 



2. A review of available research 

26 
 

2. A review of available research  

 

2.1 Aim 

A review was undertaken to inform the research question and design of a study investigating 

the use of a tracking system called RayPilot (11) in prostate SBRT with a boost to the focal 

lesion. The review focused on studies with comparable tracking systems, comparisons of 

established imaging devices and on current practice for clinical and theoretical solutions for 

prostate SBRT delivery, with and without dose escalation to the focal lesion.  

 

2.2 Introduction 

A research study was devised to assess the viability of the RayPilot system for tracking intra-

fractional motion of the prostate during SBRT radiotherapy and whether it could be used in 

dose escalated SBRT to a focal lesion. A literature review was conducted on current 

available technology for motion management in prostate radiotherapy and current practice 

for SBRT to the prostate with an escalated boost. An initial review was carried out between 

September 2018 and January 2019, and updated between July and December 2020 to 

capture emerging evidence.  

 

2.3 Search methodology 

Searches were carried out on PubMed (15) and Google Scholar (16) aiming for a 

comprehensive overview of available literature on motion management in prostate SBRT 

and for clinical solutions to focal lesion boosts. Varying the date ranges of each search 

allowed for recent publications to be highlighted without excluding important older articles. 

Based on the scope of the project, papers with studies on implementation, benchmarking 
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and imaging system comparisons were preferred. Some papers of interest became apparent 

through the reference section of some journals. This is a process known as “snowballing” 

and can provide additional context but can dilute the focus of the search. To mitigate this any 

keywords or systems found through snowballing were also fed into further systematic 

searches on PubMed. 

 

Table 1: Example of a selection of keywords searched on PubMed along with the number of 
papers that each search found. These figures are correct from the 12/01/19.  

Primary search word Additional search words Date 
range 
within 

Number 
of 
papers 

Calypso Radiotherapy + Tracking 1 year 14 

Radiotherapy + Tracking 5 years 102 

Radiotherapy + Tracking all 205 

Prostate 1 year 21 

Prostate 5 years 143 

Prostate all 272 

Prostate + SBRT 1 year 11 

Prostate + SBRT 5 years 53 

Prostate + SBRT all 72 

Tracking Radiotherapy 1 year 835 

Radiotherapy 5 years 4425 

Radiotherapy all 7033 

Prostate + Radiotherapy 1 year 355 

Prostate + Radiotherapy 5 years 1823 

Prostate + Radiotherapy all 2963 

Cyberknife Radiotherapy + Tracking 1 year 79 

Radiotherapy + Tracking 5 years 462 

Radiotherapy + Tracking all 724 

Prostate 1 year 69 

Prostate 5 years 437 

Prostate all 706 

Prostate + SBRT 1 year 48 

Prostate + SBRT 5 years 281 

Prostate + SBRT all 385 

Radiotherapy Tracking + review 1 year 656 

Tracking + review 5 years 3305 

Tracking + review all 5018 

Tracking + implementation 1 year 235 

Tracking + implementation 5 years 1231 

Tracking + implementation all 2046 

Calypso + implementation 1 year 11 

Calypso + implementation 5 years 73 

Calypso + implementation all 132 

Raypilot Radiotherapy 1 year 1 

Radiotherapy 5 years 4 

Radiotherapy all 4 
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Table 2: Example structure of search methodology and number of results carried out on 
PubMed July 2020  

Main 
keyword(s) 

Secondary 
keyword (s) 

Additional 
keyword(s) 

Time range 
(within) 

Number of 
results 

Prostate  Focal lesion  all 332 

   1 year 49 

   5 years 151 

Prostate 
Radiotherapy 

Focal Lesion  All 59 

   1 year 11 

   5 years 34 

  Boost all 2 

   1 year 2 

   5 years 2 

  imaging All 9 

   1 year 9 

   5 years 9 

  tracking all 0 

   1 year 0 

   5 years 0 

  SBRT All 3 

   1 year 1 

   5 years 2 

  Cyberknife All 0 

   1 year 0 

   5 years 0 

 Boost Cyberknife All 17 

   1 year 1 

   5 years 10 

  SBRT All 44 

   1 year 8 

   5 years 30 

 

A large number of relevant publications were available, therefore the review focussed on 

preferred topics. For the novel RayPilot system, searches produced relatively few papers but 

research using similar more established tracking solutions were included.  

 

Due to the extensive literature base found in the search it was both necessary and practical 

to omit much of this from the review, following the techniques proposed by Pinchbeck et al. 

(17) summarised in table 3 and utilising the critical appraisal skills programme checklist (18).  
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Table 3: Summary of rationale for inclusion / exclusion of papers within review 

Question Points of interest for inclusion 
What was the main purpose of the study?  Tracking devices for Prostate Radiotherapy 

 Preference for devices with similar set-up to 
RayPilot, such as Calypso 

 Do they provide quantitative data on accuracy and 
precision 

 Was there comparison against kV imaging and 
CBCT 

 Was dose escalated prostate SBRT delivered 

 Was Dose escalated prostate SBRT carried out 
with imaging 

 Was this a planning study?  

What type of study design was used?  Was the study designed well and applicable to our 
own research aims 

 Was it a retrospective or prospective study and 
does this affect the quality of the results 

 How many patients or data points were included 

Is the study internally relevant?  What were the aims of the study 

 Was there any bias introduced in the study that 
would affect the results 

 Have they made any assumptions and does this 
affect the results 

 Were the results statistically relevant and was this 
discussed 

 What has been the impact of the study 

Can the study be applied externally?  Does their methodology provide sufficient detail 

 Do they provide clear conclusions  

 Can their results be applied to other populations 
such as our own study 

 Were the results clinically relevant to our patient 
population and was this discussed in the paper 

 Could the results be applied to SBRT treatments 
and dose escalated focal lesions 

Other factors  Preference for higher impact journals 

 Has SBRT been used for treatment 

 Were the limitations of the study clearly laid out 
and discussed 

 Was there discussion on future studies 

 Who are the authors 

 Is there any conflict of interest 

 

2.4 Review  

A selection of key articles, are reviewed below and summarised in table 4 with information 

on the author, date, journal, study aim, treatment regime and technical aspects of the study 

design and methodology. The quality of the research within each article was assessed and 

scored following the methodology described in Downs & Black (19), with each article’s 

scoring included in the table. This method uses a checklist containing 27 questions to be 

applied to each paper, with a maximum possible score of 28 for randomised studies and 25 

for nonrandomised studies. Hooper et al. (20) used the Downs and Black methodology (19) 

during a systematic review carried out on age related macular degeneration. They define 



2. A review of available research 

30 
 

three quality ranges based on the scoring; excellent (26-28), good (20-25), fair (15-19) and 

weak (≤14).  

 

The Downs and Black (19) scoring system preferences large randomised clinical trials, 

which would indicate that these studies would be a higher quality of research. This would be 

reflected in both the level of analysis and quality assurance required to set up a clinical trial 

and the importance placed on large scale randomised clinical trials for influencing clinical 

practice. A number of the studies within this review were small pilot studies or in-house 

cohort studies and as such did not score as highly using this method. However, this was only 

a measure of data quality and not an indication of the relevance to this research study.  

 

The remainder of this chapter provides a critical review of the key messages from these 

papers and any implications for the proposed research. The papers have been grouped 

according to the issue topic considered or the specific solutions tool studied. 

 

Table 4: Summary of the journals reviewed including author, topic, aims and the technical 
details of the study 
Author, Date 
and Journal 

Topic of 
interest 

Downs & 
Black 
score 
 

Aim of study Details of the study 

Mah et al. 
(2002) (21) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 
 

Prostate 
Motion 

18 Measuring Intra-
fractional prostate 
motion using MRI 

Patients: 42 
Site: Prostate 
Radiotherapy delivery: n/a 
Fractionation: imaged after planning scan only 
 
Patients in the study received an MR scan directly after 
their planning scan using a flat couch and to be 
consistent with their treatment position and with 
consistency in rectum and bladder filling. They also 
looked at rectal filling and any correlation with prostate 
motion with each scan categorised into “empty”, 
“faeces” or “gas”.  

Mutanga et 
al. (2011) 
(22) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 
 

Prostate 
Motion 

17 Looking at the day to 
day reproducibility of 
intra-fraction motion 

Patients: 108 
Site: Prostate 
Radiotherapy delivery: 7 Field IMRT 
Fractionation: 78Gy/39# Vs 64.6Gy/19# 
 
All treatments were delivered as IMRT with a 
combination of MV and kV 2-D planar imaging used for 
online positional verification, with a tolerance of 0.2cm 
above which the couch would be used to correct the 
patient position.  
The effect of motion from treatment times were also 
assessed against a set of 10 patients who had been 
treated with a dose regime requiring only 3 static fields 
rather than the 7 IMRT fields in the main study. This 
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meant that the mean treatment time would be 
decreased from 11 mins to 5 mins. 

Braide et al. 
(2018) (25) 
 
Radiotherapy 
and 
Oncology 

Ray Pilot 14 Feasibility of using 
the Ray Pilot Device 
for prostate 
radiotherapy 

Patients: 10 
Site: Prostate 
Radiotherapy delivery: 7 Field IMRT 
Fractionation: 78Gy/39#  
 
The RayPilot transponder was inserted into Prostate 
IMRT patients and the position of the device was 
monitored during each fraction whilst using kV 
orthogonal imaging and gold seeds as the primary 
imaging modality and the departmental protocol. They 
were looking at the differences in position of the two 
imaging modalities and the feasibility of RayPilot’s use 
through clinical experience.  

Biston et al. 
(2019) (27) 
 
Radiotherapy 
and 
Oncology 

Ray Pilot 14 To compare the 
RayPilot monitoring 
system with the 
Ultrasound imaging 
using a trans 
perineal probe 

Patients: 10 
Site: Prostate 
Radiotherapy delivery: n/a 
Fractionation: n/a 
 
A Phantom study was carried out to investigate 
differences between the positional accuracy of the 
RayPilot system and an ultrasound probe. This included 
varying the displacement vector and rotations of each 
system and comparing the recorded values. The Intra 
fraction motion of 10 patients were also analysed, 
looking at discrepancies between the two systems. 
They recorded the percentage time of treatment where 
the discrepancy between the systems was 1-5mm, and 
this data was analysed.  

Bell et al. 
(2017) (30) 
 
Journal of 
Medical 
Radiation 
Sciences 

Calypso 15 Initial Experiences of 
using Calypso for 
Intra-fraction motion 
management of 
Prostate VMAT 

Patients: 3 
Site: Prostate 
Radiotherapy delivery: VMAT 
Fractionation: 80Gy/40#  
 
They inserted the Calypso beacons whilst continuing to 
use the implanted marker seeds as the primary 
matching mode. The position of the beacons and any 
inferred shifts were compared against the seed markers 
for positional analysis. 

Hamilton et 
al. (2017) 
(31) 
 
Journal of 
Applied 
Clinical 
Medical 
Physics 

Calypso 18 To compare the 
positional accuracy 
of the Calypso 
system and existing 
imaging 

Patients: CRIS Phantom (50 different treatment 
orientations) 
Site: Prostate 
Radiotherapy delivery: n/a 
Fractionation: n/a  
 
A phantom was imaged using the Calypso system, kV 
planar imaging and CBCT. They used a CRIS Pelvis 
phantom with spacers and a stand to implement 
different angular positions for the phantom. Imaging 
software was used to determine a correction including 
for rotations and the differences in these corrections 
were assessed statistically using Lin’s concordance 
correlation coefficients with 95% confidence intervals 
with the interpretation of the scores based on 
recommendations from a report by McBride.  

Lovelock et 
al. (2015) 
(33) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 
 

Calypso 19 To look at the impact 
on target coverage 
on prostate SBRT 
from continuous 
prostate monitoring  

Patients: 89 
Site: Prostate 
Radiotherapy delivery: SBRT 
Fractionation: 32.5Gy/5# & 40Gy/5# 
 
The monitoring system was used to analyse the position 
of the patient’s prostate. The study was carried out over 
five years from 2009-2014. Due to the tight target 
margins for these patients, a threshold of 0.2cm for the 
real-time imaging was used. This meant that if a 
displacement greater than this amount was determined 
from the Calypso system, then the treatment was halted 
and a couch shift was instigated before treatment was 
resumed. Orthogonal imaging was carried out prior to 
treatment to assess both the patient position and to 
check if there had been any migration of the 
transponders. The dosimetric impact to the target from 
utilising the tracking system was also assessed and 
analysed through treatment planning data.  
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Vanhanen et 
al. (2018) 
(28) 
 
European 
Journal of 
Medical 
Physics 

RayPilot & 
Calypso 

15 To evaluate the 
accuracy and 
stability of RayPilot 
and Calypso for 
Prostate positional 
tracking 

Patients: 48 (22 RayPilot, 26 Calypso) 
Site: Prostate 
Radiotherapy delivery:  
Raypilot (not stated),  
Calypso VMAT / SBRT 
Fractionation:  
RayPilot; 60Gy/20# (12 patients) 78Gy/39# (10 
patients) 
Calypso; 60Gy/20# (14 patients), 36.25Gy/5# or 
35Gy/5# (12patients) 
 
The data from the RayPilot arm of the study was 
gathered retrospectively from another study on rectal 
retractors. The Calypso patient’s data was gathered 
prospectively. The positional differences between the 
tracking system and 2-D kV planar imaging with fiducial 
markers were analysed statistically using Bland-Altman 
analysis methods. The stability of the transponders, 
transmitters and fiducial markers were also analysed by 
calculating the difference in the centroid position of the 
fiducial markers with the central position of the 
transponder / transmitter and comparing this difference 
to that observed in the treatment planning scan.  

Holmes et al. 
(2018) (36) 
 
Journal of 
radiosurgery 
and SBRT 

Cyberknife 16 To investigate the 
reduction of errors in 
prostate tracking 
using the cyberknife 
system with an 
improved fiducial 
implantation 

Patients: 54 
Site: Prostate 
Radiotherapy delivery: SBRT 
Fractionation: 36.25Gy / 5# (to an 80% isodose) 
 
The fiducial marker insertion protocol was altered after 
26 patients from the manufacturer’s generic method to a 
modified protocol, involving implantation in a single 
coronal plane for simplification and to try and retain a 
minimum distance of 2cm between the markers whilst 
also trying to reduce migration.  

Choi et al. 
(2018) (38) 
 
Journal of 
Korean 
medical 
science 

Cyberknife 17 To Analyse the 
clinical outcome of 
prostate SBRT 
treated using the 
Cyberknife system 
against the 
magnitude of intra-
fraction motion 

Patients: 71 
Site: Prostate 
Radiotherapy delivery: SBRT 
Fractionation: 37.5Gy/5# (PTV V100>95%) 
 
The study included all local patients who had Prostate 
SBRT between 2010 and 2017 using the Cyberknife 
system, with a median follow up period of 47 months. 
Each patient’s inter-fraction motion was corrected using 
kV planar imaging and the intra-fraction motion was 
observed using the same imaging system, with the 
inserted markers being considered a surrogate for the 
prostate position.  

Kruijf et al. 
(2013) (39) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 
 

RealEye 16 To carry out an 
evaluation of the 
Real Eye system 
with the performance 
and safety of the 
device tested 

Patients: 20 
Site: Prostate 
Radiotherapy delivery: SBRT 
Fractionation: Dose not given. 35# / 37# 
 
This study was carried out across two different sites in 
Belgium and the Netherlands. The patients would also 
have gold seeds implanted, which was the current 
standard of care at each site to be used to test the 
tracer against. The aim of the study was to look at both 
the performance of the device as a localiser and the 
safety of its use. The tracer position was assessed 
during 5 treatment fractions for each patient, spread 
throughout their long course of radiotherapy. 

Shchory et 
al. (2010) 
(42) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 
 

RealEye 15 To measure the 
accuracy of the 
RealEye system 

Patients: n/a 
Site: anthropomorphic breathing phantom 
Radiotherapy delivery: n/a 
Fractionation: n/a 
 
In this study they tested the positional accuracy of the 
tracer system within a phantom that simulated breathing 
to assess its efficacy for patient positioning and 
recording motion. This position of the device was 
benchmarked against a Microscribe co-ordinate 
measuring machine (CMM) which has an accuracy of 
0.038cm. The breathing phantom with the tracer placed 
inside produced a breathing motion with an amplitude of 
up to 4cm, which can be viewed as a rigorous test of 
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the range of motion expected clinically. As the tracking 
system detectors are located on the gantry head, the 
tests were carried out over a range of gantry angles and 
with the treatment beam on to simulate an actual 
treatment. It was also felt that the anthropomorphic 
phantom provided realistic scatter conditions to those of 
a patient. 

Ng et al. 
(2012) (40) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 

KIM 14 To report initial 
experiences of 
implementing the 
KIM system for 
monitoring the 
prostate during 
VMAT delivery 

Patients: 10 
Site: Prostate 
Radiotherapy delivery: VMAT 
Fractionation: 80Gy/40# 
 
The study was carried out retrospectively on patients 
who had gold seed markers implanted, which were 
used to determine if the prostate had been displaced 
during the treatment and what the magnitude and 
direction of this was.  This was an observational study 
only and as such no interventions were carried out 
based on the results. Overall 268 from a possible 400 
fractions were monitored. The discrepancy between the 
KIM system of and the triangulation of kV/MV images 
was used to verify the system and the results of the 
validation were compared against two other established 
methods of tumour tracking. 

Keall et al. 
(2016) (46) 
 
International 
Journal for 
Radiation 
Oncology 
Biology 
Physics 

KIM 16 To analyse the 
motion accuracy of 
using the KIM 
tracking system for 
gating 

Patients: 6 
Site: Prostate 
Radiotherapy delivery: VMAT 
Fractionation: 80Gy/40# 
 
This study was carried out with 197 out of 200 fractions 
using the KIM system. Gating was utilised, with the 
beam being terminated if any motion of more than 
0.3cm in any direction occurred for more than 5 
seconds. The positional accuracy of the KIM system 
was then compared against kV/MV imaging that was 
acquired simultaneously. 

Das et al. 
(2014) (48) 
 
American 
Journal of 
Clinical 
Oncology 

ultrasound, 
X-ray 
imaging with 
fiducial 
markers, 
CBCT, 
Calypso and 
Cine MRI 

14 To provide a 
comprehensive 
literature review for 
selected image 
guided radiotherapy 
solutions for prostate 
treatments. 

Patients: n/a 
Site: Prostate 
Radiotherapy delivery: Comparison of IGRT 
methods 
Fractionation: n/a 
 
They reviewed all relevant published journals over the 
past 20 years with a focus on articles comparing 
different IGRT methods, with their findings summarised 
in tables within the article. The main advantages and 
disadvantages of each system, their associated costs 
and any comparison of the modalities that had been 
carried out were discussed.  

Aluwini et al. 

(2013) (52) 

 

Radiation 
Oncology 

Focal lesion 17 Presenting initial 
clinical results and 
toxicity for SBRT 
Prostate with focal 
boost 

Patients: 50 

Site: Prostate 

Radiotherapy delivery: Cyberknife SBRT 

Fractionation: 38Gy (44Gy boost) /4#  

 

Over 4 years, patients with low or intermediate risk 
disease were treated using SBRT with a boost to the 
focal lesion if visible on an MRI.  This study looked at 
the PSA response, Quality of life and toxicity with a 
median follow up of 23 months. The CTV to PTV 
expansion was 0.3cm isotropically, and the planning 
was carried out using Multiplan (Accuray Version 2.1.5).  

Feng et al. 

(2015) (53) 

 

Acta 
Oncologica  

Focal Lesion 14 To test methodology 
for outlining Focal 
lesion on MR scans 
and fusing to CT 
planning scans 

Patients: 14 

Site: Prostate 

Radiotherapy delivery: SBRT with SIB (planning 

study only) 

Fractionation: 36.25Gy (47.5Gy boost) /5#  

 

A study looking at a cohort of patients who had 
previously received long course radiotherapy (either 
20# or 37#), with a novel image analysis technique 
used to map the focal lesion outlined on an MR scan 
onto the planning CT scan. These contours were used 
in a planning study for the suitable patients (n=7), 
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producing treatment plans with dose escalation to the 
focal lesion.  

McDonald et 

al. (2019) 

(55) 

 

Advances in 
Radiation 
Oncology 

Focal Lesion 17 To report the early 
results of a clinical 
trial for prostate 
SBRT delivering SIB 

Patients: 26 

Site: Prostate 

Radiotherapy delivery: SBRT with SIB 

Fractionation: 36.25Gy (40Gy boost) /5#  

 

A clinical trial was conducted looking at the feasibility of 
delivering SBRT to the prostate with an MR defined 
SIB. The main purpose of the study was to show 
feasibility of the treatment technique and report on the 
urinary retention of the patients, with the trial being 
deemed successful if this occurred in less than 15% of 
patients.  

Draulans et 

al. (2019) 

(61) 

 

Radiotherapy 

and 

Oncology 

 

SBRT focal 
lesion boost 

13 Review paper 
looking 
retrospectively at 
treatment strategies  

Patients: n/a 

Site: Prostate 

Radiotherapy delivery: SBRT 

Fractionation: >5Gy /# 

 

A literature review was carried out within PubMed, using 
keywords such as “stereotactic radiation therapy”, with 
searches up to October 2018 included. The focus was 
on hypofractionated studies but also for studies where 
the focal lesion had received a simultaneous integrated 
boost. To be included into this review, the studies 
required at least 40 patients to have been involved and 
hypofractionated treatments with fractions of 5Gy or 
more. 415 titles were reviewed, with 36 papers fully 
read and 26 included in the review.  

Murray et al. 

(2014) (57) 

 

International 

Journal of 

Radiation 

Oncology 

 

SBRT focal 
lesion boost 

17 Planning study for 
treating SBRT 
prostate with boost  

Patients: 10 

Site: Prostate 

Radiotherapy delivery: SBRT 

Fractionation: 42.5Gy 7# , Boost 115% (increased by 

5% increments) 

 

A retrospective study was carried out on 10 prostate 
patients, creating 4 SBRT plans for each patient: 1) with 
no boost, 2) Boost to focal lesion, seminal vesicles not 
treated, 3) Boost to focal lesion, seminal lesion treated 
with intermediate dose  4) Boost to focal lesion, seminal 
vesicles receive higher dose. VMAT plans were created 
on the Monaco TPS v.3.3. The plan analysis was 
carried out using the LQ-Piosson Marsden Model for the 
TCP, and the Lyman-Kutcher-Burman Model for the 
NTCP.  

Draulans et 
al. (2020) 
(65) 
 
Radiotherapy 
and 
Oncology  

Prostate 
SBRT 
integrated 
boost 

24 Primary endpoint 
analysis for Hypo-
FLAME trial 

Patients: 100 
Site: Prostate 
Radiotherapy delivery: Prostate SBRT VMAT 
Fractionation: 35Gy/5# boost up to 50Gy over 5 
weeks 
 
A phase 2 clinical trial called hypo-FLAME was carried 
out across four centres in the Netherlands and Belgium 
between April 2016 and December 2018. The trial 
prescribed 35Gy to the whole prostate whilst adding an 
integrated boost up to 50Gy. Their early endpoints 
assessed acute GU and GI toxicity (within 90 days) 
using an established scoring method (CTCAE v4.0).  
The lesion was contoured using multi-parametric MR 
images, around which a 0.4cm margin was added to 
include the macroscopic disease. One of the centres 
treated using a rectal balloon, the other centres 
assessed rectum volume on CBCT and intervened if 
necessary.   

Goldman et 
al. (2019) 
(49) 
 
Royal 
Australasian 
college of 
surgeons 

mpMRI 24 To determine the 
accuracy of mpMRI 
for detecting prostate 
lesions through a 
retrospective study 

Patients: 64 
Site: Prostate 
Radiotherapy delivery: N/A 
Fractionation: N/A 
 
A retrospective study was carried out looking at 64 
patients who had received a radical prostatectomy and 
mpMRI between April 2013 and April 2016 at a regional 
cancer centre. A comparison was carried out between 
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the reported mpMRI data and the biopsy with regards 
predicting the cancer location and Gleason score, with a 
Spearman’s rho test used to analyse the correlation.  

Johnson et 
al. (2019) 
(50) 
 
European 
Urology  

mpMRI 24 To investigate the 
rate of detection of 
the prostate focal 
lesion using mpMRI 

Patients: 588 
Site: Prostate 
Radiotherapy delivery: N/A 
Fractionation: N/A 
 
A large retrospective study was carried out on prostate 
cancer patients who had receive a mpMRI and a 
prostatectomy between June 2010 and February 2018. 
The correlation of prediction of location and severity of 
disease between each method was investigated using 
multivariate analysis.  

Bijina et al. 
(2020) (59) 
 
Asian Pacific 
Journal of 
Cancer 
Prevention 

Prostate 
SBRT 
integrated 
boost 

12 A planning study 
aiming to compare 
the dosimetry of 
different delivery 
techniques for 
prostate SBRT with 
an integrated boost 

Patients: 13 
Site: Prostate 
Radiotherapy delivery: Prostate SBRT: Linac, 
Cyberknife & Helical Tomotherapy 
Fractionation: 37.5Gy/5# (45Gy boost) 
 
A planning study was carried out, looking at the 
dosimetric differences between three systems capable 
of treating prostate SBRT with an integrated to the 
lesion. A separate plan for each of the treatment 
methods was created on their respective treatment 
planning systems (Eclipse v13.6, VoLO v5.1.4 & 
Multiplan v5.1.4). The plans were assessed using 
criteria such as DVH, PTV mean/max/min dose and 
conformity index. The results were statistically analysed 
using a one-way ANOVA test. The significance level 
was devised through Tukeys post hoc test.  
 

Kim et al. 
(2020) (63) 
 
Scientific 
reports – 
Nature 

Cyberknife / 
integrated 
boost 

18 A dosimetric 
planning study on 
Prostate SBRT with 
an integrated boost 
treated using 
Cyberknife 

Patients: 15 
Site: Prostate 
Radiotherapy delivery: Prostate SBRT Cyberknife 
Fractionation: 35Gy/5#, 35Gy (40Gy boost)/5#, 35Gy 
(45Gy boost)/5# 
 
 
15 patients with prostate cancer who had their lesion 
contoured were included in a planning study. Three 
separate SBRT plans were created for each patient. 
One treated the prostate with no boost, the second 
treated the whole prostate and included a 40Gy boost 
and the third treated the whole prostate and included a 
45Gy boost. 

 

2.4.1 Prostate Motion 

Discrepancies between the position of a patient on a planning CT image and their treatment 

position can potentially impact the dosimetry of their radiotherapy treatment. Intrafraction 

movement occurs during a radiotherapy fraction and interfraction movement from one 

fraction to the next.  

 

Mah et al. investigated intrafraction prostate motion using cine-MRI (21). The cine-MRI 

acquires a series of images over nine minutes producing a moving image. The mean 

prostate displacements were small, with the largest being 0.02cm (A/P) and only 3% of 
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motions exceeding 1.0cm. They concluded that prostate intrafraction motion can be 

measured using this method. They also noted that interfraction motion would have more of 

an impact on the dosimetry of a patient plan as this is generally larger than intrafraction 

motion. However, modern IGRT techniques in radiotherapy can reduce the impact of 

interfraction motion, and so the remaining positional uncertainty caused by intrafraction 

motion, although smaller, would have more impact in practice. Rectum filling was analysed 

using a non-parametric Wilcoxon test, and they found statistically significant differences 

where gas was present. 

 

Although Mah et al. reported dosimetric impact of prostate motion on IMRT treatments they 

did not discuss SBRT where motion can have a greater impact. Each patient only had one 

scan, therefore intra-fractional motion variations throughout treatment were not considered. 

They concluded that rectum filling can influence prostate motion, but didn’t specify the 

optimal rectal state to minimise prostate motion (19). 

 

Mutanga et al. studied intrafraction motion retrospectively using 2-D kV and MV treatment 

images (22). In approximately 40% of fractions a systematic displacement of more than 

0.2cm was noted. Even after the position was adjusted using the correction software, the 

marker position exceeded 0.2cm in 10% of fractions. However, it was not clear in the paper if 

this difference was due to limitations with the seed matching or intra-fraction motion. 

 

Mutanga et al. did not discuss the stability of the gold seeds used as a surrogate for the 

prostate position(22). If these migrated this could falsely indicate a shift of target position. 

This is a potential disadvantage of a retrospective study, as verifying this information will be 

dependent on the information gathered at the time. The addition of 3D CBCT images would 

have assisted this as the position of the seeds could be referenced against the 3D anatomy 

of the patient as well as their co-ordinates in the imaging space. The dosimetric impact of the 

motion wasn’t discussed, which would have helped put the risk of intra-fraction and inter-
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fraction motion in a clinical context for the target and OARs. Mutanga et al. (22) 

demonstrates that prostate motion can occur at a magnitude greater than the PRINToUT 

study imaging tolerance of 0.2cm.  

 

2.4.2 RayPilot 

The RayPilot system has been developed by Micropos Medical (23)  as a real-time tracking 

system for the prostate(24) . It consists of a table-top array of antennae, and a small 

transmitter inserted transperineally into the prostate. When the transmitter signal is detected 

by the antennae its 3D position is known. The transmitter is attached to a thin wire that 

protrudes from the patient and remains in situ until after all fractions are delivered.  

 

Braide et al. (25) reviewed their initial experiences using Raypilot for Prostate radiotherapy. 

They reported that patients tolerated the device for treatment, although all 10 patients in the 

study reported discomfort during the insertion and 8 patients reported some impact on their 

daily routine during the time the device was implanted. Manufacturer recommendations on 

the transmitter angle (within 30 degrees of the horizontal plane) was not achieved in three of 

the ten patients. The position of the transmitter relative to the seeds was assessed using 

Matlab (25) and transmitter displacements exceeding 0.2cm were classified as unstable. The 

results showed only four of the ten patients had their transmitter defined as stable, with a 

maximum displacement of 0.5cm. They concluded that the device could be used for this 

treatment, but more evidence was required for it to be used as a primary imaging device and 

further studies on device stability would be useful. 

 

Data gathered from staff groups within the paper by Braide et al. (25) was collected 

retrospectively, using a more flexible written approach. A more standardised approach 

mixing written data and questionnaires may have provided clearer results. They analysed 

the relative position of the transmitter and seeds using Matlab software (26). The use of 3D 
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imaging, which could have provided additional information on the transmitters relative 

position wasn’t discussed. The treatment schedule was carried out over 8 weeks. Although 

not an SBRT fractionation it demonstrates the device can be tolerated over a longer period 

and therefore could be feasible for SBRT. 

 

Some advantages of RayPilot over Calypso were also discussed, such as removal of the 

transmitter after treatment allowing follow up MR imaging (25). However, there was clear 

evidence in the paper for the instability of the transmitters, and therefore the requirement of 

additional imaging throughout treatment is advised for future studies before this is 

established. RayPilot is designed for real-time prostate tracking, however the study by 

Braide et al. (25) was limited to the relative position of the device during pre-treatment 

imaging. Real-time imaging data, analysed alongside planar imaging to determine the 

stability of the transmitter position of the prostate would have been useful and could be 

carried out in further studies.  

 

A study investigating the differences between two real time tracking systems was performed 

by Biston et al. (27). The difference in positional accuracy of the RayPilot system and an 

ultrasound probe were compared using a phantom. Known displacements in a range of 

vectors and rotations for each system were measured using both systems with any 

differences between the two recorded. They also analysed data from 10 patients on 

treatment and highlighting the percentage time of treatment where the monitoring systems 

had a discrepancy, with increments ranging from 0.1-0.5cm. Their phantom study showed 

deviations of less than 0.05cm between the two systems when displacements were 

introduced. The patient study showed similar results, with the absolute mean difference 

between the displacements of each system being <0.055cm excluding one patient 

(<0.177cm).  

They concluded that both systems were suitable for continuous monitoring of a prostate 

during radiotherapy. The advantages of the removable transmitter used in the RayPilot 
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system over similar systems such as Calypso were highlighted. The advantages of 

ultrasound imaging as an alternative monitoring system, such as being non-invasive, 

inexpensive and non-irradiating, were also highlighted for the reader.  

 

The literature review in Biston et al. (27) found a wide base of studies where a comparison of 

two monitoring systems for prostate radiotherapy were compared. However, none of the 

studies they reviewed had compared two monitoring systems simultaneously, due to the 

potential interference from the respective systems. This was a novel aspect of this study, 

and allowed a direct comparison between two systems on the same clinical data.  

 

Vanhanen et al. (28) compared two electromagnetic tracking systems, RayPilot and 

Calypso, benchmarked against 2-D kV imaging and looked at the stability of the markers. 

Bland Altman analysis compared the differences in positional correction between the 

electromagnetic and the kV tracking system. The mean difference between kV orthogonals 

and Calypso was -0.02cm (AP), 0.01cm (SI) & -0.01cm (LR) - consistent with published 

literature. The mean difference between kV orthogonals and RayPilot was 0.03cm (AP), -

0.22cm (SI) & 0.00cm (LR), with the SI data ranging from -0.61cm to 0.86cm. The fiducial 

markers and Calypso transponders were assessed as stable, and the RayPilot transmitter 

deemed not stable. The RayPilot results were noted to be consistent with the findings in 

Braide et al. (25). 

 

Vanhanen et al. (28) showed Calypso to be interchangeable with the kV orthogonal 

positioning system and deemed stable, and RayPilot to be unstable and not appropriate as a 

primary imager without further research. Although the RayPilot data was gathered 

retrospectively, they were looking quantitively at positional coordinates and therefore their 

methodology was appropriate. The impact on positional accuracy of RayPilot due to 

migration was shown and migration corrected measurements produced. As the RayPilot 
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patients were treated over 20 or 39 fractions, their transmitters were inserted for longer than 

an SBRT treatment. The Calypso study included 12 patients receiving SBRT, so if migration 

worsened over time this may not have been captured in the results. This was not discussed, 

but would have provided a more direct comparison between the two systems.  

 

The comparison was limited to three planes, omitting rotational differences between the 

systems (28). The bias towards SI migration of the transmitters was highlighted with no 

discussion on why this was seen. The method by which the transmitter is inserted, or the 

connecting wire protruding from the patient throughout treatment may have influenced this 

but this would have to be investigated. For SBRT, due to the shorter treatment times it would 

be interesting to assess if the migration is still noted, or whether it could be mitigated. There 

was no discussion on the dosimetric impact of the positional differences and little information 

around the RayPilot treatment delivery method. The comparison between the couch shifts of 

the kV orthogonal images and RayPilot or Calypso used Bland-Altman analysis. Their 

assessment of the migration, utilising the centroid of the fiducial markers as a reference, was 

a useful method for comparing the seeds to the single transmitter position. It is not known 

how relevant this position in the seed matching software.    

 

2.4.3 Calypso  

The Calypso motion management system (29)  uses three electromagnetic transponders, 

implanted in the prostate, using their centroid position and tracked by a receiver located in 

the treatment unit (30).  Bell et al. (30)reported their initial experiences, successfully utilising 

Calypso for 116 out of 120 fractions. Due to the significant artefact observed on the MR 

scans with the Calypso beacons present, MR imaging was acquired before implantation. 

Prostate rotations were outside their 10 degrees tolerance in 28 fractions. When this was 

observed, they advised CBCT imaging to verify the prostate position, but they did not report 

the number of these cases requiring adjustment.  
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Bell et al. (30)noted a number of patients with rotations exceeding their locally defined 

tolerance using Calypso. They highlighted a number of intrafraction movements occurring 

after on-treatment set-up imaging. This would not have been identified and corrected without 

real-time motion management. Discussion on the clinical or dosimetric impact of the findings 

would have been useful however the paper would be helpful to a department looking to 

implement this device for the first time. There was very little critical content on the device but 

several aspects of the study would be of interest for research on tracking devices, such as 

their analysis method of prostate rotation.  

 

Calypso’s accuracy was assessed by Hamilton et al. against CBCT and 2-D kV imaging 

using an anthropomorphic phantom(31). They noted a number of studies on positional 

differences between Calypso and orthogonal planar images, but few included rotational 

positioning. The differences in the imaging corrections were assessed statistically using Lin’s 

concordance correlation coefficients (32) with 95% confidence intervals following 

recommendations for looking at differences in microbiology laboratory tests. 

 

Hamilton et al. (31) researched phantom positional corrections, designed as a quality 

assurance study rather than clinical verification of Calypso. They used seed matching 

software, whereas in their clinical practice manual matching was performed. This may infer 

their results would have differed clinically, however the use of matching software removes 

any user bias so the results would be consistent and applicable for other centres. They 

recommended more than 50 samples, which may have influenced the number of phantom 

positions chosen by Hamilton et al. (31). The use of recommendations from a study on 

laboratory tests in microbiology is a good example of translating scientific and statistical 

methodology to other modalities and the importance of looking at research methods outside 

of one’s own core subject. 
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Lovelock et al. studied the benefits of target tracking compared to pre-treatment imaging for 

prostate SBRT patients (33). The beam was halted due to the target motion in more than a 

third of the fractions, which would not have been highlighted without tracking. The median 

time between set-up imaging and the end of treatment was 6 minutes 40 seconds, and 

despite positional interventions the mean impact on treatment time by adding tracking was 

only 30-40 seconds. 15 delivered fields with a displacement of 0.4cm or more were identified 

by Calypso. The dosimetric impact was calculated, and they found 10% of patients with a 

minimum PTV dose lower than 90% of the prescribed dose, with the lowest being 77%.  

 

The benefits of motion management for prostate SBRT patients were stated in Lovelock et 

al. (33) and would be a useful reference for studies involving this technique. Their research 

on the dosimetric impact of motion management was a strength of this study and by using 

DVH data, this is presented in a format familiar to clinical staff for appraisal. Their findings 

could be used as evidence in a business case for motion management in SBRT. The 

importance of OAR dosimetry when reviewing motion management was highlighted and 

could be adopted in further research.  

 

 

2.4.4 Cyberknife  

The Cyberknife system uses dynamic image guidance (34) and consists of a linear 

accelerator mounted on a robotic arm and a kV imaging system. Radio-opaque markers are 

implanted into the target to track its position. The system automatically corrects for target 

motion in real-time, adjusting the arm position as the motion occurs and has been 

successfully used to treat prostate radiotherapy including SBRT (35).  

 

Holmes et al. investigated marker implantation protocols for Prostate SBRT (36). The 

“relative pose problem” (37) is where translations of the x, y and z axes in the planning and 
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treatment spaces can be mapped. For this to be mathematically possible requires three 

fiducials. If the markers are too close together, the software cannot distinguish between 

them. Their existing protocol for implanting markers caused errors for 23% of their prostate 

patients. They devised an alternative implanting protocol and compared its positional 

accuracy against the original. Their results showed no instances of rotation errors. The 

dosimetric impact was simulated by rotating the planned doses and assessing the target 

coverage and rectum dose. They concluded that a rotation of 3 degrees can lead to a 9% 

decrease in PTV dose and a dose increase of 4% to rectum dose.  

 

The dosimetric assessment in Holmes et al. (36) assumed a single systematic rotation on all 

fractions, which may not be representative of an actual treatment. This analysis was carried 

out on a series of pre-determined rotations and may not be clinically representative. As a QA 

exercise however, it showed the potential impact from rotations. The study timeline meant 

patients analysed using the original insertion protocol were the first treated with this 

technique at their centre. The second cohort using the new insertion protocol were treated 

after this. This could introduce bias as the centre would have built up experience in the 

technique during the first cohort, however the positional issues appeared to be software 

dependant and caused by seed proximity, therefore it is an objective test of insertion 

technique. For RayPilot, due to their being only one transponder, the “relative pose problem” 

discussed in this paper would not apply.  

 

A retrospective study by Choi et al. on clinical outcomes of prostate SBRT patients treated 

with Cyberknife was carried out by using treatment logs to determine target motion (38).  

21.1% of patients exceeded 0.36cm of motion in the A/P direction and less than 4% with 

more than 0.36cm motion in other directions. No patient’s prostate motion was greater than 

0.72cm in any direction. The study noted a correlation between OAR toxicity and magnitude 

of motion existed. A statistically significant difference in the toxicity of patients with more 

than 0.26cm motion in the A/P direction was shown. Also shown was a statistically 
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significant difference in rectum toxicity due to radial motion above 0.33cm. There was no 

evidence that motion had an impact on treatment outcomes. 

 

Choi et al. concluded the prostate motion in their study did not exceed their PTV margins 

and did not have a statistically significant impact on treatment outcomes(38). However, they 

acknowledge other studies show intra-fraction motion significantly impacting Prostate SBRT 

delivery. Interestingly, they showed a difference in toxicity due to A/P motion observed of 

less than 0.36cm. This would be of interest to other centres and could be investigated in 

further studies and reviewing if interventional imaging limits are appropriate.  

 

2.4.5 RealEye 

The RealEye system was assessed by Kruijf et al. for safety and performance as a tracking 

system for prostate radiotherapy (39). RealEye utilises a radioactive tracer (iridium wire), 

implanted into the patient. Sensors mounted on the gantry track the position of the tracer 

and its position in 3D is calculated. The positional stability of the implant was analysed 

retrospectively using the relative position before and after a CBCT. They found only one 

patient with significant increase in symptoms during the treatment. The paper concluded that 

the implantation of the system was both feasible and safe.  

 

Kruijf et al. used CBCT imaging for positional verification of their implant giving 3-D 

information about the position of the device(39). The mean difference in position between 

the tracer readout and its CBCT position was 0.134cm. This was comparable to the prostate 

motion noted during CBCT acquisition and so may not be due to differences in the imaging 

systems.  Some consideration for the impact on intra-fraction motion during acquisition of the 

CBCT should be taken in other studies. They also show that the RealEye system does not 

provide information about rotations, or deformation of the prostate. 
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This study was a solid test of the system, and the utilisation of more than one site was a 

good way of reducing user bias from a single centre study. However, the number of patients 

analysed was small and therefore it could not be seen as robust evidence to use this 

tracking system without any additional imaging.  

 

2.4.6 Kilovoltage intrafraction monitoring (KIM) 

Initial clinical results utilising a 2D kV imaging system called kilovoltage intrafraction 

monitoring (KIM) were reported by Ng et al. (40)which they implemented for prostate 

IMRT(40). KIM uses 2D planar kV images of seeds at a series of gantry angles during the 

treatment. It found that the 3D motion of the prostate was outside of 0.3cm 4.7% of the time, 

however there was one instance highlighted where the displacement was 1.5cm. The 

accuracy of the KIM system was calculated to be within 0.046cm and compared favourably 

with both Calypso (0.054cm) (41)and RealEye (0.089cm)(42). Advantages include 

compatibility with MR imaging post treatment and ability to detect rotational discrepancies. 

The study is limited to retrospective impact of positional discrepancy, without real-time 

feedback of the position of the target. This was highlighted briefly in the discussion and has 

been noted in other studies.  

 

Ng et al. discuss the advantage that KIM would be possible on most modern linacs with a kV 

mounted imager (40). One limitation identified was the scatter contribution from the MV 

treatment beam whilst acquiring the images. This was mitigated in the study by increasing 

their detector SSD to 180cm reducing the scatter contribution, but not eliminating it. The 

author presents additional solutions including improvements in the analysis software. 

However, setting up this system with in-house software would require access to advanced 

computer scientist skills, which can be difficult to resource in NHS departments, although 

commercial solutions are now available(43). Their comparison looked exclusively at 
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geometric accuracy and therefore studies comparing accuracy within clinical patients would 

be advantageous for further reading.  

 

Ng et al. showed the KIM system could be implemented safely for use with prostate 

treatments, however did not discuss SBRT(40). The difference between the accuracy of the 

systems is small (0.008cm Vs Calypso) and not clinically significant, so other measurables 

should be used to conclude superior. 

 

Ng et al. (40) report the additional concomitant dose to the patient using the KIM system 

over a whole treatment course (40 fractions) to be 61mSv. The Calypso system involves no 

radiation dose to the patient, and has comparable accuracy which would be an advantage of 

this system. The RayPilot system also involves no radiation dose to the patient for the 

tracking, however would require additional IGRT systems such as orthogonal kV planar 

imaging to correctly position the patient for the treatment. The balance between the risk from 

concomitant dose and the need for accuracy of patient position during treatment should be 

considered by a department when assessing the appropriate tracking system to use (44) 

(45). For SBRT treatments where the number of fractions is reduced, the impact of positional 

inaccuracy during treatment increases whereas the concomitant dose should be reduced 

when compared to a conventional fractionation. This study provided clear criterion to 

compare different tracking modalities, which could be integrated into future research.  

 

Keall et al. reported on the accuracy of KIM in a prospective clinical trial, using the gating 

system to switch off the beam if the prostate motion exceeded 0.3cm for five seconds (46). 

This intervention strategy was based on Colvill et al. (47) and would maintain the plan 

dosimetry whilst reducing unnecessary beam interventions (47). The KIM system was 

benchmarked against kV/MV triangulation during treatment, considered to be the gold 

standard. Differences in the system were found to be less than 0.1cm for all fractions. Of the 
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197 fractions, the gating system halted the beam in 14.5% of these, with the largest 

observed motion 1.17cm. 

 

Keall et al. produced favourable results, showing that the implementation of the KIM system 

with gating can eliminate prostate displacements (over 0.5cm) during treatment delivery (46). 

The introduction of a time and distance threshold was interesting and would be more 

representative of the delivered dose. The RayPilot system requires manual intervention and 

including a time to the imaging tolerance would be difficult to practically implement. This 

approach proved useful in this study and further evidence if it would be appropriate for SBRT 

would be useful.  

 

2.4.7 Review paper 

Das et al. (48) reviewed imaging modalities for prostate radiotherapy, with a focus on 

ultrasound, kV imaging, CBCT, Calypso and Cine-MRI discussing the main advantages and 

disadvantages of each system, their associated costs and any direct comparison of the 

modalities. The system costs varied significantly, with the installation of the MRI cine system 

being $1-3 million, the CBCT $500,000 and the Calypso system $350,000. The accuracy of 

the systems and impact was discussed, with ultrasound requiring the largest PTV margins 

and Calypso the smallest. The requirement of ionising radiation and additional dose to the 

patient, such as with the CBCT and the X-ray imaging, was noted as a limitation for some 

systems. Calypso was the only system capable of identifying intra-fraction motion.  

 

Das et al. quotes the cost per treatment for each imaging modality, estimated from Medicare 

rates in the USA (48). This would not be representative of the cost to a UK NHS service. The 

cost for a CBCT system was estimated to be $500,000. With modern commercial 

Radiotherapy Linacs often including an integrated CBCT system, it would seem that this 

figure may be a bit high but the exact source material was not given. It would be useful to 
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estimate the cost of imaging techniques within PRINToUT and the cost effectiveness of 

RayPilot. 

 

The layout of this paper and in particular the summary tables were useful for the reader as it 

was clear what was being assessed, with short summary conclusions for each parameter.  

Although they have summarised a range of measurables for each system, they stated that a 

lack of published data on clinical outcomes meant there was not strong clinical evidence for 

one system’s superiority over another. Current studies looking into this, specifically Calypso 

Vs fiducial markers were discussed and would be of interest for future reviews. The 

importance of managing prostate rotation was consistently noted throughout Das et al. 

Vanhanen et al. stated that RayPilot can detect rotations (24) but other RayPilot reviews did 

not discuss this.  

 

2.4.8 mpMRI 
 

 

Multi-parametric MRI (mpMRI) has emerged as a useful imaging tool for the detection of the 

focal lesion in a prostate for cancer diagnosis.  Goldman et al. (49) carried out a 

retrospective study looking at the efficacy of mpMRI to predict a patient’s Gleason score as 

well as the index lesion location. They found that the lesion from the mpMRI matched the 

biopsy for 89.1% of the patients. The Gleason scores assessed using mpMRI correlated with 

the biopsy for 75% of the patients. They concluded that these results were favourable but 

that further work would be required before mpMRI could be utilised to identify patients where 

biopsy is required.  

 

Within Goldman et al. two radiologists were used to interpret the mpMRI images to delineate 

the prostate lesion (49). While this would minimise single user bias, there was no peer 

review of the volumes carried out between the radiologists with each only delineating their 
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allocated cohort. This may have added value to the study if this had been arranged, even for 

a small number of patients, to verify a consistent approach was used.  

 

A retrospective study by Johnson et al. looked at the rate of focal lesion detection in prostate 

cancer using mpMRI (50). The study looked at a large number of patients who had received 

mpMRI and a prostatectomy, Lesions were delineated by one of three experienced 

radiologists accompanied by a research fellow. They found that the mpMRI detected 45% of 

lesions and 64% of clinically significant lesions. Further analysis into the lesions that were 

not identified, showed that these were in the most part the smaller lesions and the detection 

rate in the study increased with the size of the lesion. The smallest lesion (0.1-0.5cm) had a 

detection rate of 10%, whereas the larger lesions (>2.0cm) had a detection rate of 78%.  

 

Johnson et al. excluded patients who had mpMRI taken at other institutions (50). Although 

this reduced the numbers of patients in the study, it helped reduce bias caused by 

differences in scanner set up or protocols between centres. However, the fact that this was a 

single centre study would also introduce bias into the study. Differences between scanners 

or departmental protocols could have an impact on these results, and therefore should be 

viewed within this context. Evidence from multi-centre studies would be helpful for clinical 

implementation.  

 

There was selection bias in both Johnson et al. (50) and Goldman et al. (49) as they only 

included patients who had a prostatectomy. If another accurate method of confirming lesion 

position and disease stage that was non-invasive was available, this study could be 

repeated with a wider demographic of patients.  

 

 

 



2. A review of available research 

50 
 

2.4.9 Prostate SBRT with boost: Cyberknife 

A study by Aluwini et al. using Cyberknife (51) to treat low and intermediate risk prostate 

cancer patients with SBRT and focal boost published early results (52). This provided follow 

up data (median: 23 months) for patients in the study, with toxicity scoring following the 

EORTC-RTOG methodology. Their results showed that this treatment regime was feasible 

and reported the toxicity at an acceptable level. The advantages of SBRT versus 

brachytherapy were discussed, where the invasive aspects of brachytherapy and need for a 

hospital stay were deemed less convenient than the SBRT option. They recommend that 

larger clinical trials would be required to evidence this method of treatment as more effective 

than established techniques. They presented acute GI toxicity of grade 2 in 12% of patients 

and grade 3 in 2% stating that their toxicity was low compared to established literature. The 

PSA nadir for patients with 2 years follow up was 0.6 ng/ml and a PSA bounce was noted in 

14% of patients. . It was acknowledged that the follow up period for this study was not long 

enough to confirm any strong clinical conclusions.   

 

There was only minimal detail in Aluwini et al. of the Cyberknife treatment delivery, utilising 

four gold seeds implanted in the prostate (52). This tracking method aided their introduction 

of SBRT and allowed confidence in their reduced margins. No additional imaging or 

verification of the position of the focal lesion during treatment was discussed. This would 

imply that the position of the seeds was used as a surrogate for the relative position of the 

focal lesion during treatment. A similar approach could be adopted with the RayPilot 

transmitter during treatment, however some 3-D verification of the position of the lesion 

would be advantageous. Their comparison of SBRT to Brachytherapy was interesting, 

stating SBRT was clinically comparable and had some practical advantages. However, this 

study only included patients who weren’t eligible for Brachytherapy which limited the 

demographic and a randomised trial would be more useful evidencing clinical superiority.  
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2.4.10 Prostate SBRT with MR defined boost 

Using MR scans to identify the focal lesion was investigated in a retrospective study of 

prostate patients by Feng et al. (53). Registration of the planning scan and the MR was 

carried out using rigid and a non-rigid registration. Their study concluded that the non-rigid 

method of registration estimated the position of the focal lesion correctly. A planning study 

for patients was carried out to produce SBRT plan with an integrated boost for each patient 

in this study. They were able to achieve clinically acceptable plans for each of the patients 

planned, with their organ at risk doses and target coverage meeting constraints from the 

PACE trial (54). The variability in position of the focal lesion within the prostate was noted, 

however this didn’t impact the ability to meet the designated plan constraints.  

 

In Feng et al. (53), the non-rigid registration method for the MR scans was felt to allow a 

more accurate and reproducible method for delineating the focal lesion for the treatment 

plan. This paper highlights the need for accurate registration techniques to support the MR 

imaging to accurately define focal lesions. The study showed that dose escalated SBRT 

plans could be created within the PACE trial constraints. The PRINToUT trial (12) aligned to 

the PACE protocol, so this study could provide a consistent approach to follow. The planning 

study in Feng et al. (53) used NTCP and TCP to compare the SBRT plan and the original 

clinical plan.  

 

McDonald et al. explored the feasibility of prostate SBRT delivery and the integrated boost of 

an MR defined focal lesion in a pilot study (55). The prostate was delineated using CT and 

MRI information, with the focal lesion contouring involving the clinical oncologist and 

surgeon. Image guidance through CBCT and then kV planar imaging was used to confirm 

the position prior to treatment and to monitor its position during the delivery using triggered 

imaging. Two patients or 7% of the study had acute urinary symptoms but there were no 

grade 3 toxicities reported. They had pre-defined criteria for plan acceptability and toxicity 
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levels for the study to have been deemed successful, and their results were within this. They 

noted that the development of a rectal spacer (56) since their trial was designed has led to 

this being incorporated into their future studies.  Further evidence supporting irradiating the 

whole prostate to 40Gy in 5# became available after publication, and therefore their planned 

follow up study may no longer be relevant. However, their regimen could be useful as a 

means of maintaining acceptable OAR doses and provides context for future studies.   

 

Some limitations of the pilot study in McDonald et al. (55) included being a single centre 

study with low patient numbers. The treatment method was shown to be feasible, however 

follow up on patient toxicity was continuing after publication. At the time of their publication 

reports were widely available showing urinary retention is not commonly noted in SBRT 

irradiation, which was their primary endpoint but was not known at the time of the study 

design. This illustrated that this is an emerging technique and the research and evidence 

base can be updating quickly.  

 

The inclusion of TCP and NTCP modelling to assess the plans was a useful means for 

providing clinical context to the planning studies in Fenget al. and McDonald et al. (53) (53). 

McDonald et al. (55) used TCP and NTCP data to inform their planning process, for example 

replanning to reduce the NTCP of the rectum. Not all clinical departments would have 

expertise or protocols to calculate TCP and NTCP values accurately or in a timely manner, 

however plan doses should be fully optimised based on dose values from the planning 

system. It would be interesting to compare this study to one using the same iterative process 

of reducing OAR doses whilst maintaining coverage, but using only the dose distributions 

and DVH information and whether using NTCP and TCP produced a different outcome. The 

anatomical geometry was discussed as being a potential flag for higher OAR doses, such as 

a focal lesion PTV abutting the rectum. This would be interesting to investigate in further 

planning studies.  
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Uncertainty in the value of the alpha/beta ratio of the prostate in McDonald et al. (55) was 

relevant to their results. They used an alpha/beta of 1.5 and although variation in this value 

would impact the results, this was the most representative. The radiobiological calculations 

were based on the linear quadratic model, and there are some limitations applying this 

method to high doses per fraction as it can overestimate cell killing and therefore the NTCP. 

 

2.4.11 Prostate SBRT with boost: Planning studies 

A planning study by Murray et al. was carried out looking at the impact that different SBRT 

treatment regimens would have on TCP and NTCP (57). The dose to the focal lesion was 

boosted in some iterations of the planning study, with the boost dose being increased 

incrementally until defined OAR dose limits were breached. They found that when dose 

escalating, the limiting structure for further dose increases was most commonly the rectum. 

The example plans with the least favourable rectal doses came from a dataset with two focal 

with lesions (one abutting the rectum) and one dataset with a relatively large boost volume. 

The NTCP modelling used in this study designated the rectum as a serial organ, due to the 

Dmax (0.5cc) dose tolerance. They found that for the dose escalated plans, this was a 

limiting factor as the NTCP was very sensitive to increases in the rectum doses. By 

replanning and focusing on reducing the rectum Dmax (0.5cc) as much as possible without 

compromising the PTV, they were able to significantly improve the NTCP whilst maintaining 

plan quality.    

 

Increasing the boost dose incrementally in Murray et al. (57) was a useful way to highlight 

the achievable limits for each patient plan. For clinical implementation of an isotoxic protocol, 

it may be more important to follow an established protocol within a clinical trial than simply 

using a method of dose escalation in isolation. Dose escalating a focal lesion in prostate 

SBRT is not a widely established technique and there are additional factors such as 

uncertainty in the positional verification of the lesion that may also influence the successful 
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delivery of a treatment plan so these should be considered. The relationship between 

increased dose to OARs and increased risk of toxicity should be understood well before a 

study of this sort is delivered clinically. They note that the PTV margin for the lesion can be a 

point of uncertainty, with a range of 0-0.8cm noted from their publication reviews. They used 

a 0.4cm margin for the focal lesion, which is consistent with the FLAME trial (58). One of the 

limitations was the uncertainty regarding delineation the focal lesion. They used mpMRI, but 

discuss that other studies have successfully used MR spectroscopy, radiolabelled iodine or 

PET imaging. They also state that their rigid registration method would introduce some 

uncertainty in this process and this would be mitigated if deformable registration had been 

available.  

 

Bijina et al. (59) carried out a planning study aiming to compare the plan dosimetry of three 

treatment delivery methods (Rapidarc, Cyberknife and Tomotherapy) for prostate SBRT and 

escalated boost. A separate plan for each method was completed for every patient in the 

study. These were assessed using a range of metrics including DVH and conformity indices. 

They concluded that the plans based on the Rapidarc delivery were superior.  

 

They deemed Rapidarc as the superior delivery method, assessed using both DVH data and 

conformity indices (59). This is a useful way to assess the dose falls off optimally, and gives 

clear quantifiable results. Each system had a separate planning system and different dose 

calculation algorithms. This would have influenced the study and it would be hard to isolate 

differences in the results that were due to the delivery method alone. There was no 

discussion on the accuracy of delivering each of these treatment methods or their imaging 

and target tracking options. Statistical analysis was carried out to compare the different 

treatment methods using one-way analysis of variance. This allowed the study to conclude 

superiority of a technique over another using appropriate confidence intervals.  
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A planning study based on Cyberknife delivery of dose escalated prostate SBRT by Kim et 

al. (60) looked at the impact of varying the prescription dose to the boost. They reported 

acceptable doses for 73% of plans with a 40Gy in 5# boost and 60% of plans with a 45Gy in 

5# boost and suggest a relationship exists between exceeding rectal tolerance and posterior 

positioning of the lesion. They concluded that their protocol and technique was safe to use 

for treatment.  

 

The results and discussion of the planning study by Kim et al. (60) highlighted posteriorly 

positioned lesions as a limiting factor for meeting OAR constraints, with literature showing 

70% of prostate lesions located here. They recommend that for posterior lesions their lower 

boost prescription (40Gy in 5#) should be used. This seems a sensible strategy and adds 

weight to having multiple dose levels available for the boost structure. However, application 

of this would require clear criteria on assessing the position of the lesion, and may limit direct 

comparisons between their patients receiving different doses. Even with this lower dose 

level, they would not have achieved clinically acceptable plans for 27% of the patients in 

their study. Dropping the dose incrementally for the boost does seem like a more 

standardised approach than compromising the boost volume until the OAR dose is met. As 

this was only a planning study, no clinical outcomes or toxicity data was available.  

 

2.4.12 Prostate SBRT with boost: Review paper 

A literature review with a focus on treatment strategies for prostate focal lesions with dose 

escalation was carried out by Draulans et al. (61). This highlighted some data which 

enforced the idea of the efficacy of dose escalation in prostate radiotherapy (62). The 

radiobiological advantages of dose escalation are evidenced in this review, however caution 

was noted with regard to toxicity when dose is escalated for the whole prostate, for example 

to 50Gy in 5# (63). This may be a driver for more focused boosts to the lesion only, reducing 

dose to organs and subsequently toxicity. The dose range within the review was 32Gy-50Gy, 
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with doses per fraction ranging from 6.7Gy-10Gy. Prescribed doses of 35Gy in 5# and 

36.25Gy in 5# were noted as being the most common. Of the 21 reviewed trials, 16 of these 

were treated using Cyberknife, although they discussed that it is was now more common to 

include linear accelerators into recent studies. 

 

Prostate motion was highlighted in Draulans et al. as a potential issue for focal lesion 

localisation (61). With rotational displacements potentially more problematic for boost 

volumes. The longer treatment times associated with SBRT were flagged as a potential 

issue for motion, with the probability of a >0.3cm displacement rising from 10% during a five-

minute treatment, to 20% for a ten-minute treatment. The most common CTV to PTV 

margins in those studies reviewed was 0.5cm in all directions except posterior, with 0.3cm. 

There was no discussion about the margins for the focal lesion, although they did discuss 

the possibility of larger margins for seminal vesicles.  

 

Image guidance strategies for prostate SBRT were discussed by Draulans et al.  (61). As the 

majority of studies involved utilised Cyberknife delivery, this was the most commonly used 

imaging system. kV planar imaging was noted to have shown favourable results for prostate 

localisation over CBCT. Using kV planar triggered imaging was highlighted as being an 

option for treatment delivery in some studies, although the increase in treatment time could 

increase risk of prostate motion. Recent studies where MR-guided radiotherapy was in use 

was proposed as being a viable means for localising the focal lesion during treatment and 

also for adaptive radiotherapy. They recommended that prostate SBRT with an ablative 

boost to the focal lesion only be undertaken as part of a clinical trial (61). 

 

Draulans et al. produced a flowchart used to illustrate the search methodology and the 

number of papers included in their systematic review (61). This included detail on number of 

papers reviewed, read and included in the study. There was discussion in the review 

regarding imaging, focusing on target position. The localisation of the focal lesion was not 
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discussed widely however, which would infer that the position of the focal lesion relative to 

the seeds would be assumed to remain stable and within the agreed margins. The potential 

for rotational displacements of the focal lesion position was discussed to but no detail of the 

impact was included. 

 

The Draulans et al. review included some studies on MR-guided radiotherapy, which could 

be useful for localisation of the focal lesion (61). This treatment method is still emerging, and 

it would be interesting to examine the imaging data during treatment to isolate the position of 

the focal lesion and its displacements. Rectal spacers were noted to reduce the dose to the 

rectum by increasing the distance between the high dose region and the rectal wall and to 

help immobilise the prostate (64).  For focal lesions, this may provide a potential dosimetric 

advantage for more posterior lesions.  

 

2.4.13 HYPO-Flame trial 

In a follow up publication, Draulans et al. analysed the early endpoints of the Hypo-Flame 

trial (65). This multi-centre trial was designed to treat prostate SBRT with an integrated 

boost. The defined endpoints of the trial were the acute GI and GU toxicity. They found that 

after 90 days, 34% of patients had experienced Grade 2 GU toxicity and 5% of the patients 

experienced grade 2 GI toxicity. No patients in the trial experienced grade 3 toxicity. These 

results were reported to be acceptable compared to other studies and the trial protocol 

evidenced as safe to deliver.  

 

This study reported across four centres and two countries, with this spread of departments 

and health systems advantageous to reduce bias (65). The Hypo-fractionated treatment was 

delivered with one fraction per week. This was intended to give an EQD2 dose of 85Gy. This 

was calculated using the linear quadratic model, which is known to have limitations for 
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higher doses per fraction, so direct comparisons of the results against longer courses of 

radiotherapy may not be appropriate. The sample size of 100 patients was chosen as it 

allowed an appropriate power for the statistical tests, which is a useful way of ensuring 

statistical relevance of a study. Within the planning solution, the priority was given to meeting 

the OAR doses over coverage of the focal lesion, but there was no discussion about how 

this approach impacted target coverage. As the study included early toxicity as a primary 

endpoint, there was no discussion on tumour control. There is a larger phase 3 trial FLAME 

that was running alongside this study that has an arm with dose escalation that will focus on 

outcome data. The data on boost target compromise in this trial and how this correlates with 

clinical outcomes would be interesting.  

 

2.5 Further research 

This literature review was focused on prostate SBRT and dose escalated boosts. Tracking 

methodologies from other anatomical sites such as thorax, where the target motion can be 

more complex, could provide another layer of insight. This could be discussed in further 

reviews or studies of RayPilot positional geometry.  As the subject covered was broad with a 

large number of publications available, there were areas of interest that could not be 

discussed in detail. The themes that would best supplement the research were investigated 

in depth, but a large amount of literature on other tracking methodologies such as Dynamic 

Multi-leaf Collimator tracking (66), 6 degrees of freedom couches (67), ultrasound (68) MRI 

(69) and EPID (70) were reviewed, which also informed the study and may be useful in 

further research.  

 

2.6 Conclusions 

This scoping review successfully completed and used to identify research questions and 

inform design of investigations as summarised in Table 5.  
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Although there is a large body of research papers on prostate motion management and 

tumour tracking, no system is clearly evidenced as superior. Indeed, there is little evidence 

from comparative studies that included clinical follow up and would be useful for 

radiotherapy centres looking to purchase and implement a system for prostate motion 

management. This review considered dosimetric implications of tracking systems to be 

particularly useful, with the advantage that results given in this format would be familiar to 

clinicians and other planning staff used to interpreting dose information in this way.  

 

The efficacy of prostate SBRT with a dose escalated boost to the focal lesion has been 

evidenced through a number of scientific papers and trials. Although direct verification of the 

focal lesion position was not discussed widely, this may be down to the limitation of the IGRT 

systems to delineate this anatomy. There was wide evidence of studies being carried out 

where established IGRT methods were used alone, such as 2D planar kV with the seeds 

used as a surrogate for both the prostate position and the position of the focal lesion. This 

would align with the approach in the PRINToUT trial (12), and therefore give confidence this 

would be an appropriate methodology for a planning study. As recommended by the review 

paper Draulans et al. (61), with very little established 5-year follow up data for dose 

escalated prostate SBRT, this should be implemented only as part of a clinical trial. A 

planning study following the PACE trial protocol but with dose escalation was carried out 

successfully and could be considered as a model to follow (54). TCP and NTCP modelling 

was discussed in both Feng et al. (53) and Murray et al. (57). This is seen as a useful 

method for plan regimen comparisons and in Murray et al. they used this data to feed back 

into the planning process to change the priorities of the plan. Whilst this is an interesting 

approach, there are acknowledged limitations of applying this modelling technique for 

hypofractionation. This would have to be investigated further before any inclusion in a study. 

 

The niche aspects of Raypilot provide opportunities for novel approaches to previous 

studies. What was clear from the literature is that for prostate motion management there is 
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no system clearly evidenced as superior, indeed it was noted that there is little evidence 

comparing systems that included clinical follow up. 

 
Table 5: Summary of research questions for local study and key aspects for investigation 
that have been highlighted by this review 
Research Questions Key aspects  

What is the accuracy and stability of 

RayPilot for prostate motion 

management during SBRT? 

 Positional stability to include degradation over time.  

 Positional accuracy to include all directions and rotations 

 Intrafractional positional stability 

 Benchmarking against kV imaging and CBCT 

 Dosimetric impact of the device for SBRT. This should include dosimetry 

to the target and OARs 

 Could RayPilot be used as a primary imaging device 

How does Raypilot compare against 

other motion management systems for 

prostate SBRT? 

 Quantitative comparison against Calypso, Cyberknife and other existing 

methods within the literature 

 Should include data on accuracy, precision and stability and look at the 

limitations of each system 

 Dosimetric analysis for the impact on SBRT treatments for each modality 

 Clearly defined parameters such as cost, treatment time implications, 

additional imaging and patient comfort could be discussed 

Can Raypilot be used for dose 

escalated prostate SBRT? 

 Is the quality of the pre-treatment imaging high enough for verification of 

focal lesion position 

 What imaging devices would be suitable for focal lesion delineation? 

 Would rotations have an impact and could this be managed 

 What is the positional stability of the transmitter relative to the focal 

lesion? 

 What margins would be appropriate 

 What other motion management systems have been used for this 

purpose and how does their performance compare to RayPilot 

 Can clinically acceptable dose escalated Prostate SBRT plans be created 
for patients within the PRINToUT study? 
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3.1 Abstract 

Purpose/Objective: Real-time positional verification is an important consideration in the 

safe delivery of SBRT. The purpose of this study was to assess the viability of the RayPilot 

system for intra-fractional motion tracking during prostate SBRT by benchmarking this 

system against current imaging protocols.  

 

Materials/ methods: The RayPilot system consists of a table-top array containing antennae 

connected to a transmitter which is inserted in the prostate. Seven patients had SBRT 

prostate treatments (36·25 Gy/5#) within the PRINToUT trial.  On-treatment positional 

verification was through kV orthogonal pairs matched to fiducial markers, with additional pre- 

and post-treatment CBCTs. In parallel, the RayPilot system was used to monitor the 

transmitter position during treatment with the beam halted manually for displacements of 

more than 0.2cm. The co-ordinates of the markers and the transmitter in the planning CT 

and pre and post-treatment CBCT images were recorded offline.  

 

Results:  The mean displacement (+/- standard deviation) of the RayPilot transmitter for all 

seven patients and all five fractions comparing the CT and each of the pre and post CBCT 

scans was -0.04cm (+/-0.1cm) (LR) , 0.07cm (+/-. 0.2cm) (AP)  & 0.16cm (+/- 0.5cm) (SI). 

The mean displacement in the same images of the three fiducial markers for all seven 

patients and all fractions was -0.03 (+/- 0.1cm) (LR), -0.03 (+/- 0.14cm) (AP) & -0.03 (+/-

0.14cm) (SI).  

 

Comparing the pre and post CBCT images, the mean displacement (+/- standard deviation) 

of the transmitter for all patients and fractions was -0.02cm (+/- 0.11cm) (LR), -0.00cm (+/- 

0.15cm) (AP) & -0.02cm (+/- 0.18cm) (SI). The mean displacement for all three fiducial 

markers comparing the pre and post CBCT images for all patients was 0.02cm (+/- 0.09cm) 

(LR), -0.03cm (+/- 0.13cm) (AP) & 0.04cm (+/- 0.11cm) (SI).  
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Conclusion: Initial results show that the RayPilot system can be used for tumour tracking 

during Prostate SBRT. The positional stability of the device against the local imaging 

protocol was variable. Further work is required to verify the RayPilot device as a stand-alone 

modality for SBRT.  

 

3.2 Introduction 

Prostate cancer is the most common male cancer diagnosis, with 48,600 cases being 

reported in the UK in 2017 (A1). Radiotherapy is an important part of the treatment regime 

for prostate cancer and is used in almost a third of patients (A1). Established radiotherapy 

schedules, involving a long course of treatment (20-39 fractions) are routinely used in the UK 

with a typical dose per fraction of 2-3Gy (A2). Due to the lower alpha/beta ratio of prostate 

cancer there may be radiobiological advantages to a more hypofractionated treatment 

schedule (A3). There has been growing interest in the use of ultra-hypofractionated 

treatment schedules, also known as prostate SBRT, where a dose per fraction of >5Gy is 

delivered to the target in a reduced number of fractions (A4). Some recent trials comparing 

the efficacy of prostate SBRT against established techniques have published promising early 

results and long term data is eagerly anticipated (A5)(A6).  

 

Interfraction motion refers to positional changes of a patient between fractions and can often 

be mitigated through image guidance techniques (A7)(A8). Intrafraction motion occurs during 

the treatment delivery and can be harder to detect and correct for. Positional changes of a 

patient during prostate SBRT treatments may have a greater impact on the treatment than 

for longer fractionations. This is because each single fraction contributes to a larger 

percentage of the dose contribution. If some of the target is outside the field for a single 

fraction, this volume would have a reduced dose contribution for this fraction. This would 

equate to 20% of the overall treatment for a five-fraction regime. If the displacement was 
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systematic, this could impact the dosimetry of the whole treatment. Studies have shown that 

displacements can lead to a reduction of dose to the target (A9)(A10).  

 

Tracking devices can be used to reduce the impact of intrafraction motion in prostate SBRT 

delivery, by giving real-time information about the position of the target during treatment 

delivery and systems to correct positional changes (A11). When investigating the stability 

and accuracy of a novel system such as the RayPilot electromagnetic (EM) transmitter 

system for target tracking during prostate SBRT, it is important to put this in the context of 

established systems such as Calypso (A12) or Cyberknife (A13). Calypso (A12) uses four 

transponders placed within the prostate to track the position of the target during treatment 

allowing beam gating to occur when displacements are outside a defined tolerance. The 

Cyberknife system (A13) uses in-room orthogonal 2D kV imaging to track the position of 

fiducial markers placed in the target in real-time and adjust the position of the beam delivery 

based on displacements. The radiotherapy treatment is delivered through a linear 

accelerator mounted on a robotic arm. When the target position changes the system will 

automatically change the position of the robotic arm to correct for this.  

 

The aim of this study was to document the initial experiences of using the RayPilot 

electromagnetic (EM) transmitter system for target tracking during prostate SBRT with 

respect to the commonly available IGRT methods of 2D kV orthogonal imaging and 3D kV 

CBCT volumetric imaging.   

 

3.3 Materials and methods 

The RayPilot system includes an EM Transmitter and couch top array which are connected 

together by an electrical cable (A14). The couch top array contains 16 antennae which can 

be used to calculate the position in space of the transmitter with respect to the treatment 

machine isocentre. The transmitter is inserted into the prostate transperineally to allow the 
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localisation of the target during treatment. The transmitter remains in-situ after insertion for 

the whole treatment course after which time it is removed.   

 

This study included seven patients who were enrolled in the PRINToUT study (A15), a study 

investigating the relationship between the volatile organic compounds released in breath 

during prostate SBRT and tumour and normal tissue response to radiotherapy. The age 

range for the study was 53-81, with a mean age of 70.7. Five patients had a Gleason score 

of 6 and two score of 7. Pre-treatment and prior to the CT planning scan, each patient had a 

multi-parametric MR scan which includes a T2 weighted, diffusion-weighted and dynamic 

contrast MRI’s. Three fiducial seeds inserted into the prostate followed by ultrasound guided 

insertion of the EM transmitter. Radiotherapy planning CT scans were registered with the 

MR images using both rigid registration methods. The MR and the CT were both used to 

delineate the target volumes for the treatment. The PRINToUT radiotherapy protocol, 

including organ at risk doses was aligned with the PACE trial (A5). Each patient was 

prescribed 36.25Gy in 5# (Appendix 2) and the treatment plan was designed to cover the 

PTV with 95% of the prescribed dose and the CTV with 100%. This was a minor deviation 

from the PACE protocol which boosted the CTV to 40Gy. For the PTV, the CTV was 

expanded by 0.5cm in all directions except in the posterior direction, where a 0.3cm margin 

was applied.  

 

Treatments were planned using the Eclipse treatment planning system (v13.6) (A12) 

calculated using the AAA algorithm (v10.0.28) and delivered with three full rotation 6MV 

VMAT arcs on a Truebeam linear accelerator.  The imaging protocol was set up to allow the 

use of the RayPilot tracking system as a supplementary imaging method for on-treatment 

geometric verification. The Primary imaging method for positioning was the 2-D orthogonal 

X-ray imaging system, acquired before treatment and between each arc. An imaging 

tolerance of 0.2cm was used before any positional correction was instigated. Once the 

patient is positioned, a CBCT image was taken directly before the beam delivery to provide 
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3D anatomical information and allow assessment of the shape and position of the OARs and 

verify the position of the RayPilot transmitter. An additional post fraction CBCT was acquired 

directly after the last arc. The RayPilot system was used to track the position of the target 

once the patient was positioned. If a displacement of 0.2cm or greater in any direction was 

noted during treatment delivery, the beam was halted manually and a kV orthogonal pair 

was used to verify the target position and correct if necessary. An example of the workflow 

showing the order of the imaging and treatment arcs used during the study is included in Fig 

A1. 

 

Fig A1: Example of a typical imaging workflow at each fraction in this study. Orthogonal kV 

pairs (ISO Images) were taken before treatment and between each arc. CBCT images were 

taken before and after treatment delivery. 

 

The imaging data was analysed retrospectively by a single observer, using the Aria OIS 

offline review module (A12) looking specifically at the position of the RayPilot transmitter and 

each of the 3 fiducial markers. The coordinates of each point of interest were recorded using 

the planning CT image and each of the pre and post-fraction CBCT images in the sagittal, 

transverse and coronal imaging planes. The position of the tip of the RayPilot transmitter 

was used as a surrogate for the position of the transmitter, Fig A2(a). The coordinates of the 

fiducial markers were recorded by estimating the centre of the seed on the image. The 

spatial resolution from the images was 0.09cm in the LR (x) and AP (y) planes and 0.1cm SI 

(z). 



1. Paper A 

67 
 

 

Fig A2(a) CT Image 

 

Fig A2(b) CBCT Image 

 

Fig A2(c) 
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Fig A2: Example of transmitter and fiducial markers during co-ordinate point placement for a 
single patient from the study. A2(a) CT planning scan in the sagittal plane showing the tip of 
the transmitter A2(b) CBCT scan in the sagittal plane showing the tip of the transmitter, at 
the same point as A2(a). A2(c) CBCT image showing the fiducial markers and the tip of the 
transmitter during point placement in the Sagittal plane (top image) and coronal plane 
(bottom image).  
 

The relevant point co-ordinates for each fraction and each patient in the study were collated 

within Excel for the transmitter and each of the three fiducial markers. The displacement 

between the coordinates of each relevant point on the CT planning scan and each CBCT 

scan was recorded (Dataset A). Additionally, the differences between the pre and post 

fraction CBCT scans were recorded (Dataset B). Displacements greater than 0.2cm and 

0.3cm were highlighted.  

 

Statistical analysis was carried out using both an F-test and a Levene test to analyse the 

variance of displacement measurements of the RayPilot transmitter compared to the seeds. 

Both of these tests were applied to the displacement measurements from dataset A and 

dataset B respectively, comparing the variance of the RayPilot transmitter displacements 

against the individual displacements of each seed in the x, y and z direction. The F-test 

assumes the population data is normally distributed, and the Levene test is less sensitive to 

normality in the source data.  

 

3.4 Results 

The position of the transmitter tip and the fiducial markers on the planning CT was used as a 

reference for identifying the respective displacement from the pre and post-fraction CBCT 

images (Dataset A). This included 70 data points for the transmitter (2 CBCTs for 5 fractions 

over 7 patients) and 210 data points for the fiducials (with 3 fiducials in each image). The 

mean displacement (+/- standard deviation) of the RayPilot transmitter was -0.04cm, +/- 

0.1cm (LR), 0.07cm +/- 0.2cm (AP) and 0.16cm +/- 0.5cm (SI). Isolating measurements for 

each patient (Table A1), all mean displacements were below 0.2cm except P3(LR) 1.2cm, 
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P4(AP) 0.33cm, P6(AP) 0.3cm and P6(SI) 0.2cm. The mean displacement (+/- standard 

deviation) of the fiducial markers for all patients was -0.03cm +/- 0.1cm (LR), -0.03cm +/- 

0.14cm (AP) and -0.03cm +/- 0.14cm (SI). All of the fiducial mean displacements were below 

0.2cm when calculated for each patient individually.  

 

The position of the transmitter tip and the fiducials were analysed comparing the pre and 

post-fraction CBCT images (Dataset B). The pre-fraction CBCT was used as a reference 

image and the relevant displacement in the post-CBCT image noted, interpreted as a 

measure of the intrafraction motion. This dataset included 35 data points for the transmitter 

and 105 data points for the fiducials. The mean displacement (+/- standard deviation) of the 

transmitter was 0.02cm, +/- 0.11cm (LR), 0.00cm +/- 0.15cm (AP) & -0.02cm +/- 0.18cm (SI) 

with mean values for each patient below 0.2cm, except P3(SI) –0.24cm. The mean 

displacement of the fiducial markers was 0.02cm +/- 0.09cm (LR), -0.03cm +/- 0.13cm (AP) 

& 0.04cm +/- 0.11cm (SI) and no mean values for individual patients in any direction 

exceeded 0.2cm.  
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Table A1: Table of the mean displacements in the x (LR), y (AP) and z (SI) directions for 
Dataset A (CT Vs CBCT) and Dataset B (Pre Vs Post CBCT) for each patient and in total. 
 

 

 

x y z x y z

CT Vs CBCT (cm) -0.05 -0.08 -0.05 -0.02 -0.02 -0.11

st dev 0.05 0.08 0.29 0.08 0.10 0.21

Pre Vs Post CBCT  

(cm) 0.01 -0.02 0.07 0.02 -0.02 -0.02

st dev 0.06 0.13 0.11 0.06 0.09 0.07

CT Vs CBCT (cm) -0.10 0.06 0.02 -0.05 -0.14 -0.08

st dev 0.08 0.07 0.11 0.08 0.10 0.09

Pre Vs Post CBCT (cm)
-0.05 -0.06 -0.03 -0.03 -0.06 0.05

st dev 0.14 0.11 0.11 0.11 0.10 0.09

CT Vs CBCT (cm) -0.10 0.08 1.20 0.02 -0.05 -0.03

st dev 0.14 0.10 0.50 0.18 0.13 0.12

Pre Vs Post CBCT (cm)
-0.07 0.17 -0.24 0.02 0.06 0.03

st dev 0.11 0.07 0.21 0.08 0.09 0.12

CT Vs CBCT (cm) -0.06 0.33 -0.10 -0.08 -0.10 0.07

st dev 0.05 0.12 0.10 0.10 0.13 0.17

Pre Vs Post CBCT (cm)
-0.02 0.00 -0.10 0.03 -0.13 0.07

st dev 0.08 0.16 0.10 0.08 0.10 0.13

CT Vs CBCT (cm) -0.02 -0.11 -0.02 -0.02 0.03 -0.04

st dev 0.06 0.10 0.14 0.07 0.06 0.11

Pre Vs Post CBCT (cm)
-0.04 0.06 -0.08 0.01 0.03 0.05

st dev 0.08 0.13 0.11 0.07 0.06 0.08

CT Vs CBCT (cm) 0.04 0.30 0.20 0.00 -0.08 0.02

st dev 0.05 0.12 0.19 0.02 0.17 0.08

Pre Vs Post CBCT (cm)
-0.04 -0.11 0.08 -0.01 -0.03 0.03

st dev 0.05 0.18 0.22 0.02 0.12 0.09

CT Vs CBCT (cm) -0.01 -0.11 -0.13 -0.05 0.12 -0.05

st dev 0.15 0.12 0.15 0.10 0.16 0.09

Pre Vs Post CBCT (cm)
0.07 -0.02 0.14 0.09 -0.07 0.07

st dev 0.16 0.16 0.15 0.09 0.21 0.12

CT Vs CBCT (cm) -0.04 0.07 0.16 -0.03 -0.03 -0.03

st dev 0.10 0.20 0.50 0.10 0.14 0.14

Pre Vs Post CBCT (cm)
-0.02 0.00 -0.02 0.02 -0.03 0.04

st dev 0.11 0.15 0.18 0.09 0.13 0.11

Patient 5

Patient 6

Patient 7

All patients

Patient 4

RayPilot Fiducial Markers (mean)

Patient 1

Patient 2

Patient 3
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Fig A3(a) 

 

Fig A3(b) 

Fig A3: Graphs of the mean displacement for each patient of the transmitter and the fiducial 
markers in the x (LR), y (AP) & z (SI) directions. A3(a) Displacements of the points using the 
planning CT scan as a reference against the position in the pre and post CBCT scans 
(Dataset A). A3(b) Displacements of the points using the pre-treatment CBCT scans as a 
reference against the position in the post CBCT scans (Dataset B). 
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Table A2: Table of the percentage of displacements of the RayPilot transmitter and fiducial 
markers measured to be exceeding 0.2cm and 0.3cm for Dataset A (CT Vs CBCT) and 
Dataset B (Pre Vs Post CBCT) in the x (LR), y (AP) and z (SI) directions 
 

 

 

Fig A5(a) 

 

x y z x y z

CT Vs CBCT 9.7% 31.9% 50.0% 10.2% 13.9% 19.4%

Pre Vs Post CBCT 7.9% 15.8% 42.1% 3.5% 14.9% 14.0%

CT Vs CBCT 0.0% 5.6% 29.2% 0.5% 3.2% 9.3%

Pre Vs Post CBCT 0.0% 0.0% 10.5% 0.0% 0.0% 1.8%

RayPilot Fiducial Markers (mean)

Percentage of displacements over 

0.2cm

Percentage of displacements over 

0.3cm
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Fig A5(b) 

Fig A5: Graphs showing the percentage of measured displacements exceeding 0.2cm & 
0.3cm in the x (LR), y(AP) and z(SI) direction. A5(a) Percentage of displacements exceeding 
0.2cm & 0.3cm comparing planning CT scan and the pre and post CBCT scans. A5(b) 
Percentage of displacements exceeding 0.2cm & 0.3cm comparing pre and post CBCT 
scans.  
 

Statistical analysis was carried out by performing an F-test and a Levene test comparing the 

displacement data of the RayPilot transmitter and the seed displacements to test if there was 

a statistically significant difference between the variances of each data set. These were 

applied separately for the displacements in the x (L/R), y (A/P) and z (S/I) direction for 

Dataset A (results shown in table A3) and Dataset B (results shown in table A4) testing the 

hypothesis Ho, that the variances of the respective displacement data were equal. The 

threshold for the p value below which the hypothesis Ho would be rejected was set as p<= 

0.05.  

 

 

Table A3: F-test and Levene test results for dataset A. Tests comparing the variance of the measured 

displacement of the RayPilot transmitter in the x (L/R), y (A/P) and z (S/I) direction against the 

displacement of the individual seeds. This was testing the hypothesis Ho that the variances are equal. 

 

 

 

 

Table A4: F-test and Levene test results for dataset B. Tests comparing the variance of the measured 

displacement of the RayPilot transmitter in the x (L/R), y (A/P) and z (S/I) direction against the 

displacement of the individual seeds. This was testing the hypothesis Ho that the variances are equal. 

 

Ho p value Ho p value

x accept 0.801 accept 0.538

y reject 0.001 reject 0.001

z reject 0 reject 1.241E-10

F-Test Levene Test

Ho p value Ho p value

x accept 0.073 accept 0.494

y accept 0.200 accept 0.078

z reject 0.000 reject 0.001

F-Test Levene Test



1. Paper A 

74 
 

 

 

For Dataset A, Ho was accepted for measurements in the x (L/R) direction, and rejected for 

the y (A/P) and z (S/I) directions. This means the variances in the x (L/R) direction were 

calculated to be equal and a statistically significant difference in the variances in the y (A/P) 

and z (S/I) direction was found. For dataset B, Ho was accepted in the x (L/R) and y (A/P) 

direction and rejected in the z (S/I) direction, which means a statistically significant difference 

in the variance in the z (S/I) direction was found.  These findings were consistent for both the 

F-test and the Levene test. The p values for each calculation give an indication of the 

strength of the result, with a threshold of p<=0.05 indicating the hypothesis was rejected and 

with a lower p value giving increased confidence that a rejected hypothesis was true.  

 

 

3.5 Discussion 

In dataset A, the mean displacement of the transmitter was within 0.2cm for all data points 

except P3(SI), P4(AP) & P6(AP),(SI) (Fig A3). It was found in these results that both the 

magnitude of displacements and the percentage of displacements exceeding 0.2cm and 

0.3cm respectively were consistently lower for the fiducial markers than the RayPilot 

transmitter.  

 

In dataset A, displacements were most commonly noted in the SI direction, with 

measurements of 0.2cm or greater recorded for 50% of data points for the transmitter, whilst 

for the fiducials this was 19% (Fig A5). SI displacements of 0.3cm or greater accounted for 

29.2% of the transmitter measurements and 9.3% for the fiducials. Theoretically both 

systems should remain in situ, and as such relative displacements should be comparable. 

These results may be pointing to differences in the relative position between the two 

systems. The fiducials are used for patient positioning, therefore closer correlation between 
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their position and the reference planning CT would be expected if there was a relative 

change in position between the systems. A 0.2cm imaging action level was in place during 

treatment, whereby target displacement below this value would not require correction. 

Therefore, the displacement values recorded in Dataset A may include any inherent 

displacement of up to 0.2cm that was uncorrected as per protocol.  

 

Dataset A included 29% of measurements of the transmitter of 0.3cm or greater, which was 

greater than the number of fiducial measurements of this magnitude (9.3%). It would be 

useful in future studies to record the RayPilot system displacement when the kV imaging 

was being acquired for a direct comparison of the interpretation of the same anatomical 

conditions of the two systems. 

 

The transmitter measurements for Dataset B showed that 42.1% of the SI displacements 

were 0.2cm or greater, with 10.5% of measurements 0.3cm or greater. The fiducial 

measurements in the SI direction had 14% of displacements measured 0.2cm or greater and 

1.8% at 0.3cm or greater. Dataset B includes the difference in values between the pre and 

post-fraction CBCT images. This would be a good indicator for identifying intrafraction 

motion as the patient should be in their treated position for both. More transmitter 

measurements exceeded each threshold than for the fiducials. This difference between the 

systems may indicate that the displacements are not primarily due to intrafraction motion, 

but differences in the stability of the fiducials and the transmitter.  

 

A larger number of displacements exceeded 0.2cm and 0.3cm in the SI direction than any 

other. This was consistent with results presented by Braide et al. (A14) who investigated 

stability of the RayPilot transmitter in 10 patients, and concluded that displacements in the SI 

direction were most common, noting that this was along the track where the device was 

inserted and may have influenced this. As this is the direction of the transmitter’s insertion 

track this may have contributed to the positional instability. In Dataset A, the mean 
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displacement of the RayPilot transmitter for all patients in the SI direction was 0.16cm, with a 

standard deviation of +/- 0.5cm highlighting the degree of variability in the dataset. This is 

contrasted with the equivalent mean displacement of the fiducials in dataset A for all patients 

of 0.03 with a standard deviation of +/- 0.14cm. This data shows some evidence that the 

RayPilot transmitter is less stable than the fiducial markers in the S/I direction. This agrees 

with the conclusions from Braide et al. (A14) but a larger sample size would strengthen this 

hypothesis.  

 

Analysis showed a statistically significant difference between the variances in the y & z 

direction for Dataset A and in the z direction for Dataset B. Although the F-test relies on the 

source data being drawn from a normal distribution, the Levene test is less sensitive to 

normality. The analysis from both tests was consistent, and indeed the low p values 

calculated for the measurements in the z direction for both data sets provide confidence in 

these results. With the seeds being used as the primary imaging tool for the treatments, this 

difference in variances highlights that the RayPilot transmitter relative position is not 

consistent to the seeds in they y & z direction for Dataset A and the z direction for Dataset B. 

For Dataset A this may be inferring interfraction variability of the transmitter, however it is 

interesting that this is also apparent in Dataset B which compares the position of the device 

in the pre and post CBCT images. This would therefore be inferring further instability of the 

device over the duration of the treatment. This statistical analysis provided further evidence 

from this study that the transmitter position may be unstable when benchmarked against the 

seeds. The patient numbers included in this study were low however, and therefore for 

stronger evidence base a larger cohort study would be required.  

 

There are some limitations with the data collection in this study. When the measurement 

points were determined in Eclipse, this was done using the offline review module. The 

resolution of the available 2D images for point placement in each plane were 0.09cm LR & 

AP and 0.1cm SI. There was also a degree of subjectivity determining the point position on 
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the image. The fiducials for example were visible across more than one image in each plane 

and as such estimating the centre may have introduced some error to the results. Although 

the tip of the RayPilot casing does not correspond to the active measurement point of the 

transmitter, this was a more easily localised point and a more consistent point for placement 

and used to record the measurements. However, there may have been some subjectivity 

over the most position in the images of this point for some measurements. 

 

The mean of the fiducials was calculated for each fraction based on the mean of the 

combined displacement of all three markers. This method was used as the patient position 

was determined using all three markers, whilst the RayPilot system relies on a single point of 

reference. However, it was not clear in the matching software how representative the mean 

position of all three markers would be to the calculated target position. The method of 

analysis in this study therefore may not correlate exactly with the kV orthogonal imaging 

system, however as it is based on the physical position of the seeds used in the match it 

gives a reasonable estimation for this. Each seed match was visually inspected by the 

radiographers who would investigate any outliers.  

 

Patient P3 dislodged their transmitter by accidently pulling on the protruding wire before their 

first fraction was delivered. This was identified in the study as a disadvantage of the system, 

with the patients having their transmitter inserted two weeks before treatment there was an 

increased risk of this occurring. This risk could be reduced in future studies by reducing the 

required contouring and planning time. The tracking was continued with the reference 

marker for the RayPilot transmitter reset in eclipse using its position in the CBCT scan on 

fraction 1. The system is looking to track relative displacements, so this change should in 

theory be sufficient to continue and the relative displacements would remain stable 

throughout the treatment.  However, the SI displacements of the transmitter in dataset A 

ranged from 0.8cm-1.7cm over all five fractions, and for the fiducial markers this range was -

0.2cm to 0.2cm. In dataset B the SI displacement ranged from -0.5cm to 0.0cm, which may 
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indicate intrafraction motion of the transmitter was present relative to the prostate. The 

stability of the transmitter may have been compromised when dislodged as it is designed to 

be in a fixed position during treatment. However, the range of the SI fiducial displacements 

in dataset B was -0.2cm to 0.24cm which is similar to the transmitter, so this may be pointing 

to anatomical changes rather than instability. This could be investigated in further studies.  

 

The electrical wire connector is left protruding from the patient to be connected to the table 

top array. This is inserted before the planning CT, and is left in situ until after the last 

fraction. As the wire is loose, it could be accidently moved by the patient and this was 

identified as a risk to the positional stability of the transmitter. The sample size in this study 

was not be large enough to draw strong conclusions around the frequency of this occurring, 

or indeed the impact on the position or stability of the transmitter. Future studies with a larger 

patient cohort could be used to look at this in more depth. It may be that after an adverse 

event as seen here, a modified imaging protocol is required. 

 

In dataset A, the displacements were measured against the reference planning CT for both 

the pre and post-fraction CBCTS, giving two measurements per fraction. This method gave a 

representation of the treatment phase as a whole, however it does provide additional data 

points for the same number of fractions so comparisons with other studies should be mindful 

of this. Splitting the data to analyse the pre and post CBCT images separately would be of 

interest in future studies.  

 

A technical fault within the couch-top array on P4 before fraction 3 prevented any further 

measurements from the transmitter for this patient. As the transmitter was still in situ and this 

study was focussed on its physical position, all the data for this patient was retained for this 

study. There may have been potential unconscious bias by the radiographers by not 

considering the position of the transmitter on the CBCT scans for this patient.  
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3.6 Conclusions 

These initial results show that the RayPilot transmitter can be identified on CBCT imaging 

during Prostate SBRT and tested alongside other imaging modalities. The positional stability 

of the device when benchmarked against fiducial markers was variable. In order to 

understand the differences between the imaging modalities, some synchronicity between the 

measurements at the time of recording would be useful. Further work would be required to 

verify the RayPilot device as a stand-alone modality for SBRT. 

 

3.7 Ethical approval 

Ethical approval for this work to be presented was granted through the PRINToUT clinical 

trial ethical approval application. 
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4.1 Abstract 

Purpose/Objectives: Intra-fraction motion during hypofractionated radiotherapy can lead to 

clinically significant differences between planned and delivered dose to the target and 

organs at risk. The purpose of this study was to establish the efficacy of RayPilot for real-

time positional verification in prostate SBRT and to assess target displacement.  

 

Materials/Methods: The RayPilot tracking system uses a transmitter inserted into the 

prostate which is detected by a table-top array containing antennae. This study included 7 

prostate cancer patients who had the RayPilot device inserted and were treated with SBRT 

(36.25Gy in 5#). The primary positional verification imaging method was kV orthogonal pairs 

matched to fiducial markers with additional CBCTs. In parallel, changes in the transmitter 

position during treatment were monitored by the RayPilot system with the beam halted 

manually if the displacement was more than 0.2cm. The RayPilot software records the 

position of the device every second and its displacement from a reference position is 

calculated. This positional data was analysed in Excel, where the maximum, minimum and 

mean position of the device along with the % of displacements exceeding 0.1, 0.2, 0.3 & 

0.5cm were recorded.  

 

Results: Of the 35 fractions in the study, the EM transmitter position was recorded 

successfully in all except #3, 4 & 5 for patient 4 due to technical issues. Over the whole 

study, displacements measured every second exceeded 0.2cm for 2.64%, 2.18% and 5.10% 

of all measurements in the lateral, longitudinal and vertical directions respectively. The mean 

displacement did not exceed 0.03cm  

 

Conclusions: RayPilot is a viable means for tracking the prostate during SBRT. The 

position of the target was within 0.2cm for 94.9% of the patient’s treatment time. 

Synchronising the software with the linac would enable data collection only while the 
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treatment beam is on, thus strengthening the validity of the data. Further work is planned to 

assess the efficacy of RayPilot with respect to current X-ray based IGRT methods and 

determine if it could be used as the primary monitoring device. 

   

4.2 Introduction 

 

Prostate cancer remains the most common cancer for males in the UK, accounting for 26% 

of all new male cancer diagnoses in 2017 (B1). Of these patients, 30% received 

radiotherapy as part of their primary treatment. Radiotherapy treatments can be highly 

conformal, therefore the accurate delivery of the dose to the target is essential for the 

treatment to be as effective as possible. Discrepancies between the planned and delivered 

position can impact the dosimetry of the treatment.  

 

Interfraction motion is where anatomical changes occur between fractions and can often be 

mitigated by established on-board imaging techniques (B2). These include cone-beam CT 

(CBCT), and 2D kV orthogonal imaging aligned to fiducial markers in the prostate. 

Intrafraction motion occurs during the treatment delivery and there have been studies where 

this was identified. For example, prostate motion was been noted by Mah et al. (B3), where 

imaging was carried out on 42 patients using CINE MRI over 9 minutes, which they saw as 

analogous to a single fraction treatment time. They reported that displacements were 

generally small, with the largest mean displacement being recorded as 0.02cm in the a/p 

direction and only 3% of motions being greater than 1.0cm.  

 

Hypofractionation in prostate radiotherapy is where a higher dose per fraction than the 

standard regime is delivered. The two primary advantages of this are the lower alpha/beta 

ratio of prostate cancer lending itself to a greater sensitivity to fraction size (B4) and the 

potential for resource saving by reducing the number of fractions for a high-volume site 
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group such as prostate. This can involve moderately hypofractionated treatments (2.4-3.4Gy 

per fraction), which are becoming more commonly used such as in the CHIIP trial, which has 

published favourable results (B5). Fractionations with at least 5 Gy per fraction are classified 

as ultra-hypofractionated or alternatively prostate SBRT (B6). Currently there are no 

published large scale randomised clinical trials that evaluate prostate SBRT but two recent 

trials have published early results. HYPO-RT-PC was a large phase 3 trial where 42.7Gy in 

7 fractions was delivered. Widmark et al. reported that this technique was non-inferior to 

their standard arm of 78Gy in 39 fractions for outcomes, however they did see higher early 

toxicities in the hypofractionated arm (B7). Brand et al. (B8) reported acute toxicity 12 weeks 

after radiotherapy for the PACE B trial was published for their regime of 36.25Gy in five 

fractions. They reported that acute toxicity in their hypo fractionated regime is not greater 

than for the patients receiving standard fractionation (78Gy/39#) or a moderately 

hypofractionated (62Gy/20#) fractionation in the same trial.  

 

Due to the higher dose per fraction for SBRT, the impact on the plan dosimetry from any 

geometric displacements of the target during individual fractions can be greater. Lovelock et 

al. reported that intrafraction motion would lead to 10% of patients in their study having a 

target D95 less than the required 90% without positional correction (B9). On-treatment 

imaging such as CBCT and 2D planar kV imaging can verify that the target is positioned 

correctly before the fraction is delivered reducing the impact of any interfraction motion, 

however this will not provide positional information during the beam delivery.  

 

Techniques to track the target position in real-time during treatment are available and have 

been utilised successfully within prostate radiotherapy and SBRT. The Calypso motion 

management system (B10) involves three electronic transponders, which are implanted into 

the prostate and the position of these are tracked during treatment. Lovelock et al. 

investigated the use of this system for prostate SBRT and found the target displacement 
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exceeding their 0.2cm imaging threshold for one-third of the fractions delivered, with the 

beam delivery being halted in each instance (B9).  

 

The Cyberknife system uses a robotic radiosurgery system and dynamic image guidance 

utilising kV imaging to track the position of fiducial markers in real-time during treatment 

(B11). A study by Choi et al. (B12) investigating Cyberknife tracking during prostate SBRT 

showed that for 21% of patients, the target volume was displaced by more than 0.1cm with 

no displacements exceeding 0.2cm.  

 

This study aimed to examine the efficacy of the RayPilot system as a real-time imaging 

tracker verifying target displacement during prostate SBRT delivery alongside locally 

established imaging solutions. This involved assessment of the technical aspects of the 

tracking capability of the system, interpretation of the measured data and how it integrated 

into the workflow for this type of treatment.   

 

4.3 Methods and Materials 

 

This study included seven prostate patients (P1-7) enrolled in the PRINToUT (B13) trial 

between November 2018 and December 2019. PRINToUT is a locally run trial, aiming to 

establish biomarkers for tumour response and normal tissue effects from high dose per 

fraction prostate radiotherapy. Radiotherapy causes the release of volatile organic 

compounds, which were measured in breath samples immediately after each fraction in the 

trial. Analysis will investigate if a statistically significant correlation between the biomarker 

data and patient outcomes exists. The PRINToUT trial aligned to the clinical and treatment 

protocol of the PACE trial (B14).  
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The age range of the patients was 53-81 (mean 70.7) with five patients having a Gleason 

score of 6 and two having a score of 7. Six of the patients were staged at T2 and the 

remaining patient was T1. PSA was measured at the time of participation, with a range of 6-

13 ng/ml.  

 

Tumour tracking was carried out using the RayPilot real-time positional verification system 

(B15). This consists of a small electromagnetic transmitter, which connects via a couch-top 

sensor plate housing 16 antennae. Geometric positioning information of the transmitter is 

collected 30 times per second using the antennae and interpreted by a data processing unit 

to calculate differences from a reference position. The connectivity to the linac does not 

facilitate automatically triggering and halting of the beam during treatment, but this can be 

performed manually based on the readout displacements.  

 

  

Fig B1: Image of the set up for the RayPilot system on a linac. The patient is positioned on the 
couchtop sensor plate which is connected by cable to the transmitter.   

 

Prior to the planning CT, the patient received a multi-parametric prostate MRI scan. 

Following this, the RayPilot transmitter was inserted transperineally into the prostate. This 

was carried out under local anaesthetic by a radiologist, guided by ultrasound imaging. The 

transmitter remained in situ until after the last fraction was completed. The planning CT scan 
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was with a Philips wide bore scanner using 0.1cm slices. The MR and the CT images were 

registered using rigid mapping in the Eclipse treatment planning system (v13.6) (B10) and 

used by the clinical oncologist for delineation of the prostate. The CTV was defined as the 

prostate for low-risk patients, and for intermediate risk the CTV was defined as the prostate 

plus 1cm of seminal vesicles. The CTV was expanded by 0.5cm sup, inf, right, left & ant and 

0.3cm post to create the PTV.  

 

The treatment protocol aimed to deliver 36.25Gy in 5# to the prostate on alternate days with 

OAR tolerance doses taken from the PACE trial (Appendix 2). The treatment plans aimed to 

deliver at least 95% of the prescribed dose to the PTV, with the CTV boosted to receive at 

least 100%. Each patient had a treatment plan created using the Eclipse treatment planning 

system v13.6 (B10) with the final dose calculation performed with the AAA algorithm 

(v10.0.28). The treatment was planned as VMAT, delivering the dose in 3 full rotation arcs.   

 

The imaging protocol aligned to the PACE protocol for centres with no real-time tracking, 

with the RayPilot system (B16) acting as a supplementary monitoring tool. 2D kV orthogonal 

imaging, matching to three gold seeds inserted into the prostate was the primary imaging 

method for patient positioning, with images taken before treatment and between each arc. If 

the displacement of the fiducial seeds was 0.2cm or above in any direction, the patient 

position would be corrected. CBCT images were taken directly before and after each fraction 

was delivered to verify the anatomy and the position of the transmitter was consistent with 

the planning scan.  
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The RayPilot software provided real-time measurement of the displacement of the 

transmitter in the longitudinal, lateral and vertical directions from a reference position. The 

pitch and the yaw are also displayed but this was not considered in this study. The reference 

position is taken from a marker, manually positioned in Eclipse. The displacement recorded 

in the software during treatment would be relative to this reference position. Hence, a “zero” 

reading would mean that the device was in the same position as in the CT planning image. 

Therefore, some patients may begin their treatment with a displacement greater than zero. 

When the patient was connected to the software but still being positioned correctly, 

measurements were recorded but labelled as “set-up” in the software. After the first 

orthogonal kV image pair, the patient would be in the correct treatment position, the software 

would start to label recorded measurements as “treatment”. The measurements labelled 

“treatment” didn’t correspond to the beam delivery and would therefore include data 

collected if the patient moved after this time or required to be taken off the treatment couch. 

The reading was monitored during the fraction by a radiographer. If the displacement was 

0.2cm or greater, the beam was interrupted manually and additional 2D kV orthogonal 

images taken to re-position the patient before resumption of the beam.  

 

Positional readouts every second for all fractions were stored in the software, and these 

were exported into an Excel spreadsheet for analysis. The readouts were analysed for each 

patient, with filters being used to exclude measurements labelled as “set-up” and include 

those labelled as “treatment”. The maximum, minimum and mean displacement for each 

fraction and as a total for each patient were calculated along with the percentage of readings 

recorded with a displacement exceeding 0.1cm, 0.2cm, 0.3cm & 0.5cm.  
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Readings that were identified as anomalies such as those with large displacements during 

re-set up, were removed for the final analysis. This was carried out with advice from a 

treatment radiographer for clinical context.  

 

 

4.4 Results 

The measured data for each patient and each fraction was collated in Excel for analysis. A 

summary of these finding is presented in Table B1, with the overall maximum, minimum and 

mean displacement measured for all patients and all fraction. The percentage of 

measurements exceeding 0.1cm, 0.2cm, 0.3cm and 0.5cm were also calculated. P4’s 

measurements were only recorded for fractions 1 and 2 due to technical issues, so this 

patient was excluded from any overall totals. The number of data points labelled as 

“treatment” per fraction was used to determine time taken for each fraction. This ranged from 

369 seconds to 3500 seconds (mean 1155 seconds, standard deviation 640 seconds).  

  LR SI AP 

Min (cm) -0.38 -0.47 -0.50 

Max (cm) 0.29 0.42 0.59 

Mean (cm) 

Standard 

Deviation 

(cm) 

0.02 

 

0.05 

 

0.01 

 

0.06 

0.01 

 

0.07 

% outside 

0.1cm 15.9% 11.0% 25.2% 
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% outside 

0.2cm 2.6% 2.2% 5.1% 

% outside 

0.3cm 0.1% 0.3% 1.4% 

% outside 

0.5cm 0.0% 0.0% 0.0% 

Table B1: Summary table of displacement measurements recorded in the RayPilot software, 
Included is the overall minimum, maximum and mean displacement and the percentage of 
data points recorded to be outside 0.1cm, 0.2cm, 0,3cm and 0.5cm respectively 

 

Patient Mean transmitter displacement (standard deviation) - cm  

Left / Right Sup / Inf Ant / Post 

P1 0.04 (0.06) -0.02 (0.07) 0.01 (0.12) 

P2 0.04 (0.06) -0.01 (0.05) 0.03 (0.05) 

P3 0.01 (0.06) 0.01 (0.07) 0.04 (0.08) 

P5 0.01 (0.03) -0.03 (0.07) 0.02 (0.04) 

P6 0.00 (0.05) 0.01 (0.08) 0.02 (0.1) 

P7 -0.01 (0.12) 0.03 (0.08) -0.06 (0.15) 

Total 0.02 (0.05) 0.01 (0.06) 0.01 (0.07) 

Table B2: The mean transmitter displacement and standard deviation (cm) measured per 
patient. 

 

Fraction Mean transmitter displacement (standard deviation) - cm  

Left / Right Sup / Inf Ant / Post 

Fraction 1 0.03 (0.05) 0.01 (0.04) 0.04 (0.07) 

Fraction 2 0.00 (0.04) 0.00 (0.04) 0.02 (0.07) 
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Fraction 3 0.03 (0.06) 0.01 (0.08) 0.02 (0.08) 

Fraction 4 0.04 (0.07) 0.02 (0.06) -0.01 (0.08) 

Fraction 5 0.01 (0.05) -0.01 (0.05) 0.01 (0.07) 

Table B3: The mean transmitter displacement and standard deviation (cm) measured per 
fraction. 

 

Patient Percentage of displacement data points exceeding 0.2cm (%) 

Left / Right Sup / Inf Ant / Post 

P1 1.1 3.0 6.4 

P2 1.9 0.1 0.1 

P3 0.0 0.4 5.1 

P5 0.0 4.8 0.0 

P6 0.3 4.3 5 

P7 11.1 4.9 17.8 

Total 3 2 5 

Table B4: The percentage of displacement measurement points exceeding 0.2cm per patient 

Fraction Mean transmitter displacement (standard deviation) - cm  

Left / Right Sup / Inf Ant / Post 

Fraction 1 0.01 0.01 0.06 

Fraction 2 0.01 0.00 0.02 

Fraction 3 2.41 6.45 2.87 

Fraction 4 6.11 1.53 9.39 

Fraction 5 2.08 1.91 4.79 

Table B5: The percentage of displacement measurement points exceeding 0.2cm per fraction 
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Fig B2(a) 

 

Fig B2(c) 

 

 

Fig B2(b) 

 

Fig B2(d) 

  

 

Fig B2(e) 

 

Fig B2(f) 

Fig B2: Graphs summarising the analysis of the RayPilot readout data recorded for 7 patients. 
The mean displacement of the transmitter for each patient over all fractions (Fig B2a) and for 
each fraction for all patients (Fig B2b) and with standard deviations (Fig B2c & Fig B2d). The 
percentage of displacements exceeding 0.2cm during the treatment phase is presented for 
each patient (Fig B2e) and for each fraction (Fig B2f).  
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Fig B3(a) 

 

 

Fig B3(d) 

 

Fig B3(b) 

 

 

Fig B3(e) 

 

Fig B3(c) 

 

Fig B3(f) 

Fig B4: Example of RayPilot readout data measured for P7 during fraction 4. Fig B3 a b & c 
display the full measured readout for this fraction in the lateral (LR), longitudinal (SI) and 
vertical (AP) directions. Fig B3 d, e, & f show the same data with the axis scaled to magnify 
some of the detail.  
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Fig B4(a) 

 

Fig B4(d) 

 

 

Fig B4(b) 

 

 

Fig B4(e) 

 

Fig B4(c) 

 

Fig B4(f)  

Fig B4: Example of Raypilot readout data measured for P3 #3 (Fig B4 a, b & c) and P5 #2 (Fig 
B4 d, e & f) during showing the full measured readout for these fractions in the lateral (LR) 
longitudinal (SI) and vertical (AP) directions respectively.  
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Table B6: Table presenting the overall designated treatment time in seconds for each 
patient and each fraction and the mean displacement value of the RayPilot transmitter 
(left/right, sup/inf, ant/post) during this time, in cm 

 

 

4.5 Discussion 

There has been more interest in recent years in prostate radiotherapy treatments being 

delivered using hypofractionation. Whilst there are proposed radiobiological benefits as well 

1 810 0.05 0.09 0.02 0.07 -0.03 0.19

2 440 0.01 0.01 -0.05 0.02 0.01 0.06

3 480 0.00 0.04 0.01 0.02 0.04 0.06

4 360 0.12 0.04 0.08 0.04 -0.14 0.06

5 2560 0.05 0.05 -0.06 0.07 0.04 0.11

1 1000 0.05 0.07 -0.02 0.03 0.04 0.03

2 1000 0.03 0.03 0.01 0.01 0.03 0.04

3 950 0.06 0.07 0.02 0.09 0.01 0.07

4 1550 0.06 0.07 0.01 0.07 0.01 0.06

5 910 0.02 0.04 -0.02 0.04 0.04 0.03

1 810 -0.01 0.04 -0.01 0.07 0.01 0.04

2 1000 -0.02 0.03 0.05 0.08 0.01 0.05

3 1170 0.07 0.06 0.00 0.06 0.05 0.09

4 1190 0.02 0.07 -0.02 0.08 0.08 0.07

5 1300 -0.03 0.03 0.02 0.07 0.04 0.10

1 425 0.12 0.02 0.04 0.03 0.14 0.04

2 1150 0.00 0.04 -0.04 0.03 0.04 0.06

3 880 0.00 0.03 0.00 0.06 -0.01 0.04

4 1080 0.00 0.04 -0.03 0.05 0.06 0.06

5 2000 0.01 0.03 -0.03 0.07 0.02 0.04

1 675 0.01 0.02 0.01 0.02 0.03 0.04

2 1250 -0.03 0.04 0.00 0.05 0.01 0.12

3 1700 0.01 0.07 0.03 0.12 0.02 0.13

4 875 0.04 0.03 0.02 0.05 0.06 0.03

5 870 0.00 0.03 -0.02 0.03 0.01 0.03

1 1090 -0.01 0.07 0.03 0.05 -0.03 0.07

2 1550 -0.01 0.10 0.00 0.06 0.02 0.09

3 1075 0.06 0.08 0.02 0.12 0.00 0.10

4 990 -0.01 0.14 0.05 0.09 -0.13 0.18

5 3500 -0.01 0.12 0.03 0.04 -0.06 0.08

Treatment time 

(secs)
Patient fraction

L/R S/I A/P

mean displacement & Standard deviation (cm)

P1

P2

P3

P5

P6

P7
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as potential resource savings through this technique, there are also potential issues 

surrounding the safe and accurate delivery of radiotherapy to this site. Due to the high dose 

per fraction, geometric discrepancies for individual fractions in SBRT can result in a clinically 

significant reduction in target dose (B12). Accurate real-time positional information of the 

prostate intrafractionally, can assist in ensuring it remains within the PTV for the duration of 

the treatment and therefore receives the intended dose. Small studies such as these can 

help to test the efficacy of such equipment alongside established imaging methodologies 

and inform how they are utilised in future studies and protocols.   

 

The readout information of the RayPilot system allowed analysis of how the system fits 

within a prostate SBRT delivery, and provided further insight into the system and the target 

position during treatment. The graph in Fig B3a shows the mean position of the transmitter 

was recorded as less than 0.1cm for each patient, with the greatest mean displacement in 

any direction being P7 AP (-0.06cm). When this data was calculated for all patients per 

fraction, the largest mean displacement was 0.04cm (Fraction 1 vertical & Fraction 4 lateral). 

These figures are relatively low, and would ensure that the prostate’s mean position 

remained well within the treated volume, with the CTV (prostate) to PTV margin 0.5cm 

SIRLA and 0.3cm P.  

 

These low values may be attributed to the stability of the anatomy or the robustness of the 

imaging protocol, as positional displacements would have been identified either by the 

RayPilot software or the kV imaging. The patient bowel and bladder preparation protocol can 

also contribute to maintaining consistent anatomy. The imaging protocol mandated that a 

positional correction should only be instigated if the displacement exceeded 0.2cm. 

Correcting the patient position adds additional time to the treatment delivery and so if the 
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threshold is too tight, this may lead to a large increase in beam interruptions. As smaller 

displacements would still infer the prostate remained within the PTV margins, 0.2cm was 

adopted. Choi et al. (B12) reported on the outcome data from prostate SBRT, delivered 

using the Cyberknife system. They reported small displacements had no impact to prostate 

coverage, however they did note increased toxicity when displacements exceeding 0.073cm 

AP. This was greater than the mean displacements recorded in this study (Fig B2) however 

analysis of toxicity for these patients would be useful in a future study.  

 

The recorded graphs of the motion (Fig B3 & B4) provided a visual assessment of the 

trajectory of the transmitter displacement in each plane. These were created retrospectively 

from the readout data and were not available to the treatment staff at the time of delivery. 

This may have been useful in some cases, but with this method of retrospective analysis, 

building up experience could help to identify trends such as displacements when certain 

conditions exist. No obvious trends were noted from this dataset however.  

 

The displacements were also analysed to show the percentage of measurement points 

exceeding designated levels. The software recorded the positional data of the transmitter 

every second which can be used as a surrogate for the time the target was displaced 

assuming the relative target and transmitter position remains consistent. The data points 

used were those labelled “treatment” within the system, which included measurements 

taken between arcs and during repositioning of the patient if this was required. This led to a 

difference in the time recorded for some fractions, with a range of 369 to 3500 seconds. 

 

 

Isolating the data points recorded only when the beam is on would improve the 

methodology for estimating dose to the target, however this is not the intended use of the 
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equipment. The system should highlight changes after the patient is positioned correctly. 

For this purpose, the current set up for labelling data points is more suitable, and 

recommended by the manufacturer. After the initial kV orthogonal image is taken and used 

to correctly position the prostate, any displacements would require correction from this 

baseline position. Future versions of the software however, may also allow data points 

acquired during the beam delivery to be filtered which would be useful for more accurate 

dosimetric analysis.  

 

The imaging protocol of the study utilised RayPilot as a supplementary system for real-time 

tracking, alongside the PACE imaging protocol for centres with no real-time tracking. This 

involved additional kV orthogonal imaging between arcs, instigating positional correction if 

required. This slightly conservative approach was taken whilst experience using the RayPilot 

system was developed, allowing safe introduction and testing of the software and for 

fractions where the RayPilot system could not be used (eg P4 #3, #4 & #5) to still be 

delivered within the protocol.  

 

The RayPilot system only tracks the displacement of the target, not the OARs, such as the 

bladder or rectum. Although this is consistent with other tracking systems (B15), changes in 

the size or position of these organs for one fraction can have a impact on the plan dosimetry. 

For this study anatomical information was assessed before treatment on the CBCT image, 

but changes during treatment may still have an impact. The Rectal tolerance for this study 

included a limit on the volume receiving 36Gy to 0.2cc. This is analogous to a point dose, 

however the planning approach was not the same as for serial organs such as the spinal 

cord. Further work would be useful to look at the impact of changes to the rectum over the 

course of treatment. If rectum tolerance was close to being exceeded then small changes 

could see the rectum dose go over tolerance. Whilst the use of a PRV around the rectum 

could minimise this risk, this would lead to a dose compromise of the target volume, which is 

something that the tracking system is trying to avoid. Also setting an appropriate PRV 
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around a mobile structure such as the rectum may be difficult and vary from patient to 

patient.  

 

 

2D kV orthogonal imaging matching to fiducial markers was chosen as the primary imaging 

modality for the technique, with extensive local experience using this method of positional 

verification. This was used successfully alongside the RayPilot system, and CBCT imaging. 

Although the 2D orthogonal images provided no volumetric information, the images were a 

lower dose than CBCT scans and much quicker to acquire. This was especially useful as 

there where a number of concomitant images required for each fraction.  

 

P7 exhibited the largest percentage of measured displacements outside of the imaging 

interventional threshold of 0.2cm, with 17% of the measured points in the vertical direction 

exceeding this (Fig B3c). If this was a reflection of the position of the target during treatment, 

this could have impacted the target volume, as 6.7% of these measurements exceeded the 

posterior PTV margin of 0.3cm. These results were strongly influenced by fraction 4 for this 

patient, where 38% of the measurements in the vertical direction were displaced by more 

than 0.2cm.  

The overall time measured for this fraction was the longest in the study, 3300 seconds, and 

significantly longer than the overall mean time of 1155 seconds for one fraction. During P7 

#4, significant issues with set up were found, with the RayPilot system instigating the beam 

to be halted twice followed by kV orthogonal imaging and positional adjustments. The actual 

time to deliver 3 arcs for this patient was approximately 180 seconds so this hints at 

significant additional set-up time. However, with these interventions this would reduce the 

risk that these displaced data points were recorded during beam delivery and impact the 

plan dosimetry. The overall number of data points for all fractions was used to calculate the 

overall mean values. This does not lend an equal waiting to each fraction. If a more accurate 
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dose estimate was required, the displacement values for each fraction should be weighted 

equally as the treatment delivery time for each would be the same.  

 

The relationship between intrafraction target motion and time in prostate radiotherapy was 

discussed in Mutanga et al (B17) where they noted a displacement of approximately 0.02cm 

per minute. The range in fraction times in this study are presented in Table B6 along with the 

respective mean displacements and standard deviation for each fraction. From the data 

presented, there does not appear to be an obvious correlation between increased treatment 

time and the mean or standard deviation of the displacements. The RayPilot system was 

tracking the position of the target during the treatment phase, with periodic positional 

corrections being applied using the IGRT system if the target was noted to be outside the 

imaging interventional tolerance. Therefore, one would not expect to see the displacement 

drift such as that described in Mutanga et al. over the whole treatment phase without a 

correction being instigated.  

 

Fractions with longer treatment times would not necessarily indicate problems with the 

patient set up. A number of prolonged fraction times were related to the patient’s bladder 

filling where the patient was required to be taken off the bed. The system does not allow for 

the treatment time to be reset or paused when this occurs. Although the data presented 

does not correspond to the actual treatment delivery, this data does give an indication of the 

behaviour of the target from when the patient is first positioned correctly in the treatment 

position. Interestingly, all of the patients first fraction treatment times were less than the 

overall mean treatment time, and the three longest treatment times all occurred on a 

patient’s last fraction. This could be something that is investigated in further studies.  

 

Erroneous data points were excluded from the calculations. These were identified through 

the graphs where extreme displacements, some as large as 6cm were noted during the 

treatment phase. These were attributed to occasions where the patient was taken off the bed 
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between arcs, and were easily identified due to the large step change as seen in Fig B3a, b 

& c. However, for P7 #4 there also appears to be a number of measured displacements in 

the region of 0.2-0.4cm as shown in Fig B3f. These smaller deviations may have been what 

was observed for this patient, but it does show that over the fraction there was a lot of 

movement. This should have been identified through the imaging protocol, and the beam 

only delivered when the displacement of the transmitter was within 0.2cm.  

 

Data from P3 #3 and P5 #2 are presented in Fig B4. These readouts are typical of the 

fractions where no displacements exceeding the 0.2cm imaging threshold tolerance were 

noted. No positional corrections were required during P5 #2, which is reflected in the graph 

where all data points remain within 0.2cm. For P3 #3, the data points on the vertical (AP) 

graph (Fig B4c) have a spike where a small number of points exceeding the 0.2cm. 

Although this exceeds the imaging tolerance, there was no evidence of the beam being 

halted or positional intervention for this fraction. These points may have occurred when the 

beam was off and as such not been corrected. If it occurred during the treatment beam, it 

may still not have been the case that the beam should have been halted. The protocol 

stated that a beam should be halted manually when a displacement of 0.2cm or greater was 

noted. This was resource intensive, as it required an additional radiographer to carry out 

this task, and it also led to a delay in halting the beam due to the reaction time, which may 

have been the case for this fraction as the tolerance was only breached very briefly. This 

would not be expected to impact the delivered dose significantly.  

 

Keall et al. (B18) discuss using an interventional tolerance of 0.3cm for longer than 5 

seconds for their prostate treatments, which takes into account the low impact of target 

displacements which occur very quickly. This would also prevent unnecessary stoppages 

and delays. In practice this is an advantage of the manual system used in this study as there 
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is a natural delay due to reaction times. However, a more consistent and automated 

approach would be more advantageous if this could be possible in future versions of the 

RayPilot system.   

Patient P1 was the first patient treated locally with prostate SBRT and using the RayPilot 

tracking system. As the study progressed, one would expect a learning curve within the 

department relating to aspects of the treatment workflow and delivery as the staff gain more 

confidence and experience in the technique. The patient treatments in the study were 

spaced over 12 months, which was allowed review of technique and an opportunity for 

learning. Whilst this may have had an impact on the study, with staff experience and 

knowledge being increased as the study progressed, as this was part of a clinical trial the 

key aspects of data collection and treatment could not be changed without amending the trial 

protocol, and hence would have been consistent throughout.    

 

The number of patients in the study (N=7) limits the options for statistical tests, with the low 

numbers reducing the statistical power and therefore the confidence in any results. O’Neil et 

al. (B2) carried out a review of published literature on fiducial guided prostate radiotherapy. 

They excluded studies with N<20. Although this led to a large number of studies being 

excluded, their rationale was based on published guidance from BIR (B19) recommending at 

least 20 patients, and preferably 25 for a study to have a patient population deemed 

representative. As a pilot study showing the efficacy of the system for prostate SBRT 

however the numbers were seen as sufficient, with further work identified to improve the 

system further. 

 

With further advancements in modern planning systems adaptive tools, it may be possible to 

simulate dosimetric impact using displacement from individual fractions, for example using 

the percentage time that the target moves outside of the treated volume. This would 
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however have to be linked to the actual beam on time and not include time before or 

between arcs. Although this study has shown that the imaging protocol and PTV margins 

used were appropriate for this group of patients, this data could also be used to investigate 

the potential dosimetric impact of any change to the CTV to PTV planning margin. 

 

 

Further studies could be designed to refine the workflow involving RayPilot. If the system 

were to be used to inform positional changes, this could remove the additional kV orthogonal 

images acquired between each arc and or when displacements had been identified in 

RayPilot. The readout from the RayPilot system could theoretically provide the displacement 

in each direction, and this used to reposition the patient. This would have to be investigated 

very carefully before implementation. The system of matching the kV orthogonal images to 

fiducials is well established and the physical couch movements are linked to those 

determined by the matching software. The risk of a geometric error would increase if this 

became a manual task using the RayPilot system readout. Further work looking at the 

positional sensitivity of the RayPilot system for identifying these shifts, along with a 

comparison against the established imaging method would be useful to support this change.  

 

4.6 Conclusion 

RayPilot was utilised successfully in this study and is a viable means for tracking the 

prostate during SBRT, alongside established imaging techniques. The position of the target 

was within 0.2cm for 94.9% of the measurements in the study. Synchronising the software to 

isolate only measurements taken during radiation delivery to be used would strengthen the 

validity of the data. Linking the system to automatically halt the beam when displacements 

are recorded would improve the efficiency of the treatment workflow. Further work should be 
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carried out to asses if RayPilot could be the primary positioning technology during prostate 

SBRT.  

4.7 Ethical approval 

Ethical approval for this work to be presented was granted through the PRINToUT clinical 

trial ethical approval application. 
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5.1 Abstract 

Aim: To investigate whether clinically acceptable dose escalated SBRT plans could be 

created for patients enrolled in the PRINToUT trial and whether the RayPilot tracking system 

could be used in their treatment.  

 

Methods and materials: A retrospective planning study (arm A) was carried out on seven 

patients in the PRINToUT trial. Plans were created on the Eclipse treatment planning system 

(v13.6), aiming to deliver 36.25Gy in 5#to the prostate and to boost the dose to the dominant 

intraprostatic lesion to 45Gy, in 5#. Using intrafraction motion data measured during 

treatment using CBCT images and the RayPilot tracking system respectively, two additional 

plans were created for each patient (arm B & arm C respectively), with the isocentre 

displacement per fraction simulated for each and the plans summed.  

 

Results: In arm A, the PTV, CTV and PTV(boost) dose coverage was within the trial 

objectives for all plans. The bladder dose constraints were met for all patients in the study. 

The rectum V3600cGy exceeded the tolerance of 2cc for three out of the seven patients and 

only two patients met all of the rectum dose constraints. The plans in arm B (CBCT data) 

met the PTV dose targets for three out of seven patients, CTV dose targets for six out of 

seven patients and the PTV(boost) targets for one out of seven patients. The rectum 

V3600cGy tolerance was exceeded for three patients. In arm C (RayPilot data) the dose 

targets for all plans for the PTV, CTV and PTV(boost) were met. The bladder doses were 

within tolerance for all patients in this group. The rectum V3600cGy exceeded 2cc for three 

patients.  

 

Conclusion: The addition of a boost to prostate SBRT treatment plans can be achieved with 

adequate target coverage. However, this can lead to exceeding OAR tolerances for some 
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patients. Intrafraction motion can impact plan dosimetry of prostate SBRT plans with a boost 

in some cases. 

 

5.2 Introduction 

The most common cancer diagnosis in the UK is prostate, where it is estimated that one in 

eight men will be diagnosed in their lifetime (C1). Radiotherapy plays a key role in the 

treatment of prostate cancer, with 30% of patients having radiotherapy as part of their 

treatment (C2). Standard protocols for prostate radiotherapy focus on treating the whole 

prostate rather than the largest malignant component known as the dominant intraprostatic 

lesion (DIL) as this does not necessarily represent the extent of the disease (C3). Studies 

have discussed a correlation between the location of the DIL and subsequent disease 

recurrence (C3), (C4), and the dose delivered to the DIL can be of interest. 

 

Hypofractionation and SBRT for prostate radiotherapy are emerging as a favoured treatment 

options, with trials such as CHIIP (C5) or PACE (C6). There have been found to be 

radiobiological advantages of hypofractionation due to the lower alpha/beta ratio of prostate 

cancer (C7). Due to the proximity of the prostate and the rectum, the limiting factor to dose 

escalation can often be the OAR doses. It has been suggested that increased escalation to 

the DIL alone could allow higher treatment doses to be achieved whilst still maintaining safe 

OAR doses (C8), (C9).  

 

Planning studies have shown that acceptable prostate SBRT DIL boost plans can be 

achieved. Kim et al. (C4) replanned 15 prostate SBRT patients treated with Cyberknife to 

include a boost to the DIL. Plans aimed to prescribe 35Gy/5# to the prostate and 40Gy/5# 

(5Gy boost) or 45Gy/5# (10Gy boost) to the DIL. Each patient had two boost plans created, 

one for each dose level. They reported 73% of their 40Gy plans and 60% of their 45Gy/5# 

plans met their desired clinical objectives, and concluded that the location of the DIL in the 



3. Paper C 

111 
 

prostate was the limiting factor in the efficacy of the solution. In Feng et al. (C10), a 

retrospective planning study was carried out on 14 patients who had their DIL identified 

through MR imaging. This study simulated a linac based delivery aiming to treat the prostate 

with 36.25Gy/5# and boost the dose to the DIL to 47.5Gy/5#, whilst keeping within OAR 

constraints from the PACE trial. They reported that all of the clinical constraints for each plan 

were met and noted that variation in the position of the DIL didn’t impede the ability to 

produce acceptable plans.  

 

The impact of inter and intrafractional target motion on hypofractionated treatment schedules 

can be greater than conventional fractionations, and therefore the accuracy of the delivery 

can be important to treatment efficacy (C11). However, De Muinck Keizer et al. (C12) 

reported intrafraction motion can be captured within suitable target margins. Tracking 

systems such as Cyberknife (C13) and Calypso (C14) have been successfully utilised to 

track the position of the target in real-time during prostate SBRT treatments (C15),(C16) 

including where there has been a boost to the DIL (C17). Boosting the DIL has also been 

carried out without the use of real-time tracking (C9). 

 

This retrospective planning study aimed to investigate the effects on dose distributions to 

dose escalated prostate SBRT plans when intrafractional motion from real IGRT data is 

applied, and whether the RayPilot tracking system could be used to support the delivery of 

this technique.  

 

5.3 Methods and materials 

Seven patients who were enrolled in the PRINToUT clinical trial (C18) between November 

2018 and January 2019, with a mean age of 70.7 (range 53-81) were included in this 

retrospective study. PRINToUT is investigating the relationship between volatile organic 
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compounds released in patient’s breath and their normal tissue and tumour response to 

radiotherapy. Patients receive prostate SBRT and have breath samples taken for analysis. 

The dose fractionation (36.25Gy in 5#) and organ at risk tolerances used for the trial 

(Appendix 2) were closely aligned to PACE (C6). The treatment plans aimed to cover the 

CTV with 100% of the prescribed dose (PD) and the PTV with 95% of the PD.   

 

Treatments were delivered on Varian Truebeam linacs, using three 6MV VMAT arcs. 

Positional verification was with kV orthogonal pairs as the primary imaging modality for 

positioning the patient, taken before each fraction and between each arc delivery. A CBCT 

image was taken directly before and after the beam was delivered to assess anatomical 

changes and the RayPilot real-time positional tracking system (C19) was used to monitor 

the target during treatment. The RayPilot system consists of a table top array with an 

electromagnetic transmitter connected via a cable. The 3-D positional vector of the 

transmitter is used to calculate its displacement from a reference position in real-time. Each 

patient in the study had the transmitter inserted transperineally into the prostate before their 

planning CT. Positional displacements were calculated 30 times per second, and if noted to 

be 0.2cm or greater, the treatment was halted manually and kV orthogonal pairs were used 

to verify the displacement and correct the position if necessary. After the treatment, data 

including the positional information recorded every second, was available for analysis.  

 

The main planning study (arm A) used the PRINToUT study dose, fractionation and OAR 

tolerances, but with an addition of a boost of 125% of the PD (45Gy / 5#) to a DIL 

PTV(boost) – aiming for D99% to receive 95% of the boost dose. The DIL(s) for each 

patient had been delineated by a clinician prior to their treatment using multi-parametric MR 

images fused to the treatment planning CT scan using rigid mapping using the Eclipse 
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treatment planning system (v13.6) (C14). All other clinical volumes from the clinical plan 

remained consistent. The CTV to PTV margin from PRINToUT was 0.3cm posteriorly and 

0.5cm in all other directions. For this study, a PTV(boost) was created by expanding directly 

from the DIL contour by 0.2cm posteriorly and 0.3cm in all other directions.  

 

The plans were all created using the Eclipse treatment planning system (v13.6) (C14), based 

on beam models for the Truebeam linac and the final dose was calculated using the AAA 

dose algorithm (v10.0.28). The plans aimed to meet the mandatory target coverage, whilst 

minimising dose to the OARs. However, no compromise to the target dose was instigated if 

OARs exceeded their tolerance once fully optimised. The plans were normalised to CTV 

D99%. An additional two plans for each patient were created, using data from two previous 

studies (C20), (C21). These studies each used different methods of determining positional 

displacement during treatment but were acquired on the same patients. 

The source data for arm B of the planning study was investigating the displacement of the 

RayPilot transmitter from the reference planning CT and each of the pre and post-fraction 

CBCT images (C20), (Paper A). The positional displacement of the transmitter tip for each 

fraction for the planning study was calculated by the mean displacement between the two 

CBCT scans for each individual fraction.  

 

The source positional data for arm C of the planning study was based on RayPilot readout 

data acquired during treatment (C21), (Paper B). The system recorded the position of the 

transmitter every second and calculated its displacement from a reference position. Using 

the data from this study, the mean displacement for each patient during each individual 

fraction was used as a surrogate for the intrafraction displacement. There were technical 

difficulties which prevented the recording of the RayPilot data for P4 during treatment, and 
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as such this patient was not included in arm C of the planning study. In Arm B, patient P3’s 

data was seen as an outlier due to a physical displacement of the RayPilot transmitter 

caused by the patient accidently pulling on the protruding wire. This occurred after their 

planning CT scan but before the first fraction. This was noted during the treatment, with the 

coordinates of the transmitter tip in the software renormalised using the CBCT image from 

fraction 1. However, as the source data for this study compared the CBCT images to the CT 

scan, the coordinates of the physical position of the transmitter tip would have an inherent 

difference. Therefore analysis excluding results from P3 was also carried out.   

 

Arm A included the original prostate SBRT with boost plans with no changes. In both arm B 

& arm C, the impact of displacements on the treatment plan was simulated in Eclipse by 

using the plans from Arm A and creating individual plans for each fraction (five single 

fraction plans per patient for both arm B and arm C) and displacing the isocentre by the 

displacement from the respective clinical source data. The plans were recalculated using 

the same MUs as the original plan, and the dose from each single fraction plan was 

summed to simulate the dose over a whole 5# course. The dosimetry of all plans in arms A, 

B & C were assessed using parameters from the PRINToUT plan assessment form (PAF) 

(Appendix 2), with the addition of the target dose to the PTV(boost). 



3. Paper C 

115 
 

 

Fig C1: Flow diagram illustrating the detail of Arm A, Arm B and Arm C of the planning 

study 

5.4 Results 

In arm A, the PTV, CTV and PTV(boost) mandatory dose constraint was met for all plans. 

The D99% of the PTV ranged between 97.7%-98.5% of the PD, with a mean value of 

98.1%. The D99% of the PTV(boost) ranged between 120.9%-122.5% of the PD with a 

mean of 121.8%. The bladder dose constraints were met for all patients in the study. The 

Rectum V1810cGy exceeded the mandatory dose constraint of 50% for three out of the 

seven patients, with a range of 31.3%-62.2%. The rectum V3600cGy exceeded 2cc for 

three out of the seven patients, with a range of 1.3cc-2.9cc. Only two patients in the study 

met all of the rectum dose constraints.  
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The plans in arm B met the PTV dose targets for three out of seven patients (range 27.8%-

97.6%), CTV dose targets for six out of seven patients (range 46.1%-100.7%) and the 

PTV(boost) targets for one out of seven patients (range 65.4%-119.3%). The bladder 

V1810cGy exceeded 40% for one patient. The rectum V1810cGy exceeded 50% for three 

patients (range 31.2%-62.5%), and the V3600cGy tolerance of 2cc was exceeded for three 

patients (range 0.6cc-4.5cc).  

 

The plans in arm C met the dose targets for all plans for the PTV (range 97%-98.2%), CTV 

(range 100%-100.1%) and PTV(boost) (range 119.3%-122%). The bladder doses were 

within tolerance for all patients in this group. The rectum V1810cGy exceeded 50% for three 

out of the six patients (range 31.2%-62.5%), and the V3600cGy exceeded 2cc for three 

patients (range 1.2cc-2.7cc). 
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Table C1: Table of displacement values (cm) for each patient and each individual fraction 
applied to the planning study in Arm A to produce displacement corrected treatment plans 
based on positional data from the CBCT images (Arm B) and the positional data from the 
RayPilot system (Arm C).  

 

x y z x y z

#1 -0.05 -0.05 0.40 0.05 0.02 -0.03

#2 0.00 -0.05 0.15 0.01 -0.05 0.01

#3 -0.09 -0.10 -0.40 0.04 0.02 0.06

#4 -0.09 0.00 -0.20 0.04 -0.05 0.04

#5 -0.05 -0.10 -0.30 0.04 -0.02 0.01

#1 -0.09 0.00 0.10 0.05 -0.02 0.04

#2 -0.10 0.09 0.10 0.03 0.01 0.03

#3 -0.09 0.00 0.15 0.06 0.02 0.01

#4 -0.05 0.10 -0.05 0.06 0.01 0.01

#5 -0.10 0.10 -0.05 0.02 -0.02 0.04

#1 0.11 0.12 1.40 -0.01 -0.01 0.01

#2 -0.06 0.06 0.40 -0.01 0.05 0.01

#3 -0.24 0.06 1.25 0.07 0 0.05

#4 -0.12 0.06 1.50 0.02 -0.02 0.08

#5 -0.18 0.12 1.35 -0.03 0.01 0.04

#1 -0.05 0.25 -0.10

#2 0.00 0.37 -0.20

#3 -0.10 0.23 0.00

#4 -0.05 0.42 -0.10

#5 -0.05 0.42 -0.15

#1 0.00 0.00 -0.20 0.12 0.04 0.14

#2 0.00 -0.15 0.10 0 -0.04 0.03

#3 -0.10 -0.10 -0.10 0 0 -0.01

#4 0.00 -0.20 0.00 0 -0.02 0.06

#5 0.00 -0.10 0.10 0.01 -0.03 0.02

#1 0.00 0.25 0.20 0.01 0.01 0.03

#2 0.00 0.37 -0.05 -0.03 0 0.01

#3 0.05 0.24 0.25 0.01 0.03 0.02

#4 0.09 0.37 0.40 0.04 0.02 0.06

#5 0.05 0.26 0.20 0 -0.02 0.01

#1 0.12 -0.06 -0.05 -0.01 0.03 -0.03

#2 0.00 -0.18 -0.15 -0.01 0 0.02

#3 0.00 -0.06 0.00 0.06 0.02 0

#4 0.08 0.00 -0.15 -0.01 0.05 -0.13

#5 -0.23 -0.24 -0.30 0.03 0.05 -0.11

P5

P6

P7

Arm B (cm) Arm C (cm)

P1

P2

P3

P4
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Fig C2(a) Arm A: mean excluding P4 added for direct comparison with Arm C 

 

 

Fig C2(b) Arm B: P3 dislodged their transmitter in an adverse event before treatment 
which may have significantly impacted these measurements. These results were viewed 
as an outlier, and mean excluding P3 added due to adverse event and mean excluding P4 
added for direct comparison with Arm C. 

 

Fig C2(c) Arm C: P4 positional data was not recorded due to technical issues so this 
patient was excluded from this arm of the study. 

Fig C2: Target and organ at risk doses from retrospective planning study looking at prostate 
SBRT with a dose boost to the dominant intraprostatic lesion. Out of tolerance results in red. (a) 
Results from Arm A of the study - no displacement simulated, (b) Results from Arm B of the 
study - displacements simulated using the RayPilot transmitter position determined from CBCT 
imaging data, (c) Results from Arm C of the study - plans displaced using positional information 
from the RayPilot tracking system.   

 

Volume Parameter Optimal Mandatory P1 P2 P3 P4 P5 P6 P7 mean

mean 

excluding P3

mean 

excluding P4

CTV D99.0% >=100% 100 100 100 100 100 100 100 100.0 100.0 100.0

PTV D99.0% >=95% 97.8 98.3 98.3 98.3 97.8 98.5 97.7 98.1 98.1 98.1

PTV (boost) D99.0% >=119% 122.5 122.3 121.6 121.7 122 121.6 120.9 121.8 121.8 121.8

DIL (GTV) D99.0% 124.4 123.7 123.6 122.7 127.1 124.5 124.1 124.3 124.4 124.6

V1810cGy <40% 12.8 16.3 20.6 8.3 12.2 5.5 17.1 13.3 12.0 14.1

V3700cGy <5cc <10cc 1.2 1.9 2.2 0.5 1 1.7 1.1 1.4 1.2 1.5

V1810cGy <50% 47.5 54 54.3 47.4 41.5 62.2 31.3 48.3 47.3 48.5

V2900cGy <20% 16.3 15.5 14.6 15.7 13.5 13.1 10.7 14.2 14.1 14.0

V3600cGy <1cc <2cc 2.9 1.6 2.8 1.9 1.3 1.9 2.1 2.1 2.0 2.1

Rectum

Bladder

Volume Parameter Optimal Mandatory P1 P2 P3 P4 P5 P6 P7 mean

mean 

excluding P3

mean 

excluding P4

CTV D99.0% >=100% 100.7 100.2 46.1 100 100 100.3 100.1 92.5 100.2 91.2

PTV D99.0% >=95% 92.6 97.6 27.8 91.8 95.6 88.2 97 84.4 93.8 83.1

PTV (boost) D99.0% >=119% 116.3 118.8 65.4 110.3 118.3 107.6 119.3 108.0 115.1 107.6

DIL (GTV) D99.0% 123.8 124 82.8 123.5 126.7 121.6 124.4 118.1 124.0 117.2

V1810cGy <40% 11.9 16.3 42.9 6.4 12.1 6.9 16.2 16.1 11.6 17.7

V3700cGy <5cc <10cc 0.1 1.1 13.5 0 0.6 2 0.7 2.6 0.8 3.0

V1810cGy <50% 45.6 54.1 51.2 48.7 40.8 65.5 31.2 48.2 47.7 48.1

V2900cGy <20% 15.3 16.4 8.7 22.7 11.7 16.8 11 14.7 15.7 13.3

V3600cGy <1cc <2cc 2.2 1.8 0.6 4.5 0.7 3.2 2.5 2.2 2.5 1.8

Bladder

Rectum

Volume Parameter Optimal Mandatory P1 P2 P3 P5 P6 P7 Average

CTV D99.0% >=100% 100 100 100 100.1 100 100.1 100.0

PTV D99.0% >=95% 97.6 97.9 98.1 97.5 98.2 97 97.7

PTV (boost) D99.0% >=119% 122 121.7 121.1 120.7 121.2 119.3 121.0

DIL (GTV) D99.0% 124.4 123.7 123.6 127.3 124.5 124.4 124.7

V1810cGy <40% 13 16.6 21.2 13 5.7 16.2 14.3

V3700cGy <5cc <10cc 1.3 2 2.4 1.2 1.9 0.7 1.6

V1810cGy <50% 47.4 54 54.4 41.6 62.5 31.2 48.5

V2900cGy <20% 15.9 15.3 14.6 13.2 13 11 13.8

V3600cGy <1cc <2cc 2.6 1.5 2.7 1.2 1.9 2.5 2.1

Bladder

Rectum
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Comparing arms A and B, the mean absolute difference between the percentage of the PTV 

D99% was 13.7 (-4.3 excluding P3), with a range between -70.7 & -0.7. The mean absolute 

difference in the percentage of CTV D99% was -7.5 (0.2 excluding P3) with a range between -

53.9 & 0.7 and the mean absolute difference in the PTV(boost) D99% was -13.8 (-6.7 excluding 

P3) with a range between -56.2 & -1.6.  

Comparing arms A and C, the absolute difference in percentage for PTV D99% was within 1 for 

all patients, with a mean value of -0.3 and a range between -0.7 & -0.2. The mean absolute 

difference in the percentage of CTV D99% was 0.0, with a range between 0.0 & 0.1 and the 

mean absolute difference in the PTV(boost) D99% was -0.8, with a range between -1.6 & -0.4.  

 

Fig C3(a) 
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Fig C3(b)  
  

 

Fig C3(c) 

Fig C3: Graphs showing the absolute difference of the percentage dose of the CTV, PTV, 
Focal PTV and DIL, comparing two arms of the planning study: (a) comparing arm A and 
arm B (b) comparing arm A and arm B, excluding P3 (c) comparing arm A and arm C.   
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5.5 Discussion  

The treatment plans in arm A achieved acceptable target coverage for all patients. The OAR 

doses however, were only acceptable for two out of the seven patients in the study. The 

rectum tolerance of V3600cGy being <2cc was exceeded with P1 (2.9cc), P3 (2.8cc) & P7 

(2.1cc) whilst P4 (1.9cc) and P6 (1.9cc) were only marginally below this level. As this was a 

mandatory tolerance, the plans for P1, P3 and P7 would have been deemed unacceptable 

for clinical use. The DIL for P1 and P3 were located quite posteriorly and their PTV(boost) 

overlapped with the rectum, shown in Fig C4 a & c respectively. The DIL of P7 is placed 

quite centrally and but due to its size involves a volume of the PTV(boost) that is close 

to(0.4cm)  the rectum inferiorly as shown in Fig C4 g & h. The DIL for P4 (PTV(boost) was 

0.6cm from the rectum) and P6 (PTV(boost) overlapping the rectum) were also positioned 

posteriorly. The PTV(boost) for P2 and P5 were located further from the rectum (0.8cm and 

1cm respectively) and these plans were below tolerance. All of the plans in the study 

exceeded the optimal dose tolerance for rectum V3600 of <1cc.  

 

 

Fig C4 (a) P1 

 

Fig C4 (b) P2  

 

Fig C4 (c) P3 

 

Fig C4 (d) P4 
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Fig C4 (e) P5  

 

Fig C4 (f) P6 

 

 

Fig C4 (g) P7 transverse 

 

 

Fig C4 (h) P7 sagittal  

Fig C4: Image showing the high dose region and rectum volume a) transverse plane for P1 
b) transverse plane for P2 c) transverse plane for P3 d) transverse plane for P4 e) 
transverse plane for P5 f) transverse plane for P6 g) transverse plane for P7 h) sagittal plane 
for P7.  
 

 

It would seem feasible that the location and volume of the DIL relative to the rectum would 

have an impact on whether the OAR tolerances were achievable. When delivering the 

prescription dose of 3625cGy, reducing the rectum to below 3600cGy is achievable whilst 

also maintaining the 95% coverage of the PTV, which was demonstrated in the original (non-

boosted) clinical plans for the patients in this retrospective study. For patients with boost 

volumes in close proximity or abutting the rectum, this can be more challenging as it requires 

a larger dose transition over a relatively small distance. This could be a limiting factor for 

achieving clinically acceptable doses as seen in Kim et al. (C4).  

 

Some studies have discussed the advantages of spacers to reduce rectum doses during 

prostate SBRT delivery (C22) (C23). This could be considered either for all patients, or if a 
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correlation between DIL position and rectum dose was identified, patients could be identified 

before their planning scan as requiring a spacer.  

 

Although all plans were optimised to produce the lowest OAR doses achievable, the 

coverage of each of the PTVs was prioritised during the planning process. For clinical 

patients, the clinician may have requested the rectum dose to be reduced by compromising 

the DIL PTV coverage. For the lesions that were closest to the rectum, this may have led to 

a compromise of the dose to the target. Lowering the total dose to the PTV boost may also 

have been suitable. The approach taken in this study allowed investigation of the impact of 

intrafraction motion on PTV coverage and a direct comparison between patients, which 

would not have been possible if plans had been compromised. There was also no 

established approach to allowing target compromise in this adapted protocol. The impact of 

proximity of the boost PTV to rectum dose could be investigated further, and a consistent 

approach to this would be useful for clinical implementation.  

 

Arm B of this study investigated the dosimetric impact of displacements using only the 

physical position of the RayPilot transmitter seen in the CBCT images. The source data 

would not be a suitable surrogate for intrafraction motion, as there was evidence showing a 

statistically significant difference in the positional stability of the RayPilot transmitter 

compared to the seeds for this limited patient group. These measurements are therefore 

assumed to be an overestimate of the intrafraction motion, and direct comparisons with the 

data in Arm A or Arm C may not be representative of the clinical situation but are useful for 

analysis of the impact of more extreme intrafraction displacements. The treatment plans 

based on the displacements from arm B showed the dose coverage of the PTV to be below 

the mandatory tolerance for P1 (92.6%), P3(27.8%), P4(91.8%) & P6(88.2%).  

 

Based on this data, the target coverage for P3 would not be deemed clinically acceptable if 

delivered. This patient’s transmitter was dislodged sometime between their treatment 
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planning scan and their first fraction. The position of the transmitter in subsequent CBCT 

images was therefore offset from that seen in the planning scan. This was mitigated for 

treatment by assigning a new reference coordinate based on a re-scan of the patient. 

However, the physical position of the transmitter was noted as being variable throughout the 

treatment, ranging from 0.4cm to 1.5cm displacement. As the data collected for this study 

used the physical position of the transmitter, this would not be representative of the treated 

position and this patient should be considered an outlier. If the transmitter had remained 

stable, a systematic shift from this point could have been used. Inclusion of this patient’s 

results are useful however to highlight the impact on the dosimetry using only the physical 

position of the RayPilot transmitter. As the kV orthogonal imaging was used for patient 

positioning this study would not represent a test of using the RayPilot transmitter as the sole 

imaging modality. 

 

The PTV dose for P1, P4 and P6 was also below the target dose coverage in arm B, with the 

mean for all plans in the study (excluding P3 being less) than 95%. However, for each of 

these calculations the minimum expected CTV coverage was maintained. If these 

represented the actual treatment position, the prostate organ would still have received the 

prescribed dose. Therefore, this shows the planning solution and margins to be robust to this 

level of intrafraction motion for the prostate. Although the PTV(boost) only meets the 

required dose coverage for one patient (P7), the DIL GTV is covered by 95% of the boost 

dose in all patients excluding P3, which again would demonstrate that the margins and 

planning solution for these patients are robust to this level of intrafraction motion.  

 

The impact to OARs based on the displacements in arm B was variable. The rectum 

V3600cGy for P4 and P6 moved from being under the 2cc tolerance in arm A to exceeding 

it, with the rectum V2900cGy value for P4 also exceeding tolerance in arm B. This highlights 

the potential impact positional changes can have on the delivered dose to OARs, especially 

those close to tolerance. This should be investigated and a consistent approach within a 
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department for dealing with changes in anatomy would be useful before implementing a 

clinical solution. Adaptive tools such as those utilising deformable registration could be used 

to more accurately estimate the cumulative dose to structures based on changes seen in 

each fraction. Creating a PRV volume for such a moveable structure would not necessarily 

be appropriate and could lead to additional compromise for the target.   

 

In theory, each of the pre and post-fraction CBCT images would be acquired with the patient 

positioned correctly for treatment. The mean of the pre- and post-treatment CBCT 

displacements was calculated for each fraction and this was used to represent the relevant 

displacement in the planning study. There were some limitations of this method of data 

collection. The variance of the positional displacement of the RayPilot transmitter was not 

equal to that of the seeds in some directions, in other words some positional instability was 

noted. This in itself would exclude this data as suitable for assessing intrafraction motion. 

There were also limitations in the method of data collection, for example the sensitivity of the 

measurements was limited by the resolution of the images in each plane which was 0.09cm-

0.1cm. Additionally, there was an imaging threshold of 0.2cm in the study, which meant 

positional displacements just below this would not be corrected for. Combined with the 

image resolution, there is potential for an inherent error of nearly 0.3cm in the 

measurements before any other variations are accounted for. With the Posterior PTV margin 

in the plans 0.3cm, and the PTV boost 0.2cm posteriorly and 0.3cm in all other directions 

this would be seen as significant.  

 

The coordinate position to be used to determine the displacement was measured manually, 

also the reference coordinates in the planning scan. Although a consistent approach was 

devised this was not seen as a precise process and may have led to some additional 

uncertainty.  As the CBCT scans were taken directly before and after the beam delivery, they 

would not represent the position of the patient anatomy during treatment. Using the mean 

displacement value of the pre and post CBCT scans, this should give a representation of the 
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intrafraction motion and mitigate any discrepancies. Measurements of the displacement of 

the fiducial markers could be used in further work to repeat arm B of the study and use the 

displacement noted by the markers for each fraction, which were noted in the source data to 

exhibit less overall displacement.  

 

Arm C was investigating the effect on displacements using the real-time positional readouts 

acquired by the RayPilot system during each patient’s treatment. Doses were clinically 

acceptable for the PTV, CTV and PTV(boost) coverage for all patients in the study. There 

were also no changes in status of any of the OAR doses, with those values over tolerance 

being so in arm A too. This would mean that the clinical viability of the plans would be 

consistent with the original plan based on the simulated displacements. There were technical 

issues which meant that the RayPilot system didn’t record positional data during P4’s 

treatment, and therefore this patient was omitted from this arm of the study.  

 

The displacements used in arm C could be seen as more representative of the treatment, 

with data being acquired during the delivery of the beam. The data is also collected over 

time giving positional information during the fraction. However, the system was not 

synchronised with the actual treatment delivery, and as such contains measurements 

collected before the treatment delivery and in between arcs. This could include positional 

variations that were corrected before beam delivery. By using the mean displacement for 

each fraction, it was hoped that this would mitigate any impact on the plan calculations from 

this.  

 

If the target had been particularly mobile but oscillating around a point, the mean 

displacement may have incorrectly pointed towards a stable target. The source data for this 

study reported information on the percentage of measurement points collected where the 

transmitter had displaced by more than 0.1cm, 0.2cm and 0.3cm. This allowed the validation 

that the mean value was representative of the treated position. Measurements taken when 
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the beam was not on would not be representative of the treated position of the patient 

anatomy, however it does provide positional information over a longer period of time. As any 

positional discrepancies would have been corrected, without the beam being delivered, it 

would be expected therefore that this data set would represent a slightly worst case than the 

true case. To model the true impact of intrafraction motion, one would have to vary the 

isocentre position over the whole treatment time. However, this was not feasible with the 

planning systems available in this study. 

 

Although arm B and arm C were calculated based on the same clinical data, they resulted in 

very different dose results. This would not be unexpected, with notable differences in the 

magnitude of the displacement source data for each study. For arm B (excluding P3) the 

range of mean displacements for each fraction was between -0.4 and 0.4, with 15 fractions 

out of 35 fractions 0.2cm or greater. In arm C, the measured displacement was generally 

low, with only P7 exhibiting displacement that exceeded 0.1cm (#4(AP), -0.13) & (#5(AP), -

0.11).  

 

Although the data in Arm B was shown to not represent intrafraction motion due to instability 

and limitations in the data collection, this arm of the study highlights the impact of a more 

extreme scenario for motion in these types of plans. It should also be noted that by using the 

RayPilot system as a positional tracker during treatment, systematic intrafraction motion 

larger than 0.2cm should be identified and corrected, whereas some of the data in arm B 

suggests systematic displacement in some fractions exceeding this but not corrected for. 

Although there were limitations in the collection method of displacements noted in arm C this 

could be considered a worst case, due to the inclusion of measurements collected when 

corrective positional set up may have been required. 

 

The margins used for the PTV (0.3P 0.5SIRLA) and PTV(boost) (0.2P 0.3SIRLA), would be 

sufficient based on the displacements in arm B. Based on the data used in arm C alone, a 
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reduction in these margins could be considered. Although adequate coverage of the DIL 

would be identified as a priority within the study, it was noted earlier that the rectum 

V3600cGy tolerance was exceeded for three plans within arm A. A reduction in margins 

could be looked at to help mitigate this impact. This would be assuming that the fiducial 

marker system is correct and that the position of the DIL relative to these remains consistent. 

Without any image verification during the treatment this would be difficult to confirm and as 

such it would seem unwise to reduce the margins without this evidence base. It may at first 

be feasible to reduce margins on the PTV and keeping the PTV(boost) margins. Further 

planning studies would also have to look at whether this would have the desired impact on 

reducing OAR doses or if the unchanged boost volume would be solely contributing to this.  

 

The imaging tolerance for this study was set to 0.2cm, whereby the patient was only 

repositioned if their positional displacement exceeded this figure. A change to margins would 

also have to be carried out within the context of this threshold, as they should be set to 

account for some variation within the PTV. If reducing the margins required adjusting the 

imaging sensitivity down, this could have implications on treatment times, leading to more 

treatment interruptions. The positional data used in arm C showed low variation, with little 

evidence of systematic displacements larger than 0.1cm during the course of treatment. 

Increasing the quantity of measurements in future studies may help to inform margins in this 

technique going forward.  

 

Further studies prioritising dose compromise to the DIL PTV for patients where OAR 

tolerances are exceeded could be also looked at, or consideration of a reduction to the dose 

of the escalated boost. Both of these may have clinical implications or may not be permitted 

as part of particular clinical trials.  

 

This study also assumes that the position of the DIL with respect to the rest of the prostate 

anatomy and positional aids remains consistent. Some verification of this position during 
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treatment would be useful. An example of this would be using an MR linac would allow real-

time image analysis (C24). This would be assuming that the image quality would be 

equivalent to the parametric MR images used for delineation of the DIL in planning.  

 

The OAR doses in the study have been calculated assuming they maintain the same volume 

from the treatment planning scan. It would be expected that there would be some variation in 

the size and shape of these organs during treatment, and so this would be unlikely to 

represent their true dose, although bowel and bladder preparation protocols would mitigate 

this. The V3600cGy for the rectum is recorded in absolute volume, not percentage volume 

so changes to the organ outside of the high dose region would not impact this parameter. 

This dose overlap would be expected to occur at the interface between the rectum and the 

prostate, which if the prostate was positioned correctly would not be expected to alter 

dramatically ant or post, although some changes laterally could be noted. As such the 

V3600cGy calculated in this study could be assumed to be a reasonable estimate for the 

actual dose received. This could be verified in further studies using the data from the CBCT 

images.  

 

As this a planning study and was not delivered clinically, there would be no survival or 

toxicity data to analyse. Confidence could be gained by looking to follow some established 

clinical trials for dose escalated prostate SBRT where early toxicity results have been 

published.  

 

5.6 Conclusions 

The addition of a DIL boost to prostate SBRT treatment plans is feasible and target doses 

can be met. This led to OAR doses exceeding clinical tolerances set within the study for 

some cases. The anatomical position of the DIL may be a limiting factor when trying to meet 

OAR tolerances. The dosimetric impact of intrafraction motion measured using the RayPilot 
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system was not significant but based on CBCT imaging data some plans may have been 

compromised.  

 

 

5.7 Ethical approval 

Ethical approval for this work to be presented was granted through the PRINToUT clinical 

trial ethical approval application. 
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6. Critical Appraisal 

6.1 Introduction  

A research study acquires evidence in a systematic way to address a particular problem. In 

clinical research this evidence base can be used to inform or change clinical practices. For 

decisions affecting patient’s treatments and care, it is essential that a critical appraisal of any 

applied research is carried out. This is a way of interpreting the relevance of results or 

conclusions and putting them within the context of their intended clinical use.   

 

Having a consistent and systematic framework for critical appraisal is important, and some 

guidance on established critical appraisal methods are available. The critical appraisal skills 

programme (CASP) (71) is a training course for healthcare professionals, aiming to provide 

them with the skills and knowledge to analyse research. The CASP checklist (18) is a tool 

that provides a clear methodology to be followed whilst carrying out a critical appraisal. Al-

Jundi et al. (72) discussed the importance of critical appraisal of research when clinicians 

are integrating new evidence and techniques into clinical practice. Their review provided 

guidance on critical appraisal techniques, and explored the idea that this is a vital clinical tool 

and developing these skills is as important as developing the skills used in technical aspects 

of clinical roles.  

 

In addition to critical appraisal of available research, it is important to employ these 

techniques to self-appraise one’s own research, especially when used to inform clinical 

practice decisions. This chapter aims to critically appraise the research project investigating 

the use of the RayPilot system to track and correct intrafraction motion for prostate SBRT 

with an escalated boost.  
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The important aspects of the research are highlighted, noting where it aligns with published 

research and where its novel aspects can be found. The strengths and areas of 

development within the project are discussed, alongside the implications of the project within 

the wider field of study and the proposed direction of future work. This critical review offers 

insight into the impact of the research within the local department and to the specific field.  

 

6.2 Context within wider research and practice 

6.2.1 Imaging approach 

The imaging approach used within this research study was to use kV orthogonal images as 

the primary imaging modality for patient positioning, with the RayPilot system as a 

supplementary tracking system and to verify the 3-D position of the transmitter on CBCT 

images. This was a similar method to that discussed in Braide et al. (25), a study 

investigating the RayPilot system in long course prostate patients. One difference noted was 

the method in Braide et al. for assessing relative positional differences between the fiducial 

markers and transmitter. For this they used MATLAB software (26) to calculate this which is 

a more quantifiable method, and may have reduced the potential error in sensitivity of the 

CBCT measurements discussed in section 3.5. However, patient’s in Braide’s study received 

39 fractions so intrafraction target motion of a single fraction would have less impact than in 

prostate SBRT, but did provide a larger base of measurement points for each patient.  

 

6.2.2 Application of data to a planning study 

Real clinical positional data was used to inform the planning study in Paper C. Lovelock et 

al.(33) used a similar approach to their planning study, using clinical positional data from the 

Calypso tracking system (29) to simulate the dosimetric impact to a target. However, the use 
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of the data in each study was different. Whilst Paper C focussed on the dosimetric impact of 

the treated position of the patient, Lovelock et al. focussed on the impact of the tracking 

system, simulating the dosimetry on treatments if no positional intervention had been 

available. This reflects the different research aims for each study with the research in this 

thesis looking to test the robustness of the imaging and tracking system as a whole, whereas 

Lovelock et al. aimed to validate the use of a tumour tracking system within the delivery.  

 

Bijina et al. (59) published a planning study comparing delivery methods for prostate SBRT 

with integrated boost. They assessed the dose distributions using not only DVH data but 

also conformity indices. This method of plan analysis was not used in Paper C, but would be 

a useful metric to analyse the dose gradient of the boosted lesion.  This may provide further 

evidence on the impact of the position or volume of the lesion discussed in section 5.5. Bijina 

et al. (62) provides a degree of validation to the linac delivery method in this study as they 

found plans based on linac delivery to be superior to Cyberknife and Tomotherapy, albeit 

without taking into account intrafraction motion. However, their study included limited patient 

numbers (N=13), so strong conclusions about this superiority could not be drawn.  

 

6.2.3 Tracking system comparison 

A comparison between the positional data of the RayPilot transmitter detected in CBCT 

images in Paper A and the RayPilot readout data in Paper B showed differences. This was 

reflected in the variation in results from the planning studies, with Fig C1(b) using the data 

from Paper A which resulted in more parameters being outside tolerance than using the data 

from Paper B shown in Fig C1(c). However, this doesn’t appraise one method over the other. 

In Hamilton et al. (31), a comparison between the Calypso tracking system, CBCT and kV 

orthogonal imaging was carried out using a phantom. Using a phantom was useful as a 
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direct comparison between the imaging systems. Although using a phantom gives clear 

quantifiable results, the acquired clinical positional data is more representative to simulate 

the delivery of a simultaneous integrated boost plan and therefore supports the research 

aims formed from the literature review for this project (Table 5).  

 

6.2.4 Focal lesion clinical trials 

Draulans et al. (65) published updated results for the hypo-FLAME trial, treating prostate 

SBRT with an escalated boost. The toxicity for a group of 100 patients enrolled in the trial 

was reported, with promising results. The strength of this paper is not only the patient 

numbers but that they are reporting toxicity data. One would expect that this would have an 

impact on informing clinical practice, and also give clinicians confidence to follow the trial 

methodology. Their patient sample size of 100 was chosen specifically to gain 82% power 

on a one-sided significance level of 0.05. One of the advantages of this large trial was that 

they start to analyse once the required patient numbers were gained, meaning their 

statistical analysis would be more robust. The PRINoUT study was designed to be a small 

pilot study, with 7 patients at the time of this research study and as such there was no 

expectation that this number of patients would be recruited.  

 

Whilst this research project was based on the clinical protocol of the PACE trial, the hypo-

FLAME trial includes a simultaneous boost and may be of interest for future studies or 

clinical implementation. They reported a large number of patients and found that a boosted 

prostate SBRT treatment resulted in acceptable toxicity. One difference in the approach 

within hypo-FLAME was the addition of a 0.2cm PRV around the rectum, whilst the 

PRINToUT solution included no PRV. Hypo-FLAME did not include a PTV margin for the 

boost volume, whereas the planning study in paper C did. Paper C discusses how the boost 

PTV margin helped the GTV to receive the required dose in cases where significant 
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displacement was noted (Section 5.5), but would have contributed to the inability to meet the 

rectum dose constraints on some plans (Fig C1(b)). There was also no specific mention in 

Draulans et al. (61) that the centres involved in FLAME had used any tumour tracking 

systems during the delivery, but one centre was noted as treating with rectal spacers. Some 

of these differences in approach should be investigated before adopting these practices for 

future studies.  

 

6.3 Appraisal of the research process as a whole 

6.3.1 Study design and set-up 

The research process for this project was robust, however there were some logistical factors 

within the study design that led to limitations. The data was collected from clinical patients 

enrolled in a locally run clinical trial, PRINToUT (12). With this trial representing the first 

implementation of prostate SBRT locally, the technique commissioning and set up of the 

research project were carried out concurrently. Due to a strong multi-disciplinary 

collaborative approach, this was completed in a timely manner. The range of contributors 

increased the strength of the data collection, as this research was not solely carried out with 

Physics input, but drew on suggestions from radiographers, medics and the clinical trials 

administrators. One of the main strengths of gathering data within a clinical trial, was that the 

quality of the data collected was high. The trial was reviewed and approved by the Academic 

and Clinical Central Office for Research and Development (ACCORD) (73). This ensured 

that the methodology for data collection was of a high standard and that any deviations 

would be investigated. The patient demographic had to meet the inclusion criteria for the 

trial, and the treatment protocol ensured a high level of consistency in the beam delivery, 

imaging and data collection by the team treating the patient. There were some 

disadvantages to setting up this research project alongside the PRINToUT trial. For 

example, the timeline for collecting the data and indeed starting the study were tied to the 
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trial. It also meant significant changes to the treatment protocol could not be made after the 

trial had started as this would require further ethics approval. One of the consequences of 

the required start date was that the study was set up for clinical treatments and data 

collection before the literature review for this project could be completed or the research 

questions formed. The consequence of this was that the study and data collection was 

carried out in a more general manner and the research questions would not inform the detail 

of this. There was a large amount of data available for each treatment however, which was 

one of the advantages of aligning with PRINToUT. This allowed flexibility when defining the 

research question and significant deviations would not have been expected if the literature 

review was carried out earlier. There are positive aspects in having the opportunity to 

supplement and support a locally run clinical trial. When a trial such as this is devised, it may 

be a prompt for a department to look at other avenues of research that can be carried out 

alongside the gathering of high-quality data. However additional data collection within a trial 

may invalidate the ethics and governance around the original trial and so must only be 

carried out with this in mind.  

 

6.3.2 Site visits 

The team setting up the PRINToUT clinical trial had visited another centre using this tracking 

system and also visited the manufacturer. This was aimed to get some exposure of using the 

equipment and generate ideas for integrating the system into a clinical technique. However, 

this was carried out before this research study was devised. It would have been useful to 

have carried out a site visit such as this but this was not feasible due to time constraints and 

staffing resources. A site visit looking at research of tracking systems would have been 

advantageous and may have informed the design of the project differently. Visits may have 

included centres using alternative tracking systems or with significant research output. The 
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experience from the local team that had carried out the site visits was available, and the 

manufacturers were available to give technical support.  

 

6.4 Data collection: Strengths and areas for improvement 

One of the strengths of this research was the multi-disciplinary approach to gathering the 

data. The team involved in setting up the treatment protocols and trial were drawn from a 

wide range of disciplines. There were regular update meetings with all groups where trial 

progress along with associated research studies were discussed and reviewed. Because all 

the data was collected from clinical patients, the requisite checks and audit were carried out 

to national standards and staff training was robust and evidenced clearly. As the data used 

in this research was already within a clinical trial, this was covered by the existing ethics 

approval.  

 

6.4.1 Patient numbers 

One of the areas of improvement for the project was the low patient numbers included in the 

study. Patient recruitment relied on patient’s agreeing to not only the fractionation, but also 

the procedure to insert the tracking device. This may have also impacted the demographic of 

potential patients enrolling in the study. Patient recruitment was limited by the availability of 

theatre sessions and radiologist to insert the device. This proved to be difficult to facilitate in 

some cases and as such the projected 12 patients in the first year was not met, and not all 

patients who were eligible and willing to participate could be enrolled.  

 

Low patient numbers in the study also meant that the power of any statistical significance of 

any tests would not provide suitable levels of confidence. Examples tests included looking at 

a correlation between the co-ordinates of the fiducial markers and the co-ordinates of the 
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Raypilot transmitter tip. This would have been a way of validating the stability of the 

transmitter against an established method. A study to investigate any correlation between 

displacement and fraction number would also have been interesting. Although the patient 

numbers didn’t allow strong conclusions from the numerical results, it was originally devised 

as a small pilot study and were sufficient to fulfil this remit. Striking a balance between 

spending years collecting sufficient data for statistical significance and publishing data early 

is key when devising research projects. One of the advantages of a large multi-centre 

approach to research studies is the potential to access large patient numbers in a shorter 

timescale. 

 

6.4.2 Data collection 

The approach to gathering data was flexible and could be carried out using readily available 

software such as Excel. Therefore, the collection and the analysis of the data could be done 

at various locations and times rather than relying on the availability of particular computer 

terminals. No additional training or support to manipulate the data using Excel was required, 

which helped the collection and analysis of data to be within the required timelines. There 

was a large amount of data available for each patient. Whilst patient toxicity data was also 

being collected in the trial, this was not utilised for this project. Whilst this may have added to 

the study conclusions, it wasn’t necessarily appropriate to use within Paper C due to the 

focus on integrated boost dosimetry for which the PRINToUT toxicity would not be relevant. 

It would be an interesting follow up study to look at the patient’s toxicity results in the context 

of the positional data reported in Paper A and Paper B.  

 

The first patient in this study was the first patient locally to be both treated with prostate 

SBRT and also using the RayPilot tracking system. This meant that the department was 

building up experience in the technique as the trial went on. This may have led to differences 
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in the approach to imaging, treatment and the decision process as experience was built up, 

which could have influenced the results. However, this also meant that a small team were 

involved through the pathway, including the planning and treatment staff and the treatments 

were all carried out on a single linac. This would have helped maintain consistency.  

 

6.4.3 Contouring 

The dominant intraprostatic lesion (DIL) was outlined using multi-parametric MR images. 

This was carried out using a combination of the MR images available. This may have led to 

some variability in the lesion contour, as preferencing one of the multi-parametric images 

over the other can impact the defined volume. It may be that this method also doesn’t 

capture all of the lesions in the prostate. Johnson et al. (50), carried out a large study where 

they found that only 45% of all prostate lesions can be detected using multi-parametric MRI. 

For this research project, the lesion delineation was carried out using rigid registration, as 

deformable registration wasn’t available but may be more accurate (53). The position and 

volume of the lesion was thought to influence the ability to meet clinical OAR tolerances in 

Paper C (Section 8.5), these factors combined may have had an impact on the results.  

 

Outlining was carried out on the plans by the clinician responsible for that patient. However, 

the prostate lesion was outlined for all patients by a single clinician for research only. Having 

only one clinician involved in the lesion outlining could have introduced some user bias, and 

as these volumes weren’t to be used in the clinical planning process, they were not subject 

to the same audit and checking as the rest of the volumes.  

6.4.4 Collection of empirical data 

The data collection was quite resource intensive. With more available time at the beginning 

of the study, or with access to advanced computer programming skills, some of this could 
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have been automated. This may have allowed more in-depth analysis of the values or to 

highlight trends. A large portion of the data analysis involved manually recording data in 

spreadsheets. Although the study was only carried out on seven patients, there were a large 

number of data points gathered and much of the data from the RaypPilot system had to be 

manipulated manually to remove outliers as described in section 4.3. To expand the scope 

of this study, it would be a requirement for much of this work to be automated. This would be 

achievable but would require additional support, such as from a computer scientist, which 

was not available for this project. 

 

The Edinburgh Cancer Centre has a research agreement with the manufacturer of the 

RayPilot tracking system, Micropos (11).  This was advantageous throughout the project, 

allowing access to technical information and receiving additional support throughout the 

commissioning process. Access to the system’s raw data was also easily attained, which 

isn’t the case with all commercial radiotherapy systems. This helped for there to be some 

flexibility in determining the use of the data. There was minimal input from the manufacturers 

in the actual research aspect of the project or study design which helped to maintain 

independence. 

 

The displacement data from two systems, CBCT and RayPilot were analysed within the 

study. There were differences noted between this data and limitations with each method of 

collection. The limitations of the CBCT method discussed in paper A included potential error 

due to slice thickness and some evidence of instability of the transmitter, whereas the 

RayPilot data discussed in Paper B had a higher level of geometric precision but could not 

be synchronised to the beam delivery times. It may be that the planning study in Paper C 

could have only used the RayPilot data, but the CBCT images were useful for the whole 

study to assess the stability of the transmitter device. An improved method for a direct 



6. Critical Appraisal 

144 
 

comparison would have been for the RayPilot readout displacement to be recorded during 

the CBCT acquisition. Although useful for this research, this may have added an extra layer 

of complexity to the treatment and imaging process for the radiographers, with this being 

recorded manually, and as such may not have been practical to have included in this pilot 

study.  

 

The empirical results within this project were taken from clinical data, but only analysed by 

one operator. Although for some aspects of the data collection this would have given a more 

consistent approach, this may have introduced bias as the interpretation of the 

measurements were not peer reviewed. This was mitigated through discussions and updates 

with experienced members of the research team. Identifying the data to collect was 

straightforward, but there were instances such as determining outlier points from the 

Raypilot readout in Paper B that were more subjective and would have been improved by 

some peer review.  Also, the treatment plans in the planning study in Paper C did not go 

through the same rigorous checking process that would be carried out if they were to be 

delivered clinically, and as such do not exactly replicate a clinical situation. 

 

6.5 Broad methodological approach 

6.5.1 Novel aspects to the research 

There was an opportunity for a novel approach to this research project through the use of 

the particular tracking system. The Raypilot system is not widely used across clinical 

departments at the time of the study, with the Edinburgh Cancer Centre being the first UK 

centre to use this equipment clinically. Subsequently, there wasn’t a large body of published 

data on this system and while there were studies looking at the viability of Raypilot as a 

tracking device, there was little evidence found where positional information from the system 
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was used to inform a planning study such as in Paper C, or for simultaneous integrated 

boosts. Although this provided opportunities for this project, the lack of a large body of 

previous research studies about the tracking system could also be seen as a disadvantage. 

However, there were many studies found within the systematic review that involved other 

tracking devices and systems such as Calypso (29) and Cyberknife (34) and the principles 

could be applied to inform this research study. 

 

6.5.2 Qualitative Vs Quantitative analysis 

The methodological approach to the research in this project was mainly through quantitative 

analysis. For scientific studies this would be a more familiar method for data collection, with 

a large amount of the empirical data being numerical. There may be a tendency for scientists 

to view qualitative data collection as being less precise, and they may not have had the 

same exposure to this methodology throughout their training. McCusker et al. (74) suggests 

advantages to designing clinical research using a mixed methodology with qualitative and 

quantitative analysis. There may have been opportunities in this project for some of the data 

to be collected in using a more qualitative approach. For example, this could have focussed 

on the experiences of the radiographers using the equipment. The patients could have 

recorded how they felt on each fraction to see if there was a correlation between this and 

their set up data. Some qualitative data was collected and available within the clinical trial, 

but was not considered for inclusion in this research. This may have added some additional 

context to the conclusions and help to understand some of the clinical results.   

 

6.5.3 Single centre study 

There may have be limitations to this research being conducted as a single centre study. 

This may have led to enforced bias in the data collection, only based on the experience of 
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one group of staff. That being said, for this small pilot study with the low overall patient 

numbers expected, it may have been that the addition of other centres for data collection 

would have reduced the consistency in the data collection. By the same rationale, 

introducing centres with other equipment such as planning systems or linacs would have 

been an advantage for a larger study but may have diluted the results of this study in its final 

form. The addition of another centre with an alternative tracking system would have allowed 

a direct practical comparison between this system and RayPilot. 

 

6.6 Line of enquiry 

A set of three research questions were devised within this study (Table 5), which were used 

to guide and inform the direction of the study as a whole. These questions were devised 

based on a literature review carried out looking at current practice and available research for 

tracking devices and the treatment of prostate SBRT.  

 

6.6.1 Research question 1: What is the accuracy and stability of RayPilot for prostate 

motion management during SBRT? 

The first research aim identified was to investigate the accuracy and stability of the RayPilot 

tracking system during prostate SBRT delivery. This was carried out within the study, but 

there were limitations as to how definitive this could be answered. As the RayPilot system 

was used alongside the existing imaging system, the results do not necessarily isolate the 

tracking system’s role in the placement of the patient. The stability of the RayPilot system 

relative to the seeds was assessed in paper A, with statistical analysis showing a significant 

difference in the variances of the measured displacements in some directions and hence 

instability. As this was only carried out on a limited number of patients, further studies would 

be required to provide strong evidence of instability. The accuracy was validated somewhat 

through the commissioning and ongoing QA of the system, along with its combined use with 
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the kV system to position the patient. The positional measurements in Paper B showed that 

the patients were positioned successfully using the combined imaging protocol and the 

system was able to detect target fluctuations when they occurred. 

 

6.6.2 Research question 2: How does RayPilot compare against other motion 

management systems for SBRT? 

The second research question was to compare the RayPilot system against other available 

tracking and imaging systems. This was fulfilled in part but with lots of areas where further 

research would have been useful. A direct comparison of practical measurements against 

other tracking systems was not feasible, as RayPilot was the only available tracking system 

available for this study. The range of research and reading within the study allowed for 

comparative analysis on the use of other tracking systems (33)(38)(46)(59), and an 

understanding of the strengths and weaknesses of the RayPilot system for delivering 

prostate SBRT compared to these was attained through this. 

 

Due to the logistics of commissioning, additional QA and revenue costs associated with 

tracking systems, radiotherapy centres would typically only use one type of system. 

However, as the RayPilot system is only currently available for research and for one linac at 

the Edinburgh Cancer Centre, there are plans to supplement this by commissioning a 

triggered imaging system on the Truebeam, which uses the kV imager to track patients (75). 

This may provide some direct comparisons between tracking systems in future studies. 

Expanding this research to include other centres with alternative tracking systems would 

also provide opportunities for direct comparison and validation of RayPilot.  

 

6.6.3 Research question 3: Can RayPilot be used for dose escalated prostate SBRT? 

The study showed that in some patients, dose escalated SBRT would be possible but could 

be restricted in meeting the OAR tolerances by the location of the lesion. A limitation 

identified in this line of enquiry was that there would be no clinical patients treated using 
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dose escalated prostate SBRT. Therefore, data from the non-escalated prostate SBRT 

patients was used and applied to the study in Paper C. As a feasibility planning study this 

was useful, looking at the current clinical imaging protocols in a situation where a dose 

escalated plan could be delivered. However, what this was not able to simulate was the 

additional clinical processes that would take place if the dose escalated protocol was to be 

used. For example, the more rigorous checking process, patient reaction to the dose 

escalated doses and how the decision process of the clinical staff would change to 

displacements from this technique. There were five out of seven patient plans in Arm A of 

Paper C that didn’t meet the OAR tolerances. As the planning study had a focus on impact 

from displacements on target coverage, the approach for plans where OAR tolerance was 

exceeded was not resolved but would be a component to answering the research question 

fully.   

 

None of the imaging or tracking systems used in the study were able to verify the position of 

the lesion during treatment. Although this was a consistent feature noted in a number of 

studies and trials found in the systematic review, it would also be seen as a limitation to fully 

addressing the research question in this study and would be useful to look into further.   

 

6.7 Study implications for clinical practice and theory 

6.7.1 Clinical implications for the study locally 

Locally, this study has built up confidence treating prostate SBRT and using a tracking 

system. The Edinburgh Cancer Centre is actively looking to increase the number of prostate 

SBRT treatments it delivers, and this research provides evidence on the impact of the 

imaging protocol, and shows the reliability of the RayPilot tracking system, providing 

confidence the target is positioned correctly. There were also some questions highlighted 

from the study which could be investigated locally, such as the margins used in the study. 
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For the target margins, the practical measurements showed that the target remained stable 

for much of the treatment data points (Fig B3), and displacements were identified and 

corrected in a timely manner. A reduction to the margins and its potential impact could be 

investigated based on this data. 

 

There were limitations on using the RayPilot tracking system for wider use in the department 

due to this only being available for one linac and funding issues regarding the transmitters 

for non-trial patients. However, this research can be used to help inform the proposed use of 

triggered imaging (75), where the kV orthogonal imager is used as a tracking device. This is 

a commercial system replicating the KIM solution described in section 2.4.6. Although this 

system tracks the position during the treatment phase it does require the beam to be 

interrupted whilst imaging, and this occurs a designated number of times throughout the 

treatment arc. This would mean that unlike RayPilot this system would not provide real-time 

tracking throughout the beam delivery. These differences and their impact could be 

investigated. There would also be an additional concomitant radiation dose to the patient 

from the triggered imaging. The system is however available to use of each of the Truebeam 

linacs within the department and would need no capital investment and so be used to 

expand access to SBRT to a greater number of patients.  

 

The positional variation of the transmitter and hence the target over a fraction was small, 

based on the RayPilot readout data from Paper B. The dosimetric impact to the target 

volumes in the focal boost planning technique using these measurements in Paper C was 

not significant (Fig C1(c)), with the dose values consistent with the plans with no 

displacement (Fig C1(a)). This can give confidence that the standard prostate SBRT plans 

delivered within the PRINToUT trial would also have acceptable delivered dosimetry. There 

could be an argument that the additional kV imaging between arcs could be removed from 
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the protocol if tracking is being carried out. However, as all of the data points in this research 

study were acquired following this imaging protocol the results would be applied to these 

conditions. To reduce the frequency of any imaging within this protocol would require further 

work. This could include an audit to investigate when the kV orthogonal system highlighted a 

patient displacement that required adjustment between arcs. 

6.7.2 Dose calculation algorithm 

The algorithm used for dose calculation in the planning study was the Analytical Anisotropic 

Algorithm (AAA) which may have influenced the outcome of the study. Acuros XB is an 

alternative dose calculation algorithm available within Eclipse (76), which uses a different 

method of dose calculation to AAA by discretely solving the linear Boltzman transport 

equation. Kim et al. (77) showed that recalculating prostate VMAT plans with Acuros XB 

instead of AAA resulted in a statistically significant difference to the dose parameters of the 

plans. Koo et al. (78) compared prostate VMAT plans, calculated using Acuros XB and AAA 

in a phantom and found that plans using Acuros XB calculated the dose within an air cavity 

such as the rectum more accurately. Whilst the Acuros XB algorithm is available locally, it 

has not yet been commissioned for either clinical use or research studies. This study has 

shown there would be a use for an additional planning algorithm to help benchmark research 

studies in the department. This would help to provide extra context and validate calculations 

and may be a useful method for comparison to other centres where more advanced 

calculation algorithms are used within research studies.  

 

6.7.3 Research output and impact 

This research study has so far produced two posters which have been peer reviewed and 

accepted for display at the ESTRO 2020 (13) (Appendix 3) and ASTRO 2020 (14) (Appendix 

4) conferences respectively. The three papers included within the thesis will be submitted to 
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an appropriate journal for peer-review and potential publication. It is important for research 

studies such as this to aim to have some kind of scientific output to increase research impact 

beyond the local department to the wider academic and clinical looking to utilise similar work 

or practices. The advantage of submitting work in this way, is that it allows peer review by an 

expert in the field who can critique and hopefully endorse the work as of a quality suitable for 

inclusion in a leading scientific conference or journal.  

This research would interest centres looking to implement a prostate SBRT service or 

looking to introduce a simultaneous integrated boost. The methodology of the research and 

in particular the use of actual clinical measurements to feed into a planning study could be 

used as a framework for using imaging data to validate a change in process. This 

methodology could be utilised in studies involving other anatomical sites where real-time 

tracking is used and a change of practice is being considered. Centres looking to implement 

the use of the RayPilot system would be interested in this research, with one of the novel 

aspects of this research being the use of this system where limited published studies exist. 

The set of papers within this thesis provide a framework for clinicians in cancer centres to 

implement the RayPilot system and can be used to inform future research study design.  

 

6.8 Suggestions for future work or implementation 

Clinical research should be seen as an ongoing process, whereby the end points of studies 

not only provide answers to a question, but also identify further questions to be explored. 

There is a large body of further work identified within this study. These suggestions were 

derived through background reading, from issues that arose during collection of the empirical 

data, time restrictions that didn’t allow lines of enquiry to be followed through, technical 

limitations in the study and suggestions from clinical users of the system. A subset of future 

work identified within the study is summarised below. 
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The PRINToUT trial has been amended but will continue, albeit with a different system for 

inserting the Raypilot transmitter – known as Hypocath(79). This will allow the transmitter to 

be inserted by the patient self-catheterising through the urethra and avoiding the need for a 

theatre session. It is hoped this will allow the patient numbers able to participate in the study 

to be increased. This change of system provides an opportunity to use the results from this 

research to validate this change. The stability of the device will be of particular interest due 

to the change in method of insertion, this may have an influence on the intrafraction changes 

in the transmitter and could be investigated.  

 

With data continuing to be collected within the study this would be an opportunity to follow a 

larger patient cohort over a longer time. This may provide the opportunity for statistically 

significant analysis and to correlate some of the medium or long-term outcome data and 

toxicity with the positional data. The primary results from the PRINToUT trial will be the 

analysis of the volatile organic compounds from patient breath samples caused by 

radiotherapy and its relationship to normal tissue and disease response. Once this data has 

been analysed it may be useful to correlate any findings within the results in this research, or 

future patients using this methodology. The CBCT data could be used to supplement this. 

However, to facilitate a large increase in patient numbers a more efficient method for data 

collection and analysis would be advantageous.  

 

Other anatomical sites could be treated with tracking using the Raypilot transmitter. Although 

designed for use in the prostate, there have been discussions about its future use for 

bladder radiotherapy. This could be looked at within the context of a simultaneous integrated 

boost to the GTV in the bladder. Other mobile sites in the body would be feasible for this 

technology too, although limitations around its suitability for insertion in some sites may 

prove a limiting factor.   
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To verify the RayPilot transmitter as a means to tracking the focal lesion, some verification of 

the transmitter position relative to the focal lesion would be useful. This could be done on an 

MR Linac, or indeed on an MR sim. The composition of the transmitter may interfere with the 

MR image, however the Hypocath system allows the catheter to be inserted without the 

transmitter and this could allow some verification of its position. Investigating if the focal 

lesion is identifiable on the images of an MR Linac would be useful, along with investigating 

whether an additional tracking system is required with this technology.  

 

There has been interest internationally in delivering hypo-fractionated prostate SBRT in a 

single fraction (80). If this was the direction of future development in the UK and for the 

Edinburgh Cancer Centre, further work could be carried out on this system to assess its 

efficacy for this use such as a feasibility study looking at positional information from 

individual fractions. Delivering the whole dose of radiotherapy in one fraction has risks, for 

example intra-fraction motion of a single fraction would impact the dosimetry of the whole 

treatment. As such, this should only be considered after extreme confidence is gained from 

the positional imaging system, and ideally within an established clinical trial. 
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7 Concluding remarks  

This research study has provided confidence to support the continuation and expansion of 

prostate SBRT at the Edinburgh Cancer Centre. The RayPilot tracking system provided a 

novel approach to the work, and the use of actual patient displacements applied to a 

planning study provided clinical context and strength to these results. This project was an 

excellent example of strong multi-disciplinary collaboration and fostered the development of 

a broad range of research skills and techniques in the production of this thesis. It is hoped 

that these skills can be developed further and applied in future work to support and lead 

research activity through a collaborative approach at the Edinburgh Cancer Centre and 

beyond.  
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Appendix 1 

DClinSci Appendix – List of AMBS A units and Medical Physics B units together with 

assignments – Michael Trainer 

AMBS – A Units   

Unit title Credits Assignment wordcount 

A1: Professionalism and professional 
development in the healthcare environment 

30 Practice paper – 2000 words 
A1 – assignment 1 – 1500 words 
A1 – assignment 2 – 4000 words 

A2: Theoretical foundations of leadership 20 A2 – assignment 1 – 3000 words 
A2 – assignment 2 – 3000 words 

A3: Personal and professional development 
to enhance performance 

30 A3 – assignment 1 – 1500 words 
A3 – assignment 2 – 4000 words 

A4: Leadership and quality improvement in 
the clinical and scientific environment 

20 A4 – assignment 1 – 3000 words 
A4 – assignment 2 – 3000 words 

A5: Research and innovation in health and 
social care 

20 A5 – assignment 1 – 3000 words 
A5 – assignment 2 – 3000 words 

 

Medical Physics – B Units   

B1: Medical Equipment Management 10 3000 word assignment (plus 
Specification, Risk assessment, 
commissioning plan and quality 
assurance schedule) 

B2: Clinical and Scientific Computing 10 3000 word assignment 

B3: Dosimetry 10 3000 word assignment 

B4: Optimisation in Radiotherapy and 
Imaging 

10 Group presentation 
1500 word assignment 

B6: Medical statistics in medical physics 10 3000 word assignment 

B8: Health technology assessment 10 3000 word assignment 

B9: Clinical applications of medical imaging 
technologies in radiotherapy physics 

20 Group presentation 
2000 word assignment 

B10a:  Advanced Radiobiology 10 Virtual experiment + 1500 word 
report  

B10c:  Novel and Specialised External Beam 
Radiotherapy 

10 1500 word report/piece of 
evidence for portfolio 

B10f:  Radiation Protection Advice 10 1500 word report/piece of 
evidence for portfolio 

 

Generic B Units   

B5: Contemporary issues in healthcare  
science 

20 1500 word assignment + creative 
project 

B7: Teaching Learning Assessment 20 20 minute group presentation 

   

Section C   

C1: Innovation Project 70 4000-5000 word Literature 
Review  
Lay Presentation  
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Appendix 2 

Plan assessment form for the PRINToUT trial 
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Appendix 3   

Poster presentation for ESTRO 2020 
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Appendix 4 

Poster presentation for ASTRO 2020 

 


