
 
 

Voxel-wise association of planned dose with 

measures of treatment failure and toxicity in 

prostate external beam radiotherapy 

 

Marco Marcello 
MSc, BSc 

 

This thesis is presented for the degree of  

Doctor of Philosophy  

of  

The University of Western Australia, 

School of Physics, Mathematics and Computing 

2020 

 

 

 

 

 



 

 

 

 

 

 

 



 

i 

Author 
 

Mr Marco Marcello 

School of Physics, Mathematics and Computing  

The University of Western Australia 

and 

Department of Radiation Oncology  

Sir Charles Gairdner Hospital 

 

Marco graduated from the University of Western Australia (UWA) in 2013 with a BSc in Physics, 

Applied Mathematics and Astrophysics. He then undertook an MSc in Physics (Medical Physics) 

at UWA, graduating in 2015. Remaining at UWA, Marco then commenced a PhD in Physics 

(Medical Physics) in 2016. 

 

 

 

 

 

  



 

ii 

Supervisors 
 

Professor Martin Ebert 

Principal Supervisor 

PhD 

Director of Physics Research 

Radiation Oncology 

Sir Charles Gairdner Hospital  

and  

School of Physics, Mathematics and Computing 

The University of Western Australia  

 

Dr Pejman Rowshan Farzad 

Coordinating Supervisor 

PhD 

Medical Physics Course Coordinator 

Post-Doctoral Researcher 

School of Physics, Mathematics and Computing 

The University of Western Australia 

 

 

 

  



 

iii 

Contributors 
 

Professor James W Denham, MD, FRANZCR 

School of Medicine and Public Health, University of Newcastle, New South Wales, Australia 

Jim.Denham@newcastle.edu.au 

 

Ms Angel Kennedy, BSc (Hons) 

Department of Radiation Oncology, Sir Charles Gairdner Hospital, Western Australia, Australia 

Angel.Kennedy@health.wa.gov.au 

 

Professor Annette Haworth, FACPSEM, PhD, MSc, BSc (Hons) 

School of Physics, University of Sydney, New South Wales, Australia 

annette.haworth@sydney.edu.au 

 

Mrs Allison Steigler, BMath 

Prostate Cancer Trials Group, School of Medicine and Public Health, University of Newcastle, 

New South Wales, Australia 

Allison.Steigler@newcastle.edu.au 

 

Professor Peter B Greer, PhD, MSc, BSc 

School of Mathematical and Physical Sciences, University of Newcastle, New South Wales, 

Australia  

Department of Radiation Oncology, Calvary Mater Newcastle, New South Wales, Australia 

peter.greer@newcastle.edu.au 

 

Professor Lois C Holloway, PhD, BSc 

Department of Medical Physics, Liverpool Cancer Centre, New South Wales, Australia  

South Western Sydney Clinical School, University of New South Wales, New South Wales, 

Australia 

Centre for Medical Radiation Physics, University of Wollongong, New South Wales, Australia 

lois.holloway@health.nsw.gov.au 

 

 

 



 

iv 

Professor Jason A Dowling, PhD, BComp (Hons I), BAppSc 

School of Mathematical and Physical Sciences, University of Newcastle, New South Wales, 

Australia  

CSIRO, Queensland, Australia 

Jason.Dowling@csiro.au 

 

Dr Michael G Jameson, PhD, BSc (Hons) 

Department of Medical Physics, Liverpool Cancer Centre, New South Wales, Australia 

South Western Sydney Clinical School, University of New South Wales, New South Wales, 

Australia  

Centre for Medical Radiation Physics, University of Wollongong, New South Wales, Australia 

Cancer Research Team, Ingham Institute for Applied Medical Research, New South Wales, 

Australia 

Michael.Jameson@health.nsw.gov.au 

 

Mr Dale Roach, MSc, BS 

Department of Medical Physics, Liverpool Cancer Centre, New South Wales, Australia 

South Western Sydney Clinical School, University of New South Wales, New South Wales, 

Australia 

Cancer Research Team, Ingham Institute for Applied Medical Research, New South Wales, 

Australia 

d.roach@student.unsw.edu.au 

 

Professor David J Joseph, MD, FRANZCR, MRACMA 

School of Surgery, University of Western Australia, Western Australia, Australia 

5D Clinics, Claremont, Western Australia, Australia 

GenesisCare WA, Western Australia, Australia 

David.Joseph@health.wa.gov.au 

 

Dr Sarah L Gulliford, PhD, MSc, BSc (Hons) 

Radiotherapy Department, University College London Hospitals NHS Foundation Trust, London, 

United Kingdom 

Department of Medical Physics and Biomedical Engineering, University College London, 

London, UK 

s.gulliford@nhs.net 

 



 

v 

Professor David P Dearnaley, MA, MD, FRCR, FRCP 

Academic UroOncology Unit, The Institute of Cancer Research and the Royal Marsden NHS 

Trust, London, United Kingdom 

David.Dearnaley@icr.ac.uk 

 

Mr Matthew R Sydes, MSc, CStat, CSci 

MRC Clinical Trials Unit, Medical Research Council, United Kingdom 

m.sydes@ucl.ac.uk 

 

Professor Emma Hall, PhD, CStat 

Clinical Trials and Statistics Unit, The Institute of Cancer Research, London, United Kingdom 

Emma.Hall@icr.ac.uk 

 

Professor Martin A Ebert, PhD, BSc (Hons) 

Department of Radiation Oncology, Sir Charles Gairdner Hospital, Western Australia, Australia 

School of Physics, Mathematics and Computing, University of Western Australia, Western 

Australia, Australia 

5D Clinics, Claremont, Western Australia, Australia 

Martin.Ebert@health.wa.gov.au 

 

Ms Rachel Kearvell, PGradDipHlthAdmin 

Genesis Cancer Care, Adelaide, South Australia, Australia 

Rachel.Kearvell@genesiscare.com 

 

Professor Max Bulsara, PhD, MSc, BSc (Hons) 

Institute for Health Research, University of Notre Dame, Fremantle, Western Australia, Australia 

max.bulsara@nd.edu.au 

 

  



 

vi 

Thesis declaration 
 

I, Marco, certify that: 

This thesis has been substantially accomplished during enrolment in this degree. 

This thesis does not contain material which has been submitted for the award of any other degree 

or diploma in my name, in any university or other tertiary institution. 

This research was supported by an Australian Government Research Training Program (RTP) 

Scholarship. 

In the future, no part of this thesis will be used in a submission in my name, for any other degree 

or diploma in any university or other tertiary institution without the prior approval of The 

University of Western Australia and where applicable, any partner institution responsible for the 

joint-award of this degree. 

This thesis does not contain any material previously published or written by another person, except 

where due reference has been made in the text and, where relevant, in the Authorship Declaration 

that follows.  

This thesis does not violate or infringe any copyright, trademark, patent, or other rights whatsoever 

of any person. 

The research involving human data reported in this thesis was assessed and approved by The 

University of Western Australia Human Research Ethics Committee, approval number 

RA/4/1/5601. Written patient consent has been received and archived for the research involving 

patient data reported in this thesis. 

This thesis contains published work and/or work prepared for publication, some of which has been 

co-authored.  

 

Signature

Date:  2/02/2020  

 

 

  



 

vii 

Abstract  
 

External beam radiotherapy (EBRT) is a prominent treatment option for prostate cancer. The goal 

of all radiotherapy, including EBRT, is to deliver adequate radiation dose to the prostate tumour 

while minimising dose to the surrounding healthy organs at risk (OARs). Advancements in EBRT 

technology have enabled more spatially conformal treatments, reducing dose to OARs.  

The reduced margins associated with these treatments risk inadequately treating microscopic 

cancer in the immediately periphery of the prostate. Understanding the relationship between dose 

coverage of microscopic disease and resulting treatment failure may help improve tumour control. 

No study to date has performed a comprehensive voxel-wise analysis relating dose and treatment 

failure throughout the entire pelvic anatomy, validated across multiple datasets. This formed the 

first aim of this study. 

Although toxicity related symptoms associated with dose to healthy organs have decreased as a 

result of more conformal treatments, they still impact quality of life of prostate EBRT patients. 

Understanding the relationship between toxicity symptoms and the spatial distribution of dose at 

OAR sites and throughout the pelvic anatomy will help determine more optimal dose constraints 

which may reduce toxicity incidence. Voxel-wise studies have discovered correlation between 

spatial dose features and both gastrointestinal (GI) and genitourinary (GU) symptoms at surfaces 

and volumes of OARs, such as the rectum and bladder. These studies have not explored all OARs 

throughout the pelvic anatomy and have always assumed that dose-toxicity relationships occur at 

OARs. Therefore, a further aim of this study was to associate dose with GI and GU toxicity 

symptoms throughout the entire pelvic anatomy without this assumption.  

Planned 3D dose distributions for 683 prostate EBRT patients from the RADAR TROG 03.04 trial 

were used as the primary dataset. 388 and 253 prostate EBRT patients from the RT01 and CHHiP 

trials respectively were used for validation. All dose distributions were deformably registered onto 

a single exemplar CT image, acting as a common anatomical template. RADAR dose distributions 

were registered onto two other CT image templates for registration validation. Three independent 

voxel-wise tests were performed to associate dose with measures of treatment failure (overall 

survival, PSA progression and local progression), GI (rectal bleeding and tenesmus) and GU 

(dysuria, haematuria, incontinence and frequency) toxicity throughout the pelvic anatomy. These 

were voxel-wise applications of a dose-difference permutation test, univariate Cox regression, and 

multivariate Cox regression with LASSO voxel selection. These tests were performed on the three 

trial datasets individually, as well as on a combined dataset comprised of all trial patients. 
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This was the first voxel-wise study to avoid the assumption that associations necessarily occur 

within the CTV or at traditional organ sites. It was also the first voxel-wise study to operate 

throughout the broader pelvic region, allowing dose-outcome relationships to be related to 

treatment technique as well as unexpected anatomy. 

 

Treatment failure  

The voxel-wise tests revealed regions where reduced dose was correlated with the measures of 

treatment failure. The dominant pattern was an association between reduced dose at the prostate 

posterior and increased failure, for all three measures. Reduced dose to the seminal vesicle region 

was also associated with increased failure for the RADAR dataset. Adequately treating the 

posterior prostate and immediately surrounding posterior region may improve tumour control, 

acknowledging the increased risk of rectal toxicity with extended posterior margins.  

 

Gastrointestinal toxicity 

The voxel-wise tests determined anatomically localised dose-toxicity relationships. High doses 

(>55 Gy) in a small volume of the central rectum adjacent to the CTV were associated with rectal 

bleeding, while low-intermediate doses (~25 Gy) throughout the peri-rectal fat space (PRFS) at 

the posterior of the rectum were associated with tenesmus. The serial response of the rectum with 

respect to rectal bleeding and the parallel response of the PRFS with respect to tenesmus were 

demonstrated.  

 

Genitourinary toxicity 

The voxel-wise tests found regions where increased dose was associated with genitourinary 

toxicity. Increased low-intermediate doses in the vicinity of the membranous and spongy urethra 

was associated with late dysuria and haematuria. Limiting dose in this range here may reduce the 

risk of these symptoms. High doses in the vicinity of the internal and external sphincters were 

associated with incontinence. The sphincters reside in or very near the high dose region, therefore 

limiting dose to them may be difficult but is recommended as far as possible.  
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Thesis Structure 

 

This thesis is presented as a series of stand-alone papers with modifications to minimise repetition, 

increase readability and improve overall coherence. The three papers included in the body of the 

thesis address the central aims of the study. The data preparation and statistical methods 

information repeated across all three papers has been removed and placed in Chapter 2. Two 

published papers that do not directly address the aims of the study but constitute relevant 

preliminary work done within the timeframe of this degree are included in Appendices 2 and 3. 

The thesis contains 6 chapters plus references and appendices: 

Chapter 1 is a general introduction providing necessary background information, explaining how 

the work fits in the context of the current literature and motivating the work, and outlining the aims 

of the study. 

Chapter 2 provides information on the clinical trials from which the datasets are derived, explains 

the data preparation process and describes the three voxel-wise statistical tests used to generate the 

results.  

Chapters 3-5 are modified original manuscripts that have been submitted to journals. These 

comprise the core research conducted in addressing the aims of the study. 

Chapter 6 provides a general discussion summarising the analysis, outlining the major findings 

of the central aims, as well as discussing limitations and future work. This chapter also contains 

an overall conclusion.  

References from the thesis are all found in this section, including those from the three submitted 

manuscripts but not including those from the two papers found in the Appendices 2 and 3, which 

have their own reference lists. 

Appendices referred to throughout the thesis are found in this section.  
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Chapter 1:    General introduction 
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1.1 Prostate cancer and radiotherapy   

1.1.1     The prostate 

The prostate is a cone-shaped organ weighing around 15-20 g, approximately the size of a walnut 

(4 x 2 x 3 cm) in adult men1. It is the largest accessory gland in the male reproductive and urinary 

system. Located deep within the pelvis, it sits inferior to the urinary bladder and anterior to the 

rectum. The urethra passes through its centre as it exits the bladder and moves into the penis. The 

prostate has two major functions. Firstly, to secrete the milky fluid which comprises 30% of semen 

volume, injected into the urethra with sperm during sexual arousal. Secondly, it controls the 

urethra’s diameter, regulating the flow of urine and ejaculation2.  

The prostate is made up of three major zones3. Each zone consists of different cell types, vulnerable 

to different diseases. Figure 1.1 illustrates the three major zones: the peripheral zone (PZ), central 

zone (CZ), and transition zone (TZ). The PZ, containing up to 70% of the prostate’s volume, is 

situated along the prostate’s encasing capsular layer in the posterior-inferior direction and 

surrounds the inferior prostatic urethra. The CZ constitutes approximately 25% of the prostate and 

encloses the ejaculatory ducts. The TZ encompasses the central-superior prostatic urethra, 

comprising about 5% of prostate volume.  

A major disease of the prostate is prostate cancer1. Its symptoms may include sexual dysfunction, 

pain, and trouble urinating. Prostate cancer is a slow growing cancer but may invade other organs 

if left untreated. Due to differences in the cell types that constitute each of the zones, it emerges at 

different rates in each zone4. Most prostate cancer (~70%) originates in the PZ, with about 25% 

occurring in the TZ and only 5% in the CZ. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic illustration of front and side cross-sectional views of the prostate showing 
different prostate zones and some surrounding anatomy1.  
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1.1.2     Prominence of prostate cancer 

Cancer is a leading cause of death in Australia, with almost 50,000 deaths from cancer estimated 

for 20195, 6. It burdens the health care system with $4.5 billion (AUD) in direct costs7, and 1 in 2 

men and women being diagnosed by the age of 855. Prostate cancer is the most common cancer in 

Australian men, with 18,000 new cases every year, and 1 in 6 men likely to be diagnosed by the 

age of 858. It is the third highest contributor to mortality among all cancers, estimated to cause 

over 3,200 deaths in 20199. The risk of prostate cancer increases with age, moving from less than 

0.1% chance of being diagnosed before age 45, to 27% before age 8510. 

 

1.1.3     Detection, diagnosis and treatment 

Prostate cancer is typically detected via prostate specific antigen (PSA) test and digital rectal 

examination (DRE)11. Elevated blood concentration of PSA, a protein produced by the prostate, 

can indicate the presence of prostate cancer. As this elevation can originate from other 

physiological causes, DRE can also be applied to reduce the false positive rate. DRE involves a 

physician inserting a lubricated finger (‘digit’) into the rectum through the anus and palpating the 

surface of the prostate near the rectal wall10. Abnormalities such as swelling, hardening or lumps 

on the surface may be indicative of prostate cancer11.  

The patient will then undergo a prostate biopsy, where hollow-core needle samples are taken from 

the prostate tissue for analysis11. The presence of cancer cells may be determined from visual 

inspection of a micrograph image of the sample12. The patient will then receive a Gleason score 

(GS) representing the aggressiveness of the cancer13. GS is derived from the microscopic 

appearance of the prostate tissue. Lower scores are associated with small, uniform, closely packed 

glands, while higher scores result from a less glandular and more irregular, spaced out architecture. 

Scores range from 2-10, with higher scores representing faster growing, more aggressive cancers 

with worse prognoses14. The TNM staging system (see Appendix 1) is then used to stage the cancer 

in terms of its level of development and extent of spread. PSA concentration, DRE features, GS 

and stage combine to determine clinical risk, which then dictates treatment options.  

Watchful waiting may be recommended for patients with low-risk cancers or with shortened life 

expectancies. Other patients, seeking to control or cure tumour growth, will undergo active 

treatment10. This may be a combination of surgical removal of the prostate, radiation therapy 

(radiotherapy), hormone therapy or chemotherapy. A typical treatment involves surgery followed 

by radiotherapy that may be concurrently combined with hormone therapy or chemotherapy.  
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1.1.4     Radiotherapy 

Radiotherapy utilises high-energy ionising radiation to kill cancer cells and thus shrink tumours15. 

The goal of radical radiotherapy is to maximise tumour control by delivering adequate radiation 

dose to the tumour while minimising incidental irradiation of nearby normal tissue. Radiation may 

be administered through the external delivery of high-energy X-rays via a linear accelerator in 

external beam radiation therapy (EBRT), through implantation of radioactive seeds in the body 

near tumour cells (brachytherapy), or by injecting radioactive isotope tracers into the bloodstream 

that congregate at the tumour (targeted radioisotope therapy). It has been demonstrated that at least 

50% of all cancer patients can benefit from radiotherapy at some stage during their management 

and more than 80% of these utilise EBRT16. This analysis includes patients treated with two 

common types of EBRT, namely three-dimensional conformal radiotherapy (3DCRT) and 

intensity modulated radiotherapy (IMRT). 

Both 3DCRT and IMRT follow the radiotherapy treatment chain15, a series of successive 

interdependent steps encompassing the planning, execution and follow-up of treatment, 

summarised in Figure 1.2. IMRT is a technological development of 3DCRT where the intensity of 

the treatment beams is varied (‘modulated’) to achieve greater conformality of the dose 

distribution to the target volume17. The ten-year mortality rates for prostate cancer patients treated 

with radiotherapy, including 3DCRT and IMRT, are between 0.8% and 48% depending on 

treatment technique, clinical risk, age and other clinical factors18. The survival rates are expected 

to increase with improved accuracy and precision of delivery and increasingly individualised 

approaches to treatment. Minimising long-term side effects (toxicities) due to normal tissue 

damage will therefore become increasingly important given these increases in long-term survival, 

coupled with modern life expectancy. The aims of this thesis pertain to the reduction of post-

treatment failure rates, including prolonging survival, as well as the reduction of toxicity rates.  

 

1.1.5     Target volumes and the dose-volume histogram 

As referred to in step four of the treatment chain, the prostate target volume must be delineated 

prior to designing the treatment plan. The target volume, however, is made up of three concentric 

sub-volumes as shown and described in Figure 1.319, 20. Defining the target volume in this way 

ensures the diseased tissue receives adequate spatial coverage of dose by accounting for various 

uncertainties in the treatment planning and delivery process. Target volume margins may be 

applied asymmetrically. For example, prostate EBRT may be undertaken with reduced CTV 

margins at the prostate posterior to reduce rectal dose. In contrast, healthy organs are delineated 

into single volumes21, 22.  
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Figure 1.2 The radiotherapy treatment chain15, 23–25.  
 

1. Treatment considerations
On the basis of the diagnosis the radiation oncologist 
will determine certain treatment parameters, including: 
- Intent of treatment (radical or palliative?)
- Dose prescription (total dose administered across 

entire treatment?)
- Fractionation schedule (how many individual 

deliveries are to be undertaken in administering this 
total dose and when?)

2.    Patient positioning and immobilisation
The radiation therapist will precisely position and immobilise
the patient on the CT bed to ensure accuracy, precision and
quality of image acquisition.

3. Acquisition of anatomical data through 3D imaging
A 3D image of the targeted anatomical region is determined, most
commonly using x-ray computed tomography (CT) imaging.

4.    Target volume and organ delineation
The CT image is imported into the treatment planning system (TPS)
software, where the cancerous target volume and surrounding
healthy organs are outlined (delineated).

5.    Design, optimisation and approval of treatment plan
The treatment plan is designed on the TPS by orienting a number of
overlapping radiation beams (or ‘fields’) such that the prescribed
dose is delivered to the target volume and dose to healthy organs is
minimised by meeting specific dose constraints.

6.    Setup verification and treatment delivery
A setup verification protocol is employed to ensure the patient is
positioned accurately on the treatment bed, as well as immobilised
to restrict motion during delivery. The prescribed dose is then
delivered via a linear accelerator in a series of fractions according
to the schedule determined by the oncologist.

7. Patient follow-up
The patient is followed up post-treatment to investigate treatment
efficacy through monitoring disease progression/recurrence and
toxicity development.
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Figure 1.3 Radiotherapy target volumes. The gross tumour volume (GTV) represents the extent of 
the gross tumour visibly detectable on the image. The clinical target volume (CTV) adds a margin 
for potential microscopic disease spread. The planning target volume (PTV) adds a margin for 
uncertainties in planning or treatment delivery, ensuring the CTV receives sufficient dose19, 20. 
 

Once all volumes are delineated, dose restrictions are applied to each volume. These are commonly 

in the form of ‘dose-volume’ constraints, where a given percentage of the volume is restricted to 

a minimum or maximum dose. For example, a typical dose constraint for the PTV is 100% of the 

PTV is to receive 95% of the prescribed dose21. Thus, for a prescribed dose of 70 Gy we have: 

𝐷𝐷100% ≥ 66.5 Gy. 

For a healthy organ volume such as the rectum, a typical set of dose constraints may be: 

𝐷𝐷30% ≤ 65 Gy, 

       𝐷𝐷15% ≤ 70 Gy, and 

𝐷𝐷3% ≤ 75 Gy. 

That is, a maximum of 65, 70 and 75 Gy to 30%, 15% and 3% of rectal volume respectively. 

Notice that for the prostate PTV the constraints ensure a minimum dose is received, while for the 

healthy rectal volume they ensure a maximum dose is not exceeded. This is consistent with the 

overall goal of radical radiotherapy in controlling the tumour while minimising toxicity in healthy 

organs, as mentioned in section 1.1.4. The treatment plan, an arrangement of megavoltage photon 

beams, is then constructed in accordance with these constraints. The treatment planning system 

(TPS) will generate a 3D dose distribution representing the spatial dose allocation (section 1.2.1). 

To evaluate the resulting plan, the TPS will generate cumulative dose-volume histograms (DVHs). 

These show the percentage of volume receiving a given dose and can be generated for all 

delineated volumes. DVHs enable direct dose comparison between the PTV and healthy structures, 

as shown in Figure 1.4.   
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Treatments may also be administered in a series of individual phases, each with different dose 

constraints and margins21. For example, a treatment delivering a total dose of 74 Gy may be 

administered in two phases, with ‘phase 1’ delivering 64 Gy to ‘PTV1’ with a margin of  

10 mm from the CTV, and ‘phase 2’ delivering the remaining 10 Gy to ‘PTV2’ with a margin of  

5 mm from the CTV. This can enable further optimisation of the dose distribution in delivering 

adequate dose to healthy tissue while sparing healthy tissues immediately surrounding the PTV.  

  

Figure 1.4 Example dose-volume histograms for the bladder, rectum and PTV in a typical EBRT 
plan. 
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1.2     Preparing dose distributions for comparison  

1.2.1     Three-dimensional voxel-grid planned dose distributions 

A radiotherapy treatment plan results in a 3D planned dose distribution. This is a grid of equal 

subunits known as ‘voxels’ spanning the pelvic anatomy. Each voxel contains a scalar dose value. 

The dose distribution is the superposition of an arrangement of dose beams which overlap at the 

PTV. 3DCRT and IMRT plans are usually composed of 3 or more anterior, posterior, lateral or 

oblique beams. The beam arrangement is visible in the dose distribution, as shown in Figure 1.5. 

Selecting an appropriate number of beams with appropriate beam angles enables conformal 

delivery of the prescribed dose to the PTV, while meeting heathy organ dose constraints.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Examples of 3D planned dose distributions from 3DCRT treatments. a) A four-beam 
treatment utilising the anterior, posterior, and lateral beams. b) A four-beam treatment utilising 
lateral and posterior oblique beams. c) The three anatomical planes26. For each distribution, 
corresponding axial, coronal and sagittal planes are displayed from top to bottom respectively. 
Dotted lines on each plane indicate intersection with other orthogonal planes.    
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1.2.2     Adjusting for dose fractionation differences  

The biological response of tumours and normal tissue to a given delivered dose depends on 

treatment parameters such as dose per fraction, total number of fractions, and treatment duration, 

among other factors27. For example, healthy normal tissue cells have a greater ability to repair 

DNA damage than malignant tumour cells28. Therefore, dividing the total dose into separate 

fractions lead to an increase of total repair between fractions among healthy cells in comparison 

to malignant cells. Fractionation also grants a disproportionate advantage to healthy cells due to 

differences related to cell repopulation, re-oxygenation, and redistribution throughout the cell 

cycle.   

Two separate treatments, or even different phases within the same treatment, may have different 

fractionation schemes. Therefore, to compare the biological effects of dose between separate 

treatments or phases, the dose distributions from each treatment or phase must be corrected to 

ensure the resulting comparison is between biologically equivalent, or ‘isoeffective’, doses.  

This correction is performed using the Withers formula29, derived from the linear-quadratic (LQ) 

model. The LQ model is almost universally used to calculate radiotherapeutic isoeffective doses 

for different fractionation schemes30. Each tissue, whether a healthy organ or tumour, is associated 

with an alpha/beta ratio (𝛼𝛼/𝛽𝛽). This is an experimentally determined fitting parameter in the LQ 

model that captures the given tissue’s dose-response to different fractionation schemes31. Once the 

alpha/beta ratio is known, the Withers formula can be applied. It converts a total dose 𝐷𝐷 Gy in 𝑑𝑑 

Gy per fraction to an isoeffective total dose 𝐸𝐸𝐸𝐸𝐷𝐷𝑋𝑋𝛼𝛼/𝛽𝛽 Gy in 𝑋𝑋 Gy per fraction, assuming the same 

overall treatment time: 

                                                                          𝐸𝐸𝐸𝐸𝐷𝐷𝑋𝑋𝛼𝛼/𝛽𝛽 = 𝐷𝐷
𝑑𝑑 + 𝛼𝛼

𝛽𝛽
𝑋𝑋 + 𝛼𝛼

𝛽𝛽
                                                    (1.1) 

Converting to isoeffective dose is important when comparing dose distributions from different 

institutions and across different radiotherapy modalities as fractionation schemes typically differ 

across these treatment scenarios.    

Once individual treatment phases are converted to isoeffective doses, they may be summed to give 

a single dose distribution for each patient. However, when comparing dose distributions between 

patients we must additionally account for inter-patient anatomical variation. This requires using 

image registration techniques to register dose distributions to a common anatomical space. 
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1.2.3     Registering CT images and dose distributions  

Image registration is the process of transforming separate image datasets into a common 

coordinate system32. This can be achieved by applying a combination of rigid and non-rigid or 

deformable registration. Rigid registration involves translating and rotating the image data, while 

deformable registration locally-dilates the image data to account for the non-linear local anatomic 

variations that exist between the image datasets33. Once two CT images are registered to each 

other, the vector field representing the registration may be applied to the corresponding dose 

distributions. It must be noted that deforming the dose in this way, as in this study, will cause a 

loss of some dose-volume information – it is a non-dose-conserving method34. The result is two 

registered CT images with corresponding dose distributions, in a common coordinate space, ready 

for direct comparison. To construct a set of registered dose distributions from a diverse range of 

clinical settings, the patient CT image which best represents the anatomical variation across the 

set may be used as a common template onto which all CT images and dose distributions are 

registered35.  

  



 

11 

1.3     Treatment failure  

1.3.1     Radiotherapy clinical trials 

Radiotherapy treatment schemes are complex processes with many potential factors influencing 

their efficacy. To determine which factors are most influential, differing treatments must be 

compared. Radiotherapy clinical trials are a means to achieve this36. Cohorts of patients are divided 

into different groups, or ‘arms’, subject to different treatments. For example, different arms may 

represent treatments with different prescribed doses, fractionations, or concomitant drugs. The 

outcomes of patients in each arm are then compared. Treatments resulting in maximum tumour 

control and minimum disease progression are considered efficacious, with toxicity minimisation a 

high accompanying priority. Trials will therefore focus on investigating these outcomes. Patients 

also vary greatly, and so intrinsic patient factors that may impact treatment outcome (e.g. age, 

clinical risk, prior treatments etc) are investigated retrospectively. Radiotherapy trials often 

enforce quality assurance protocols to improve the consistency and quality of treatment across the 

cohort. 

 

1.3.2     Determining treatment efficacy using measures of failure 

The efficacy of a patient’s treatment can be determined by measuring indicators of treatment 

failure in the post-treatment period. Three prominent measures of prostate cancer treatment failure 

are overall survival, PSA progression, and local recurrence/progression.  

Overall survival is the time until and occurrence of post-treatment death by any cause. It has been 

used to measure the efficacy of competing prostate radiotherapy treatments in several large-scale 

clinical trials37–41. Overall survival can reflect the effectiveness of the overall treatment scheme 

but does not indicate whether the treatment necessarily failed to achieve tumour control, or 

whether the disease has recurred locally (at the prostate) or metastasised.  

PSA progression, or ‘biochemical failure’, involves measuring an increase in the PSA blood 

concentration as an indicator of disease recurrence/progression. The Phoenix definition of PSA 

progression describes biochemical failure as a rise of 2ng/mL above the minimum concentration 

during follow-up42. It has been shown to correlate more closely with overall survival43 and clinical 

failure44 (local or metastatic recurrence) than the standard ASTRO definition, the other prominent 

definition of biochemical failure. While not necessarily equivalent to clinical failure45, 

biochemical failure according the Phoenix definition can be considered evidence of prostate cancer 

recurrence and therefore an indicator of treatment failure46. Biochemical failure can also be 

indicative of recurrence in lymph nodes or distant metastases elsewhere in the body. PSA 
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concentration may be elevated by physiological processes not associated with cancer recurrence, 

and therefore may produce false positive indications of treatment failure11.  

Local recurrence/progression, or ‘local failure’, is the physical detection of malignancy returning 

to the original tumour site15. It is indicated by post-treatment prostate biopsy, digital rectal 

examination or local imaging. Local progression is a direct measure of clinical failure, and 

therefore does not produce false positive indications. However, it does not indicate metastatic 

recurrence and therefore can fail to identify overall disease progression. Local progression can be 

combined with PSA progression to form a more comprehensive measure of treatment failure47.  

These measures of treatment failure are used in this study.  

 

1.3.3     Predicting treatment failure 

Patient outcomes can be improved by determining which treatment and patient factors are most 

strongly correlated with treatment failure measures. Several studies have attempted to use clinical 

trial data to determine the factors most predictive of failure. 

Prostate cancer stage and Gleason score have been shown to predict for failure. In 2014, Zumsteg 

et al retrospectively demonstrated that a higher pre-treatment tumour stage and a higher pre-

treatment Gleason score were independent predictors for clinical failure following biochemical 

failure, in prostate EBRT patients48. 

The standard of treatment quality has also been shown to correlate with failure. Reduced adherence 

to quality assurance requirements, usually in the form of increased deviation from specified 

treatment quality protocols, has shown to correlate with decreased survival49, 50. As part of 

preliminary work to this study, a similar investigation was conducted in the context of prostate 

EBRT51 (Appendix 2). Deviations from the quality protocol were not shown to correlate with 

failure, however the study concluded that extensive and rigorous monitoring helped to maximise 

treatment quality, decreasing the proportion of patients deviating from protocol, and thus reducing 

the chance of observing significant associations with failure rates. 

Another aspect of treatment which has demonstrated an impact on failure rates in EBRT patients 

is total (prescribed) treatment dose. Results from the M.D. Anderson phase III randomised trial, 

undertaken between 1993 and 1998, revealed that patients treated with a total of 78 Gy reported 

reduced clinical or biochemical failure compared with patients treated with a conventional 70 Gy52. 

This effect was stronger in high risk patients. Between 1997 and 2003, a Dutch multicentre trial 

confirmed this dose-response, comparing the 68 and 78 Gy treatments38. Conducted between 1998 

and 2001, the RT01 trial similarly demonstrated a reduction in biochemical failure rates in patients 
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treated with 74 Gy compared with those treated with 64 Gy53. The Trans-Tasman Radiation 

Oncology Group (TROG) Randomised Androgen Deprivation and Radiotherapy (RADAR) 

(TROG 03.04, ISRCTN90298520) trial, conducted between 2003 and 2007, demonstrated a 

coherent reduction in local failure between patients treated with 74, 70 and 66 Gy47.  

The improvement in treatment efficacy through escalated tumour dose is both physiologically 

intuitive and empirically established. Therefore, various forms of dose escalation have been widely 

implemented54. Tumour dose escalation while limiting dose to surrounding healthy organs has 

been attempted by increasing spatial conformality of the dose distribution to the PTV through 

technical modifications to aspects of treatment planning and delivery. These modifications include 

using a more rigorous TPS dose calculation algorithm (DCA)55, using image-guidance techniques 

resulting in reduced CTV margins56, increasing the number of beams57, or changing the patient’s 

orientation during irradiation58. Other preliminary work to this study involved an investigation 

evaluating the impact of these modifications by testing their association with treatment failure in 

the context of prostate EBRT57 (Appendix 3). Patients treated with 7 or more beams reported 

significantly higher rates of local composite progression (an outcome measure combining local 

progression with PSA progression), than patients treated with 3 beams. The increased spatial 

conformality resulting from the use of more beams can make treatments more vulnerable to 

geometric miss - a reduction in dose coverage or ‘missing’ of the PTV due to a small translation 

of the highly conformal dose distribution. Reduction in dose coverage can leave malignant cells 

untreated, hindering tumour control.  

With technological innovation leading to EBRT techniques becoming increasingly conformal59, 60, 

microscopic disease coverage has become an important consideration. Microscopic disease is the 

spread of cancerous tissue into the immediate periphery of the prostate that is difficult to detect 

with current imaging techniques. It is currently assumed that all disease is contained within the 

delineated CTV. Although the CTV includes a margin for potential microscopic disease spread, 

the full extent of this spread is largely unknown. There is evidence of disease spread to surrounding 

nerves61, 62, lymph nodes63 and extending beyond the prostate’s muscular capsule64 that is not 

considered during CTV delineation. Understanding the distribution of microscopic disease will 

enable it to be targeted more effectively, thus improving tumour control61.  

Investigating whether a reduction in treatment efficacy is associated with reduced dose coverage 

in particular directions about the prostate may help characterise the distribution of microscopic 

disease. Voxel-wise analyses have begun this investigation65, 66. For example, the study conducted 

by Witte et al employed a dose mapping technique based on prostate and rectum delineations to 

align patient dose distributions in preparation for a voxel-wise comparison66. This comparison 

discovered an association between reduced dose in the obturatorial region peripheral to the prostate 
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and increased failure. Previous studies have also performed similar voxel-wise analysis in the 

context of lung cancer, linking voxel-dose to post-radiotherapy survival67, 68. No study to date, 

however, has conducted a comprehensive voxel-wise investigation associating dose with measures 

of treatment failure throughout the entire pelvic anatomy across multiple datasets. This 

investigation formed a central aim of this study. This is also the first voxel-wise study investigating 

dose-failure relationships in the context of prostate radiotherapy to register all patient CTs to an 

exemplar CT template.  

Note that this literature review is a foundation for that found in the introduction of the manuscript 

presented in Chapter 3. Further background review and motivation for voxel-wise analysis in this 

area is provided there.      
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1.4     Toxicity 

1.4.1     Prominent gastrointestinal and genitourinary toxicities 

Because of their impact on quality of life, radiotherapy patients have indicated a preference for 

lower toxicity symptom levels over more aggressive treatment69. Both gastrointestinal (GI) and 

genitourinary (GU) toxicity are common side effects of prostate radiotherapy70, 71. Due to their 

proximity to the prostate (see Figure 1.6), it has generally been assumed that GI toxicity typically 

results from radiation injury to the rectum, while GU toxicity results from injury to the urinary 

bladder, urethra and sphincters. This study will focus on two prominent GI toxicities and four 

prominent GU toxicities related to these organs:  

• Rectal bleeding is the passage of blood from the anus, often mixed with stool and/or blood 

clots72. Its range of presentation is from hidden or mild through to gross haemorrhaging73 

(see Appendix 6 for an example of toxicity grading definitions). 

• Tenesmus is a feeling of incomplete defecation, often accompanied with cramping rectal 

pain74. It presents as occasional through to refractory73. 

• Dysuria is the experience of pain or discomfort during urination, commonly associated 

with a burning sensation75. It presents as occasional and mild through to refractory and 

excruciating73. 

• Haematuria is blood in the urine75. It presents as occasional with normal haemoglobin 

levels through to refractory with a greater than 20% decrease in haemoglobin73. 

• Incontinence is the involuntary leakage of urine75. It presents as triggered by coughing 

and sneezing through to no control whatsoever73. 

• Frequency is an abnormal increase in the occurrence of urination75. It presents as twice 

the normal rate and waking during the night for urination through to hourly with urgency 

or requiring catheterisation73.  

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The male pelvic anatomy76.  
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1.4.2     Measuring toxicity rates 

Post-treatment toxicity rates can be measured in several ways77, 78. Patients participating in clinical 

trials may be followed up periodically for assessment throughout an extended post-treatment 

period. For example, a patient may be followed up for ten or so years, during which a clinician 

will assess the grade of toxicity experienced by the patient every 3-6 months. For each patient, the 

grade of toxicity at each timepoint is recorded, forming a toxicity dataset used to measure the rates 

of toxicity in the cohort. Firstly, these may be measured by calculating the proportion of patients 

who reported a grade of toxicity up to a given timepoint. For example, the proportion of patients 

that have suffered grade ≥ 2 dysuria at sometime within 5 years post-treatment. Secondly, the peak 

grade of a toxicity symptom throughout all follow-up may be measured. For example, if a patient’s 

highest grade of dysuria throughout follow-up was grade 3, then this patient would be classified 

as having a peak dysuria grade of 3, regardless of all the other grades they may have reported 

throughout follow-up79. Finally, it may be measured longitudinally, where both the duration and 

severity (grade) of the symptom are used to generate an individual score for each patient79, 80. 

The disadvantage of these measures is that they do not account for the specific time at which the 

toxicity event occurred. This may be accounted by using a ‘time-to-event’ measure of toxicity, 

where both a patient’s toxicity grade and the time at which they suffered that grade is included in 

the analysis. Cox proportional hazards models use time-to-event data81. In this study, time-to-event 

data was used in two of the three statistical tests (both using Cox models), with an event considered 

to be the first peak occurrence above and including a particular grade during follow-up. Figure 1.7 

illustrates this event definition. For example, let an event be the first peak occurrence of grade ≥ 2 

dysuria. We see that for patient 1, the first occurrence of grade 2 dysuria (at 6 months) is considered 

the event. For patient 2, however, who experiences grade 3 dysuria, their event is the grade 3 

occurrence at 18 months, even though they also experience grade 2 occurrences. Patient 3 does 

not experience any grade ≥ 2 dysuria and so has no toxicity event according to this definition. 
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Figure 1.7 Three hypothetical examples of patient follow-up data with corresponding toxicity 
events. This is to illustrate the definition of a toxicity event used in this study. 
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1.4.3     Serial versus parallel organ structure 

Organs can be categorised as having either a serial or parallel structure82, as shown in Figure 1.8. 

This concept assumes that organs are composed of subregions known as functional subunits 

(FSUs). An FSU is defined as the largest unit of cells capable of being regenerated from a surviving 

clonogenic cell without loss of the specified function. Organs with their FSUs arranged in series 

will lose functionality if one FSU is damaged, while FSUs in all parallel branches must be damaged 

for an organ with a parallel arrangement of FSUs to lose functionality.  

 

 

 

 

 

 

 

 

 

 

 

An organ’s response to radiation exposure can reveal its structure. When high doses to subregions 

of the organ produce toxicity (impairing functionality), that organ is exhibiting a serial response. 

If, instead, increased doses to the entire organ result in toxicity, then that organ is exhibiting a 

parallel response. An organ may respond differently depending on the toxicity being measured. 

For example, the rectum commonly responds as a serial organ when rectal bleeding is considered, 

whereas it seems to exhibit a parallel response when faecal incontinence is considered83. The 

bladder has also been found to be a mixed ‘serial-parallel’ organ84. Understanding how an organ 

responds to dose can help define dose constraints which minimise the incidence of toxicity 

following EBRT. 

 

Serial organ
Functional: Loss of function:

Loss of function:Functional:

Parallel organ

Healthy functional subunit Damaged functional subunit

Figure 1.8 Serial and parallel organ structure with an illustration of how each organ type differs 
in response to FSU damage. 
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1.4.4     Predicting toxicity 

Determining which factors predict GI and GU toxicity may help prevent their occurrence, 

improving quality of life for EBRT patients. Several intrinsic patient factors have shown to 

correlate with both GI and GU toxicity. The occurrence of GI toxicities has been associated with 

the use of anti-coagulants and anti-hypertensives, diabetes, previous abdominal surgery, smoking, 

hypertension and haemorrhoids78, 85–87. GU toxicity has likewise shown to correlate with smoking, 

anti-hypertensives, diabetes and hypertension, as well as CTV volume, prostatic transurethral 

resection, age, and polymorphisms (a genetic marker)88–91. Although patient factors are an 

important consideration, the focus of this study will be the relationship between dose to healthy 

organs and resulting toxicity.  

Increased spatial conformality of the dose distribution in EBRT techniques has been found to 

correlate with reduced GI and GU toxicity rates70, 92. Simultaneously, there is evidence of dose 

escalation correlating with increased rates of these toxicities70, 93, 94. This tension between the 

toxicity reduction associated with higher dose conformality and the toxicity increase associated 

with dose escalation motivates further investigation into how organs respond to dose. As dose 

constraints are based on this information, an improved understanding of organ dose-response will 

help optimise these constraints, enabling dose escalation without toxicity increase, or perhaps even 

reduction.  

Organ dose-response has been primarily assessed through DVH analysis. The DVH shows how 

much of an organ’s volume has received a particular range of dose values. Therefore, DVH 

analysis enables the determination of an organ’s sensitivity to a particular dose range, as well as 

the volume of the organ that must be irradiated in this range before toxicity is induced. This is 

done by comparing the DVH of patients presenting with toxicity versus patients without toxicity. 

Ranges of dose to given organ volumes where the DVHs of these groups differ significantly are 

determined. DVH analysis has revealed that rectal bleeding is strongly correlated with high rectal 

dose ranges (55-65 Gy)95, 96, while low-intermediate rectal doses (5-38 Gy) have correlated with 

tenesmus96, 97. Reviews of these studies have suggested clinical dose constraints based on these 

dose-volume relationships78, 85. DVH analysis has also revealed that GU toxicity is associated with 

high prostatic urethral doses (70-80 Gy)98, while bladder dose-volume relationships are varied with 

no established consensus99, 100.  

DVH information can be used to predict toxicity in other ways. Normal tissue complication 

probability (NTCP) models use whole-organ DVH information to assign a single scalar value to 

the probability of an organ developing toxicity101. These include the logistic (logit) model, the 

Lyman-Kutcher-Burman (LKB) model and the relative seriality model102, 103. Results from fitting 

these models to prostate radiotherapy patients suggest that high doses to any volume of the rectum 
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are more predictive of rectal bleeding than the mean rectal dose104–107. Some studies attempt to 

generate NTCP models for GU toxicity103, but these studies remain largely elusive100.  

A major limitation of whole-organ DVH based methods discussed thus far is that they do not utilise 

the spatial information from the dose distribution77. They assume no variation of intra-organ dose 

sensitivity and cannot determine where an organ is exposed to the highest dose108. Two dose 

distributions with different spatial allocation of dose within an organ can have identical DVHs, 

and therefore will not be distinguished in whole-organ DVH analysis. Considering the spatial 

distribution of dose is therefore necessary in identifying intra-organ dose sensitivity. One way to 

achieve this is to associate toxicity with dose in every voxel of the organ volume, which was part 

of a central aim of this study. Voxel-wise analysis can identify symptom related subregions (SRSs) 

within healthy organs that are more predictive than dose to the entire organ as measured by DVHs. 

Voxel-wise analyses, in which deformable image registration techniques have been employed to 

register all patient dose distributions to a common template for comparison, have identified 

predictive SRSs for both GI and GU toxicities. Acosta et al109 and Dréan et al110 have identified 

predictive rectal SRSs in the inferior-anterior rectum. The dose received by these SRSs was more 

predictive of rectal bleeding than the dose to the entire rectum. Mylona et al found a series of SRSs 

within the bladder and prostatic urethra similarly predictive of GU toxicities such as haematuria, 

dysuria and incontinence100. Other voxel-wise studies have related spatial dose features of rectal 

and bladder dose surface maps to GI111–114 and GU115–117 toxicities respectively.  

These studies were conducted, however, on the basis of the current radiotherapy treatment 

planning paradigm. This paradigm assumes that toxicity is solely related to the dose-response of 

commonly delineated organs, such as the bladder and rectum. There is evidence this assumption 

is not necessarily true, suggesting other organs and tissues are also related to toxicity. Cella et al 

showed that dose to the heart, not commonly considered an organ whose dose-response is related 

to lung toxicity, was associated with radiation induced lung fibrosis118. In the context of prostate 

EBRT, Smeenk et al have demonstrated that rectal incontinence-related complaints are associated 

with dose to individual pelvic floor muscles119. Pelvic floor muscles are not delineated in the clinic. 

Exploring dose-toxicity relationships outside of traditional organ sites may result in the discovery 

of dose-effects related to organs and tissues not currently considered related to GI and GU 

toxicities. Considering how broader dose patterns relate to toxicity may also help determine the 

relationship between treatment technique (such as beam arrangement) and resulting toxicity. 

Therefore, this study sought to associate dose variation with GI and GU toxicity throughout the 

entire pelvic anatomy, not limited to traditional organ sites. 
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Note that this literature review is a foundation for those found in the introductions of the 

manuscripts presented in Chapters 4 and 5. Further background review and motivation for voxel-

wise analysis in this area will be provided there.      
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1.5     Aims of the study 

The previous sections have motivated further investigation of the relationships between spatial 

dose and treatment outcomes in the context of prostate EBRT. Exploration throughout the entire 

pelvic anatomy, without the assumption that these relationships necessarily occur within the PTV 

or at traditional organ sites, will enable microscopic disease characterisation around the PTV and 

the discovery of predictive SRSs at new organ sites. No current publications have performed 

voxel-wise dose-outcome exploration in this way, or with extensive external validation. Therefore, 

the general aim of this study was to conduct this exploration on multiple clinical trial datasets. 

This can be expressed as multiple aims, each relating to specific patient outcomes: 
 

Aim 1 

To map anatomically-localised voxel-level dose to measures of treatment failure throughout the 

pelvic anatomy to determine likely anatomical sites for disease progression related to microscopic 

disease spread. 
 

Aim 2 

To map anatomically-localised voxel-level dose to measures of gastrointestinal toxicity 

throughout the pelvic anatomy to explore organ dose-response and extra-organ dose-toxicity 

relationships. 
 

Aim 3 

To map anatomically-localised voxel-level dose to measures of genitourinary toxicity throughout 

the pelvic anatomy to explore organ dose-response and extra-organ dose-toxicity relationships. 
 

Spatial dose-outcome relationships were to be established using three independent voxel-wise 

statistical tests, applied to all treatment failure measures and toxicities. These were to be performed 

on a primary dataset sourced from a clinical trial, and externally validated on datasets sourced 

from two other clinical trials. Further exploration was achieved through combining patients from 

all three trials and repeating the analysis. Prior to all voxel-wise analysis, all dose distributions 

were to be registered to a common CT image template and converted to biologically equivalent 

dose, resulting in a single registered dose distribution superimposed on an underlying anatomical 

image for each patient. For the primary dataset, two other registration image templates were to be 

used for validating the registration.  

Note that two pilot studies were performed to assess the impact of trial data quality (Appendix 2) 

and treatment factors (Appendix 3) on measures of treatment failure in the RADAR trial cohort. 

While the results of these studies were used to inform the analysis presented in this thesis, to 

maintain uniformity of theme, they have been placed in the Appendices.   
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Chapter 2:    Data and methods 
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2.1     Clinical Trials 

Datasets from three radiotherapy clinical trials were utilised in this study, each described below. 

Table 2.1 provides a summary of trial information for direct comparison between trials.  

 

2.1.1     RADAR Trial 

Coordinated by the Trans-Tasman Radiation Oncology Group (TROG), the Randomised 

Androgen Deprivation and Radiotherapy (RADAR) phase III factorial trial (TROG 03.04) 

compared 6 months of androgen deprivation therapy (ADT) plus radiotherapy with 18 months of 

ADT with the same radiotherapy, with and without bisphosphonates120, 47. Accruing a total of 1071 

men between October 2003 and August 2007, trial patients had either intermediate-risk (T2a) or 

high-risk (≥T2b) prostate cancer. Patients underwent dose-escalated 3D conformal EBRT with 

prescribed doses of 66, 70 or 74 Gy, or 46 Gy EBRT combined with a brachytherapy boost, with 

all EBRT delivered in 2 Gy fractions. EBRT only patients were treated in two phases, with the 

first phase delivering between 46 and 60 Gy and the second phase delivering the reminder of the 

dose to a reduced treatment volume. Plans could be generated with any preferred combination of 

3 or more beams. 3D planned dose distributions with corresponding CT images including a 

delineated CTV, rectum and bladder were collected and utilised as the primary dataset for this 

study. RADAR was the first TROG trial to incorporate full electronic review of the treatment 

planning data of accrued patients, facilitated by use of the SWAN system121.  

 

2.1.2     RT01 Trial 

The RT01 phase III, superiority, randomised controlled trial compared dose-escalated conformal 

radiotherapy with standard-dose conformal radiotherapy39, 53. Accruing a total of 843 men between 

January 1998 and December 2001, patients had confirmed T1b-T3a prostate cancer. The 

participants underwent 3D conformal EBRT with either a conventional prescribed dose of 64 Gy 

using prescribed arrangements of either 3 or 4 beams (phase 1), or the same with an additional 4 

or 6 beam boost to 74 Gy (phase 2). ADT was recommended for 6 months. Similar 3D planned 

dosemaps, CT and delineation data were collected and used as the first external validation dataset 

of this study. The trial was managed by the Medical Research Clinical Trials Unit at University 

College, London. 
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2.1.3     CHHiP Trial 

The Conventional or Hypofractionated High Dose Intensity Modulated Radiotherapy for Prostate 

Cancer (CHHiP) randomised phase III non-inferiority trial compared conventional and 

hypofractionated prostate IMRT122, 41. 3216 men with T1b-T3a localised prostate cancer were 

accrued to the trial between October 2002 and June 2011. These underwent IMRT with a 

conventional prescribed dose of 74 Gy in 2 Gy fractions or hypofractionated courses of 60 Gy or 

57 Gy in 3 Gy fractions, all with optional IGRT. Treatments used 3 or 4 beams, or 5 beams or 

more if inverse planning was utilised. Patients were treated in three phases. The first phase 

delivered the first 45.6, 48 and 59.2 Gy for the 57, 60 and 74 Gy groups respectively. The second 

phase delivered more dose to leave a total of 54.7, 57.6 and 71 Gy for the 57, 60 and 74 Gy groups 

respectively. The third and final phase delivered the remainder of the dose to the 57, 60 and 74 Gy 

groups respectively. ADT was recommended for 6 months, but was optional for patients with low 

risk disease. Similar 3D planned data was derived as the second external validation data set for 

this study. Data for this study was limited to an early cohort of 253 CHHiP patients with processed 

DICOM information available at the time of acquisition. This trial was managed by the Clinical 

Trials and Statistics Unit at The Institute of Cancer Research, UK.  
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Randomised Androgen Deprivation and 
Radiotherapy (TROG 03.04) Trial120,47 

A Randomised Trial of High Dose Therapy 
in Localised Cancer of the Prostate using 
Conformal Radiotherapy Techniques39, 53 

Conventional or Hypofractionated High Dose 
Intensity Modulated Radiotherapy for Prostate 
Cancer Trial122, 41 

Full retrospectve review for all patients121 No electronic individual plan review123  Full prospective case reviews for 100 patients124  

Table 2.1 Clinical trials information.  
 RADAR RT01 CHHiP 
Full name Randomised Androgen Deprivation and 

Radiotherapy (TROG 03.04) Trial120, 47  
A Randomised Trial of High Dose Therapy in 
Localised Cancer of the Prostate using Conformal 
Radiotherapy Techniques39, 53 

Conventional or Hypofractionated High Dose 
Intensity Modulated Radiotherapy for Prostate 
Cancer Trial122, 41 

 

Descriptors • Randomised 
• Phase 3 
• Factorial 

• Randomised 
• Phase 3 
• Superiority  

• Randomised 
• Phase 3 
• Non-inferiority 

 

Goal Comparison of 6 months of androgen deprivation 
therapy (ADT) plus radiotherapy with 18 months of 
ADT with the same radiotherapy 

Comparison of 64 Gy standard-dose and 74 Gy 
dose-escalated conformal radiotherapy 

Comparison of conventional and hypofractionated 
IMRT 

 

Countries  Australia and  
New Zealand 

United Kingdom, New Zealand, Australia United Kingdom, New Zealand, Rep. of Ireland, 
Switzerland 

 

Accrual years Oct 2003 – Aug 2007 Jan 1998 – Dec 2001 Oct 2002 – Jun 2011  

Total accrued patients 1071 843 3216  
Date data was frozen for 
this study 

June 2015 Aug 2013 Oct 2017  

Participants Intermediate-risk (T2a) or high-risk (T2b+) prostate 
cancer 

T1b – T3a prostate cancer T1b – T3a prostate cancer 

Radiotherapy type Dose escalated 3D conformal EBRT Standard or dose escalated 3D conformal EBRT Dose escalated IMRT 
Prescribed dose groups 
(dose per fraction) 

66 Gy (2 Gy), 70 Gy (2 Gy), 74 Gy (2 Gy) 
 

64 Gy (2 Gy), 74 Gy (2 Gy) 57 Gy (3 Gy), 60 Gy (3 Gy), 74 Gy (2 Gy) 
 

Rectal dose-volume 
constraints 

Maximum of 65 Gy, 70 Gy and 75 Gy to 40%, 30% 
and 5% of rectal volume respectively 

A maximum of 64 Gy and 74 Gy to any volume of 
the rectum for each dose group respectively 

Maximum of 65 Gy, 70 Gy and 75 Gy to 30%, 15% 
and 3% of rectal volume respectively 

Beam arrangements Any preferred combination of 3 or more conformal 
beams 

3 or 4 beams (anterior/lateral/posterior) for 64 Gy 
patients, plus  4 or 6 beams boost for 74 Gy patients 

3 or 4 beams (anterior/lateral/posterior) or 5 beams 
or more if inverse planning utilised  

Electronic review of 
treatment planning data 

Full retrospectve review for all patients121 No electronic individual plan review123 Full prospective case reviews for the first 2 or 3 subjects at 
each centre124 

Manager TROG Cancer Research, NSW, Australia Medical Research Clinical Trials Unit, London, UK Clinical Trials and Statistics Unit, The Institute of 
Cancer Research, London, UK 

Trial registration number ISRCTN90298520 ISRCTN47772397 ISRCTN97182923 
Ethics approval number Approved by Hunter New England Human 

Research Ethics Committee Trial ID 03/06/11/3.02 
North Thames Multi-centre Research Ethics 
Committee number MREC/97/2/16 

Approved by the London Multi-centre Research 
Ethics Committee number 04/MRE02/10 
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2.2     3D dosemap data preparation 

Prior to all voxel-wise analysis, dose distributions were converted to biologically equivalent dose 

and registered to a common CT image template containing a delineated CTV, rectum and bladder. 

This resulted in a single dose distribution registered onto an underlying anatomical image 

(“dosemap”) for each patient. This process is outlined below (see section 1.2 for background). 

 

2.2.1     Registration and dose mapping 

Three CT image templates were chosen out of an independent cohort of 39 prostate EBRT patients 

from Calvary Mater Newcastle Hospital, New South Wales125. Pairwise registrations of CT images 

within this cohort along with registrations between this cohort and the RADAR CT dataset were 

used to generate a normalised cross correlation similarity matrix. This matrix was used to perform 

clustering by affinity propagation to select the single most representative patient CT as an 

exemplar from the initial cohort, according to the method outlined by Kennedy et al35. This 

exemplar was the first registration template (T1) used in this study. Next, an anti-exemplar, most 

anatomically different from T1, was chosen as a template on which the impact of registration and 

reference geometry could be tested (T2). Finally, a similar process was used to select a cropped 

exemplar, enabling analysis to be restricted to a smaller region including the prostate and 

immediate surrounding organs (T3). The registration templates are shown in Figure 2.1. 

Registering dose distributions to a common template is necessary for direct comparison in analysis 

due to substantial inter-patient anatomical differences.   

 

 

 

 

 

 

 

 

 

 
Figure 2.1 Registration templates T1, T2 and T3, onto which 3D dose distributions were mapped. 
A, B and C refer to axial, coronal and sagittal planes respectively. Delineated volumes are 
displayed, with orange representing the CTV and yellow representing the OARs (bladder ant/sup 
and rectum post/inf). Anatomical directions are represented in capital letters.  
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The arrangement of voxels in the CT templates (and corresponding dose distributions) are as 

follows: 

T1: (x, y, z) = 332 x 249 x (64 slices), voxel size: (x, y, z) = 1.17 x 1.17 x 2.00 mm  

T2: (x, y, z) = 327 x 178 x (76 slices), voxel size: (x, y, z) = 1.17 x 1.17 x 2.50 mm 

T3: (x, y, z) = 132 x 130 x (129 slices), voxel size: (x, y, z) = 1.24 x 1.24 x 1.00 mm 
 

Due to the large number of total voxels in T1 and T2, all corresponding analyses used dose 

distributions from which 1 in 2 voxels were uniformly sampled across each dimension. For T3, 

every voxel was used. 

Dose distributions from individual phases of radiotherapy were then deformed onto these 

templates through application of the deformation vector fields (dose mapping) obtained from the 

image-based registrations above. See Appendix 4 for full descriptions of all registration pipelines.  

 

2.2.2     Dose equivalence and accumulation 

Each patient now had separate registered dose distributions from each phase of their radiotherapy. 

These needed to be made biologically equivalent and then accumulated to produce a single dose 

distribution for each patient, representing their entire course of treatment. 

Biological equivalence was achieved by converting all dose distributions from separate phases to 

isoeffective 2 Gy per fraction dose (𝐸𝐸𝐸𝐸𝐷𝐷2)29, using a spatially invariant alpha/beta ratio of 3 Gy. 

Alpha/beta ratios can vary greatly126, particularly for prostate tumours127, 128, and so an alpha/beta 

ratio of 3 was chosen as it has been regarded as generally representative of late responding normal 

tissues129 (see final paragraph of section 6.1 for an expanded discussion). 

As the dose per fraction 𝑑𝑑 was known for all treatment phases, the above conversion was 

performed by applying the Wither’s formula to the total dose 𝐷𝐷 in every voxel in the dose 

distribution of each phase: 

                                                                   𝐸𝐸𝐸𝐸𝐷𝐷23 = 𝐷𝐷
𝑑𝑑 + 3
2 + 3

                                                                 (2.1) 

The biologically isoeffective dose distributions from all phases of radiotherapy were then 

accumulated by summing them together linearly, producing a single distribution for each patient 

registered onto each template. The registration, dose mapping and dose accumulation process is 

displayed in Figure 2.2. 
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Figure 2.2 The registration and dose accumulation process. This was repeated for every patient 
from all three trial datasets. 
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2.3     Voxel-wise tests 

Sections 2.3.1-2.3.3 provide mathematical descriptions of the relevant statistical models, while 

sections 2.3.5-2.3.7 describe their specific voxel-wise application in this study. Broader workflows 

for each test are found in Appendix 9. 

 

2.3.1     Multiple comparisons permutation test 

The multiple comparisons permutation test designed by Chen et al65 enables voxel-wise statistical 

comparison of two groups of patient dose distributions. The test identifies corresponding voxels 

between the two groups where dose differs significantly, correcting for the large number of voxel 

comparisons performed. This reveals 3D voxel-regions where one group has significantly more 

(or less) dose than the other. The information presented here can be found in Appendix A of the 

Chen et al paper.  

 

Steps for executing the test 

Suppose we observed a sample of patients with two outcomes: non-event (𝑁𝑁) and event (𝐸𝐸). Every 

patient has a dose distribution made up of 𝑁𝑁𝑣𝑣 voxels and they are all registered to an identical grid 

template. To compare the dose distribution between the two groups, the permutation test is 

conducted as follows: 

1. Compute the average dose-difference �̃�𝑑𝑘𝑘 between 𝐸𝐸 and 𝑁𝑁 groups in the observed sample: 

                                            �̃�𝑑𝑘𝑘 = 𝜇𝜇�𝐸𝐸,𝑘𝑘 − 𝜇𝜇�𝑁𝑁,𝑘𝑘 , 𝑘𝑘 = 1, … ,𝑁𝑁𝑣𝑣 ,                                         (1.2) 

where 𝜇𝜇�𝐸𝐸,𝑘𝑘 and 𝜇𝜇�𝑁𝑁,𝑘𝑘 are the average dose values at voxel 𝑘𝑘 for group 𝐸𝐸 and 𝑁𝑁 respectively. 
 

2. Permute the labelling of the observed sample and compute the average dose-difference. 

Repeat this process 𝑁𝑁𝑝𝑝 times: 

                                       𝑑𝑑𝑖𝑖,𝑘𝑘 = 𝜇𝜇𝐸𝐸,𝑖𝑖,𝑘𝑘 − 𝜇𝜇𝑁𝑁,𝑖𝑖,𝑘𝑘 , 𝑘𝑘 = 1, … ,𝑁𝑁𝑝𝑝,                                          (1.3)  

where 𝜇𝜇𝐸𝐸,𝑖𝑖,𝑘𝑘 and 𝜇𝜇𝑁𝑁,𝑖𝑖,𝑘𝑘 are the average dose values at voxel 𝑘𝑘 for group 𝐸𝐸 and 𝑁𝑁 in the 𝑖𝑖𝑡𝑡ℎ 

permuted random sample. 
 

3. Compute the standard deviation for every voxel 𝑘𝑘 over all 𝑁𝑁𝑝𝑝 random samples: 

                      𝜎𝜎𝑘𝑘 = � 1
𝑁𝑁𝑝𝑝 − 1

�(𝑑𝑑𝑖𝑖,𝑘𝑘 − �̅�𝑑𝑘𝑘

𝑁𝑁𝑝𝑝

𝑖𝑖=1

) , 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒   �̅�𝑑𝑘𝑘 =
1
𝑁𝑁
�𝑑𝑑𝑖𝑖,𝑘𝑘

𝑁𝑁𝑝𝑝

𝑖𝑖=1

 .                  (1.4)  
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4. Compute the locally normalized dose-difference for every voxel in every random sample 

as well as the observed sample: 

                                                                  𝑇𝑇𝑖𝑖,𝑘𝑘 =
𝑑𝑑𝑖𝑖,𝑘𝑘
𝜎𝜎𝑘𝑘

 ,                                                                 (1.5) 

                                                        𝑇𝑇�𝑘𝑘 =
�̃�𝑑𝑘𝑘
𝜎𝜎𝑘𝑘

 ,𝑘𝑘 = 1, … ,𝑁𝑁𝑣𝑣 .                                                    (1.6) 

 

5. Compute the test statistic 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 for every resampling as well as the true labelling sample, 

producing a histogram of 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 values: 

                                              𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 = max�𝑇𝑇𝑖𝑖,𝑘𝑘�,                                                                (1.7)                   

                                            𝑇𝑇�𝑚𝑚𝑚𝑚𝑚𝑚 = max�𝑇𝑇�𝑘𝑘�,𝑘𝑘 = 1, … ,𝑁𝑁𝑣𝑣 .                                                 (1.8) 
 

6. Compute the adjusted 𝑝𝑝-value, the proportion of 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 values greater than 𝑇𝑇�𝑚𝑚𝑚𝑚𝑚𝑚: 

                                                                𝑝𝑝 = 𝑃𝑃𝑒𝑒�𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 > 𝑇𝑇�𝑚𝑚𝑚𝑚𝑚𝑚� .                                                          (1.9) 

7. Compare the adjusted 𝑝𝑝-value with the significance level 𝛼𝛼 (e.g. 𝛼𝛼 = 0.05). If 𝑝𝑝 < 𝛼𝛼, reject 

the null hypothesis, otherwise the null hypothesis cannot be rejected. The null hypothesis 

being the mean voxel-wise distributions in each group (𝐸𝐸 and 𝑁𝑁 groups) are equal. 
 

8. Compute 𝑇𝑇∗ as the (1 − 𝛼𝛼) percentile of the distribution of 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 values. Regions in 𝑇𝑇�𝑘𝑘 

that are above 𝑇𝑇∗ show significant difference between 𝐸𝐸 and 𝑁𝑁 groups. 

 

2.3.2     Cox proportional hazards model 

This study involves predicting time-to-event post-treatment treatment failure and toxicity 

outcomes. The Cox proportional hazards model enables multivariate analysis of time-to-event 

data81, 130, and is therefore appropriate for this analysis.  

Consider a cohort of patients, each described by 𝑛𝑛 variables (𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑛𝑛), representing factors to 

be included in the model which may predict for the outcome. Cox proportional hazards regression 

models the instantaneous rate of occurrence of a post-treatment outcome event in a cohort of 

patients81. This is the hazard rate ℎ(𝑡𝑡), modelled in terms of the 𝑛𝑛 variables:  

ℎ(𝑡𝑡) = ℎ0(𝑡𝑡)𝑒𝑒𝛽𝛽1𝑚𝑚1+𝛽𝛽2𝑚𝑚2+⋯+𝛽𝛽𝑛𝑛𝑚𝑚𝑛𝑛  , 

                                     ⇒ ln[ℎ(𝑡𝑡)] = ln[ℎ0(𝑡𝑡)] + 𝛽𝛽1𝑥𝑥1 + 𝛽𝛽2𝑥𝑥2 + ⋯+ 𝛽𝛽𝑛𝑛𝑥𝑥𝑛𝑛 ,                             (1.10) 

where (𝛽𝛽1,𝛽𝛽2, … ,𝛽𝛽𝑛𝑛) are the model parameters/coefficients of regression associated with each 

variable, and ℎ0(𝑡𝑡) is the hazard function for a reference patient with all variable values equal to 
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zero. In this study, all variables are in categorical form, divided into discrete subgroups. To 

determine whether a variable is predictive of the given outcome, the post-treatment hazard rates 

between a variable’s subgroups are compared. An assumption of the Cox model is that the ratio of 

hazard rates of any two subgroups is constant over time (hence ‘proportional hazards’). Therefore, 

this ‘hazard ratio’ gives an indicator of the difference in the incidence of the outcome between the 

two subgroups across the post-treatment follow-up period. 

The hazard ratio for any variable 𝑥𝑥𝑖𝑖 can be computed as follows: 

                                                                           𝐻𝐻𝐻𝐻 =  𝑒𝑒𝛽𝛽𝑖𝑖  .                                                                   (1.11) 

To determine whether variable 𝑥𝑥𝑖𝑖 is significantly predictive of the outcome, a 𝑝𝑝 -value is calculated 

testing the null hypothesis 𝛽𝛽𝑖𝑖 = 0. That is, testing whether the 𝐻𝐻𝐻𝐻 is significantly greater than or 

less than 1. If so, we conclude that variable 𝑥𝑥𝑖𝑖 predicts for the outcome independent of the other 

variables. Determining whether 𝐻𝐻𝐻𝐻 < 1 or 𝐻𝐻𝐻𝐻 > 1 reveals which subgroup within the variable 

experienced a higher incidence of the outcome relative to the other subgroups, and therefore 

reveals how this variable relates to the outcome. For example, take a variable 𝑥𝑥𝑖𝑖 representing the 

dose value in a given voxel with two subgroups – one subgroup of patients with a voxel dose above 

the median and the other with patients with a voxel dose below the median. If 𝐻𝐻𝐻𝐻 =  𝑒𝑒𝛽𝛽𝑖𝑖  >  1 

(𝑝𝑝 < 0.05) then the incidence of outcome events in the subgroup of patients with voxel dose above 

the median is higher (at the  𝑝𝑝 < 0.05 level) than the incidence of outcome events in the subgroup 

of patients with voxel dose below the median. Therefore, we can associate higher doses in this 

voxel with a higher incidence of the outcome. 

 

2.3.3     LASSO regression   

LASSO (least absolute shrinkage and selection operator) regression refers to the application of the 

LASSO to a regression model for the purpose of variable reduction/selection131, 132. A large number 

of variables may exist in a regression model. These variables may also be highly correlated with 

each other. Therefore, it may be desirable to select only those variables which are strongly 

correlated with the outcome independent of (not correlated with) all other variables. In such a 

situation the LASSO may be appropriately applied to a given model to select such variables. This 

study attempted to correlate dose in a large number of voxels with post-treatment outcomes, and 

thus the LASSO was used to select those voxels where dose was most strongly correlated with a 

given outcome independent of correlation with each other. The LASSO can be applied to a range 

of regression models, including the Cox proportional hazards model, as in this study.  
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Consider a cohort of 𝑁𝑁 patients, each described by 𝑘𝑘 variables and a single post-treatment 

outcome. Let 𝑦𝑦𝑗𝑗 be the outcome, 𝑥𝑥𝑗𝑗 = (𝑥𝑥𝑗𝑗,1, 𝑥𝑥𝑗𝑗,2, … , 𝑥𝑥𝑗𝑗,𝑘𝑘) be the variable vector for the 𝑗𝑗𝑡𝑡ℎ patient, 

and 𝛽𝛽 = (𝛽𝛽1,𝛽𝛽2, … ,𝛽𝛽𝑘𝑘) be the model parameters/coefficients of regression corresponding to each 

variable.  

The objective of the LASSO is to solve: 

                                               min
𝛽𝛽

 � 1
𝑁𝑁
‖𝑦𝑦 −  𝑥𝑥𝛽𝛽‖2

2 �  subject to ‖𝛽𝛽‖1 ≥ 𝜆𝜆                                     (1.12) 

where 𝜆𝜆 is a prespecified free parameter (explained below), and 

                                                            ‖𝛽𝛽‖𝑚𝑚 = ���𝛽𝛽𝑗𝑗�
𝑚𝑚

𝑁𝑁

𝑗𝑗=1

�

1
𝑚𝑚

                                                             (1.13) 

is the standard ℓ𝑚𝑚 norm133.  

This results in a set of selected 𝛽𝛽 parameters – a subset of the original 𝛽𝛽. The free parameter 𝜆𝜆 

determines the number of 𝛽𝛽 parameters selected. The LASSO is applied with a range of 𝜆𝜆 values 

until the set of selected 𝛽𝛽 parameters produces the best fit in the original regression model. The 

LASSO can be applied to a proportion of the patients while the rest of the patients are used to test 

the resulting fit. Repeating this by cycling through the entire patient dataset is called cross-

validation. The variables corresponding to the resulting selected 𝛽𝛽 values, selected in the cross-

validation iteration corresponding to the best fit, are those most strongly correlated with the 

outcome independent of correlation with each other. 

 

2.3.4     Endpoints and software in application of voxel-wise tests 

The statistical models described above were applied in 3D to all treatment failure and toxicity 

outcome endpoints in all trial datasets, as well as the combined dataset, in the form of three voxel-

wise tests. These tests are described in the following sections. The endpoints to which the tests 

were applied are carefully defined in the manuscripts found in the following chapters. However, 

to understand the following tests it is necessary to know that each endpoint was in standard time-

to-event form, with an event representing either a post-treatment treatment failure occurrence 

(death, PSA progression, local progression etc) or toxicity occurrence (a particular grade of rectal 

bleeding, dysuria, incontinence etc), with a corresponding time. Therefore, for each given 

endpoint, each patient is either censored or experiences an event during follow-up, enabling each 

cohort to be divided into two groups – patients who experienced an event and patients who didn’t.  
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The following permutation and uni-voxel tests were performed using MATLAB R2016b and later 

versions (MathWorks, Natick MA), while the multi-voxel LASSO test was performed on R 3.6.1 

(The R Foundation, Vienna). All 3D results were displayed using ITK-SNAP version 3.8.0134.  

 

2.3.5     Voxel-wise dose-difference permutation test 

Following Figure 2.3, for each given endpoint patients were divided into two groups according to 

whether they experienced an event at any time during follow-up. The mean dose distributions of 

each group were then compared to each other, voxel-by-voxel, to reveal regions of statistically 

significant dose-difference, using the multiple permutation test described in section 2.3.1. In this 

study, 1000 permutations were performed (as recommended by Chen et al65), generating a locally-

normalised dose-difference map. The dose-difference region is produced by thresholding the 

locally normalized dose-difference map at any chosen p-value. In this study, thresholds of p < 

0.05, p < 0.1, p < 0.2 and p < 0.3 were applied, to thoroughly explore the dose-difference between 

patients with and without an endpoint event. As shown in Figure 2.3, the mean dose-difference 

map was superimposed on the registration template, including the delineated CTV, bladder and 

rectum. If the dose difference reached statistical significance at one of the given p-value thresholds, 

then the voxels corresponding to this difference (the thresholded p-value map) were highlighted 

in green and superimposed onto the dose difference map. 

 

2.3.6     Uni-voxel multivariate Cox regression test 

This test generated a separate multivariate Cox proportional hazards model for each voxel (hence, 

‘uni’-voxel), testing the dose-endpoint association in that voxel. Taking a given voxel, patients 

were divided into two groups about the median of the distribution of dose values in the overall 

cohort, as in Figure 2.4. The hazard ratio (HR) comparing the incidence of the endpoint in the high 

dose value group against the low dose value group was then calculated. A corresponding p-value 

was calculated, using a two-tailed z-test, testing whether the HR was significantly greater than or 

less than 1. This HR therefore indicates the dose-endpoint relationship at the given voxel. A HR 

significantly greater than 1 indicates patients in the high dose group for this voxel experienced a 

significantly higher incidence of the endpoint. A HR significantly less than 1 indicates patients in 

the low dose group for this voxel experienced a significantly higher incidence of the endpoint. 

Age, prescribed dose, disease risk, cancer stage, baseline PSA concentration, number of treatment 

beams and hormones were patient baseline characteristics investigated as potential control 

variables in each model, attempting to eliminate their confounding influence at each voxel135, 57. 

These were chosen through an automated selection process described in Appendix 5.  
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Repeating this process for every voxel produced a 3D HR map and corresponding p-value map. 

The HR map was first superimposed on the anatomical template. Following this, the thresholded 

p-value map was superimposed onto the HR map, showing (in green) voxels where HR < 1 or  

HR > 1 at the p < 0.05 level. 

 

2.3.7     Multi-voxel Cox regression test with LASSO voxel selection 

As shown in Figure 2.5, this test included all 𝑘𝑘 voxels in the prostate anatomy as variables in a 

single Cox proportional hazards model (hence, ‘multi’-voxel), as opposed to generating a separate 

Cox regression model for each voxel as in the uni-voxel multivariate Cox regression test. Unlike 

the uni-voxel test, this test did not contain patient related control variables in the Cox model. The 

LASSO was then applied to select voxels whose dose-variables did not correlate with each other 

in the model, while still correlating strongly with the endpoint. The LASSO was applied according 

to section 2.3.3. 100 values of λ were pre-specified, equally spaced from that which selected all 

voxels to that which selected none. For each value of λ, one-in-ten cross validation was used to 

test the predictive ability of the resulting Cox model – the model comprised of the voxels selected 

by the LASSO. The final chosen value of λ was that which maximised the given model’s ability 

to predict the endpoint hazard rate by minimising the partial likelihood deviance. The selected 

voxels were then superimposed on the anatomical template, indicating whether HR > 1 or HR < 1 

in each case. As in the uni-voxel test, HRs compared the incidence of the endpoint between the 

high dose group and low dose group at any given voxel, with the dose cut point being the median 

value. The LASSO enabled selection of voxels strongly correlated with the given endpoint while 

accounting for inter-voxel dose correlation and the multiple testing problem. 
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Voxel-wise dose-difference permutation test 

Figure 2.3 Flow diagram of the voxel-wise dose-difference permutation test. The CTV is delineated in orange and the bladder and rectum are 
delineated in yellow.  
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Uni-voxel multivariate Cox regression test 

Figure 2.4 Flow diagram of the uni-voxel multivariate Cox regression test. 



 

37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multi-voxel Cox regression test with LASSO voxel selection 

Figure 2.5 Flow diagram of the multi-voxel Cox regression test with LASSO voxel selection.  
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2.3.8     Interpreting test results  

Each of the three tests output a 3D map showing the correlation between dose and a given endpoint 

throughout the pelvic anatomy space. This section will provide example results from each test and 

explain the features of these results to help the reader with interpretation of results in the following 

chapters.  

Figure 2.6 shows a set of example results from a particular outcome (tenesmus, for example). Note 

that although this result is similar to a real tenesmus result produced in this study, it has been 

artificially modified here for the purpose of illustration. The result maps are each displayed with 

three corresponding slices: an axial, coronal and sagittal slice from top to bottom respectively. 

Anatomical directions left (L), right (R), superior (S), inferior (I), anterior (A), and posterior (P) 

are also indicated for each slice. The slices chosen for the permutation and uni-voxel tests will 

always correspond, while the slices for the multivoxel-test will sometimes differ from those 

displayed for the other two tests to ensure as many selected voxels as possible are captured on the 

displayed slices. Slices were chosen which captured the most dominant correlation patterns and 

other less dominant patterns as much as possible. All results are superimposed on the underlying 

CT template image with the CTV delineated in orange and the OARs, namely bladder and rectum, 

delineated in yellow. The bladder and rectum were kept the same colour to minimise the number 

of colours and colour clashes in the result displays.  

Figure 2.6 a) shows an example result from the dose-difference permutation test. The first layer 

superimposed on the underlying template is the dose-difference map. This shows the difference 

between the average planned dose of patients with an event and the average planned dose of 

patients without an event at each voxel. The magnitude of this dose-difference can be read off the 

colour scale and localised to the underlying anatomy and/or related to beam structure. For example, 

this dose-difference map shows patients with tenesmus had up to 4 Gy more dose in the posterior 

beam region than patients without tenesmus. It also shows that patients with tenesmus had up to 

3.5 Gy less dose in the anterior beam region near the skin than patients without tenesmus. The 

permutation test searched for regions of dose-difference between patients with and without an 

event at the p < 0.05, p < 0.1, p < 0.2 and p < 0.3 significance levels. If the permutation test found 

such regions, these were superimposed onto the dose-difference map as the next layer. Typically, 

only the p < 0.05 and/or p < 0.3 regions were displayed, as the rest were too similar to distinguish. 

If the permutation test found no such regions, which was often the case, then the dose-difference 

map was displayed alone on the template. Figure 2.6 a) shows a voxel cluster (VC) in the posterior 

beam region where patients with tenesmus had significantly more dose than patients without 

tenesmus, at both the p < 0.05 (light green) and p < 0.3 (darker green) levels, with the p < 0.3 VC 

encapsulating the p < 0.05 VC with a margin of only a few voxels. Another way to express this 
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result would be to state that patients with tenesmus had up to 4 Gy more dose (p < 0.05) in the 

posterior beam region than patients without tenesmus. Similarly, a VC where patients with 

tenesmus had significantly less dose than patients without tenesmus is visible in darker green (p < 

0.03) and light green (p < 0.05) in the anterior beam region near the skin.   

Figure 2.6 b) shows an example result from the uni-voxel multivariate Cox regression test. The 

first layer superimposed on the underlying template is the hazard ratio map. This shows the ratio 

of the endpoint event hazard rates between patents with dose above the median and patients with 

dose below the median at each voxel. A HR > 1 suggests patients in the low dose (below median) 

group experience a higher incident of the endpoint, and therefore lower (or reduced) doses are 

associated with this outcome, in the given voxel. A HR > 1 suggests patients in the high dose 

(above median) group experience a higher incident of the endpoint and therefore higher (or 

increased) doses are associated with this outcome, in this voxel. HRs can be read off the colour 

scale and patterns can be localised to the underlying anatomy or related to beam structure. The 

HRs were tested for significance (either significantly > 1 or < 1). Therefore, every HR has a 

corresponding p-value. If p < 0.05 for the given HR, that was superimposed on top of the HR in 

green, as seen in the figure. In this case, the result shows that tenesmus is associated with higher 

doses in the posterior beam region (consistent with the permutation test result) and lower doses in 

the oblique beams, anterior beam, lateral beams and CTV.  

Finally, Figure 2.6 c) shows an example result from the multi-voxel Cox regression test with 

LASSO voxel selection. The first layer superimposed on the underlying template are the p < 0.05 

voxels corresponding to the HRs from the uni-voxel test. This enabled direct comparison between 

the uni-voxel and multi-voxel test results. The voxels selected by the LASSO were superimposed 

on top of these, with HR > 1 voxels in red and HR < 1 voxels in blue. In this case, voxels with HR 

> 1 were selected in the region directly posterior-inferior to the rectum, suggesting an association 

between tenesmus and higher doses there, consistent with results from the other two tests while 

enabling further localisation to underlying anatomy (the rectum and perirectal space). HR < 1 

voxels were selected at the same superficial anterior beam region as the other tests, confirming the 

association between reduced dose and tenesmus there. The exact magnitude of the HR is not 

displayed as the mere selection of a voxel implies it is highly correlated with the outcome. In many 

cases the LASSO selected no voxels, signified by a ‘No Voxels Selected’ sign above an empty 

template.  

Results in the subsequent chapters can be interpreted according to the paradigm outlined here. 
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Figure 2.6 Example results from the a) voxel-wise dose-difference permutation test, b) uni-voxel multivariate Cox regression test, and c) multi-voxel 
Cox regression test with LASSO voxel selection. The slices chosen for display are those which coincide with the most dominant emergent dose-
endpoint patterns, indicated in corresponding planes with dashed lines. Tones of red correspond to regions where increased dose is associated with 
incidence of dysuria (HR > 1), while tones of blues correspond to regions where reduced dose is associated with incidence of dysuria (HR < 1). The 
CTV is delineated in orange while the bladder and rectum are delineated in yellow. Anatomical directions left (L), right (R), superior (S), inferior (I), 
anterior (A), and posterior (P) are also indicated. 

c) Dose-difference permutation test Uni-voxel Cox regression test Multi-voxel Cox regression test a) b) 

 HR < 1 
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2.3.9     Overall structure of the study  

This study involved applying multiple voxel-wise tests, to several outcome endpoints, across a 

number of clinical trial datasets, using numerous registration templates, resulting in a large number 

of results. More specifically, the study involved applying three voxel-wise tests, to nine outcome 

endpoints (overall survival (OS), PSA progression (PSAP), local or local composite progression 

(LP/LCP), rectal bleeding (RB), tenesmus (TEN), dysuria (DYS), haematuria (HAEM), 

incontinence (INC) and frequency (FREQ)), across four clinical trial datasets (RADAR, RT01 and 

CHHiP, plus the combined dataset), using up to three registration templates (T1, T2 and T3. T1 

for all trial datasets, while T1, T2 and T3 for all RADAR datasets only), resulting in, 162 sets of 

results from 162 separate analyses. This can seem complex and difficult to follow. Therefore, 

Figure 2.7 has been provided to simplify understanding of the overall structure of the study.  
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Figure 2.7 Structural map of the study for a given endpoint. For each endpoint, the three tests are applied to the four respective trial datasets. This produces 
a single result per test for RT01, CHHiP and the combined dataset on the T1 template. For RADAR, the primary dataset, three results are produced per test, 
one on each of the three templates. This process is repeated for all nine outcome endpoints. 
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Dose-difference
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RADAR RT01 CHHiP Combined
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Chapter 3:    
Associating dose with treatment failure 
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3.2     Abstract 

Purpose: Reducing margins during treatment planning to decrease dose to healthy organs 

surrounding the prostate can risk inadequate treatment of subclinical disease. This study aimed to 

investigate whether lack of dose to subclinical disease is associated with increased disease 

progression by utilizing high-quality prostate radiotherapy clinical trial data to identify 

anatomically-localised regions where dose is associated with measures of treatment failure. 

Methods and Materials: Planned dose distributions for 683 participants of the Trans-Tasman 

Radiation Oncology Group 03.04 RADAR trial were deformably registered onto a single exemplar 

CT dataset. Voxel-wise multiple comparison permutation dose-difference testing, Cox regression 

modelling and LASSO variable selection were used to identify regions where dose-variation was 

associated with overall survival (OS), PSA progression (PSAP) and local composite progression 

(LCP, a combined measure of PSA and local progression) or local progression (LP). This was 

externally validated by registering dose distributions from the RT01 (n = 388) and CHHiP (n = 

253) trials onto the same exemplar and repeating the voxel-wise tests on each of these data sets. 

All three datasets were then combined, and the tests repeated. 

Results: Voxel-wise Cox regression revealed regions where reduced dose was correlated with 

increased treatment failure. Reduced dose in regions associated with coverage at the posterior 

prostate was associated with increased PSAP for RADAR, RT01 and the combined data, but not 

for CHHiP. Similar patterns were observed for OS and LCP. Reduced dose to the seminal vesicle 

region was also associated with increased PSAP for the RADAR dataset.  

Conclusions: Ensuring adequate dose coverage at the posterior prostate and immediately 

surrounding posterior region (including the seminal vesicles), where aggressive cancer spread may 

be occurring, may improve tumour control. It is recommended that particular care is taken when 

defining margins at the prostate posterior, acknowledging the trade-off between quality of life due 

to rectal dose and the preferences of clinicians and patients. 
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3.3     Introduction 

External beam radiation therapy (EBRT) is prominent in treating prostate cancer136. The last two 

decades have seen increases in the precision of EBRT through new techniques such as intensity 

modulated radiation therapy (IMRT)137 and image guided radiation therapy (IGRT)59. These 

enable more conformal treatments, escalated dose to the target, and decreasing toxicity in the 

surrounding healthy tissues138, 139.  

However, the microscopic nature of disease in these peripheral regions is problematic. Detection 

is limited with current imaging technology, therefore making it subclinical i.e. not specifically 

targeted in treatment. For example, extracapsular extension, in which tumour tissue has extended 

past the prostate’s surrounding capsular layer, has been identified as subclinical disease64. 

Similarly, prostate perineural invasion, in which microscopic disease is found along or around a 

close-by nerve, has been shown to predict for increased recurrence, metastasis and death in dose 

escalated EBRT patients61. An incomplete identification of the distribution of disease in the 

prostate’s immediate periphery is potentially leading to inadequate treatment. 

Evidence has been sought to determine whether reduced dose in these regions is associated with 

treatment failure. Engels et al found that patients treated with implanted markers for IGRT had 

CTV margins reduced in the left-right direction (from 6mm to 3mm) and the anterior-posterior 

direction (10mm to 5mm)56. These patients reported more biochemical failure, suggesting that 

sufficient dose in the prostate periphery is required, despite the high spatial accuracy provided by 

IGRT. Witte et al demonstrated that patients with biochemical or clinical failure were treated with 

significantly less dose (6 Gy, p < 0.01) in parts of the obturator region peripheral to the prostate66. 

An individual voxel, spatially registered between patients in this obturator region, was chosen for 

Kaplan-Meier analysis, comparing rates of post-treatment failure in patients with different doses 

at that voxel. Patients with less dose at this point reported significantly more failure, with the 

authors concluding that patients with failure had received on average a lower dose where regional 

cancer spread could be expected. Chen et al similarly found a dose-failure relationship in the 

obturator region65. In contrast, one study from the CHHiP trial has reported, no significant 

difference of treatment efficacy in reduced margins IGRT treatments140.  

No study, however, has investigated the relationship between dose and treatment failure around 

the prostate in a comprehensive, voxel-wise manner. Several voxel-wise studies have investigated 

toxicity109, 110, 113, 115, 100, but not failure. Investigating the dose-failure relationship in this manner 

could help locate and characterise the corresponding distribution of disease. This could provide 

clinicians with 3D information further enabling the optimisation of dose constraints around the 
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prostate, informing application of appropriate margins and appropriate selection of irradiation 

strategies.    

 In this study, multiple voxel-wise statistical methods were employed to investigate the association 

between 3D planned dose and measures of treatment failure in the entire pelvic anatomy. Many 

shortcomings have hindered previous voxel-wise analyses141, 65, including misregistration of 

planned 3D dose distributions (“dosemaps”), false positive rates due to the large number of voxels 

being statistically compared, not using time-to-event data, or not controlling for patient baseline 

characteristics. This study utilised a combination of statistical approaches to compensate for these 

shortcomings. High quality planned dose data from three prospective multi-centre prostate 

radiotherapy clinical trials was utilised in order to assess the consistency of derived associations 

across cohorts, participating centres, radiotherapy techniques and overall treatment approaches.  
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3.4     Methods 

Clinical trial, registration, dose equivalence, dose accumulation, voxel-wise test methodology and 

overall study structure details are found in Chapter 2. Table 3.1 shows the number of patients 

included from each trial, with corresponding patient variable and endpoint information, after 

patients were excluded due to loss of follow-up, missing data, and considering only participants 

receiving EBRT alone.  

 

3.4.1     Treatment failure endpoints defined 

The three treatment failure endpoints were defined as the time between the end of radiotherapy 

and the occurrence of the following events during post-treatment follow-up (see Table 3.1 for 

follow-up information): 

Overall Survival (OS): patient death by any cause. 

PSA Progression (PSAP): biochemical failure according to the Phoenix definition (nadir + 

2ng/ml)42 for RADAR and CHHiP patients. An increase in PSA concentration to greater than the 

nadir by at least 50% and greater than 2 ng/ml 6 months or more after the start of radiotherapy for 

RT01 patients.  

Local Composite Progression (LCP): either clinically verified local progression (LP), or PSAP 

with the extra constraint of a PSA doubling time > 5 months for RADAR patients. This definition 

was previously investigated and found to correlate well with prescribed dose as an improved 

estimate of LP, as rates were unusually low in the RADAR dataset47. For RT01 and CHHiP 

patients standard LP was used instead of LCP to compare with LCP for RADAR. 
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 RADAR RT01 CHHiP COMBINED 
Total patients in dataset 683 388 253 1324 
OS events (deaths) 160 (23.4%) 108 (27.8%) 41 (16.2%) 309 (23.3%) 
OS follow-up in months 
(min, max, med, IQR)  

(3, 118, 79, 24) (5, 156, 106, 36) (2, 140, 71, 24) (2, 156, 83, 34) 

PSAP events 249 (36.5%) 176 (45.4%) 72 (28.5%) 497 (37.5%) 
PSAP follow-up in months 
(min, max, med, IQR)  

(9, 121, 81, 49) (1, 156, 70, 74) (2, 121, 70, 24) (1, 156, 72, 54) 

LCP/LP1 events 130 (19.0%) 71 (18.3%) 25 (9.9%) 226 (17.1%) 
LCP/LP follow-up in months 
(min, max, med, IQR)  

(9, 123, 84, 38) (3, 156, 98, 61) (2, 132, 71, 24) (2, 156, 84, 41) 

Age at randomisation2 Median = 69.4 yrs Median = 67.9 yrs Median = 67.5 yrs Median =  68.5 yrs 
Prescribed dose  89 [66 Gy]  

379 [70 Gy]  
215 [74 Gy] 

204 [64 Gy] 
184 [74 Gy] 

89 [57 Gy] 
85 [60 Gy] 
79 [74 Gy] 

467 [66 Gy (RADAR), 64 Gy (RT01),  
        57 Gy and 60 Gy (CHHiP)] 
857 [70 Gy and 74 Gy (RADAR),  
        74 Gy (RT01), 74 Gy (CHHiP)]  

Disease risk group  478 [Gleason score ≤ 7] 
205 [Gleason score > 7] 

110 [T1b/c or T2a with  
        (PSA + (Gleason score - 6)*10) < 15] 
278 [T1b/c or T2a with  
        (PSA + (Gleason score - 6)*10) ≥ 15  
        or T2b/T3a] 

60 [T1b/c or T2a with PSA ≤ 10 
      and Gleason ≤ 6] 
193 [Any of the following: 
        Stage ≥ T2b, 10 < PSA ≤ 20,    
        Gleason score > 6] 

648 [Lower risk group patients from each  
        respective dataset] 
676 [Higher risk group patients from each  
        respective dataset] 

Cancer stage 491 [T2]  
192 [T3/T4] 

235 [ ≤ T2a (T1b, T1c, T2a)] 
153 [ > T2a (T2b, T3a)] 

185 [ ≤ T2a (T1a, T1b, T1c, T2a)] 
68 [ > T2a (T2b, T2c, T3a)] 

911 [Lower cancer stage group patients  
        from each respective dataset] 
413 [Higher cancer stage group patients  
        from each respective dataset] 

Baseline PSA concentration2 Median = 14.04 ng/ml Median = 13.80 ng/ml Median = 11.70 ng/ml Median = 13.60 ng/ml 
Number of treatment beams 72 [3 beams] 

367 [4 beams]  
91 [5 beams]  
93 [6 beams]  
60 [≥ 7 beams]  

228 [3 beams for phase 1 of treament] 
160 [4 beams for phase 1 of treament] 

222 [≤ 4 beams] 
31 [> 4 beams] 

889 [≤ 4 beams (RADAR), 3 beams (RT01), 
        ≤ 4 beams (CHHiP)] 
435  [> 4 beams (RADAR), 4 beams (RT01), 
         > 4 beams (CHHiP)] 
 

Hormone therapy duration3 344 [6 months androgen  
        deprivation] 
339 [18 months androgen  
        deprivation] 

   

1LCP was used as an ‘estimate’ of LP for RADAR, while the standard definition of LP was used for RT01 and CHHiP (see ‘Treatment failure endpoints’ section in methods). The combined dataset consists of 
LCP patients from RADAR combined with LP patients from RT01 and CHHiP 
2This variable was divided into two approximately equal subgroups split about the median value 
3Hormone therapy duration only defined for RADAR (All RT01 and CHHiP patients received 3-6 months of androgen deprivation therapy) 

Table 3.1 The number of patients in each trial dataset, broken down by endpoint and baseline variable subsets. 
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3.5     Results 

The most prominent and consistent observed correlation pattern was a relationship between 

reduced dose in regions associated with posterior prostate coverage and a higher incidence of all 

treatment failure endpoints. These regions include the posterior boundary of the lateral beams, the 

vicinity of the seminal vesicles, and at the CTV rectal boundary. Correlation patterns were revealed 

by the uni-voxel and multi-voxel tests only. The permutation dose-difference testing did not reveal 

any regions of significant dose-difference across all datasets and endpoints, considering regions 

corresponding to p-values up to p = 0.3. 

 

3.5.1     Overall survival 

The results for OS are displayed in Figures 3.1 and 3.2. The uni-voxel HR maps reveal a correlation 

between reduced dose in these regions and reduced OS. This is seen in the voxel clusters (VCs) 

with HR < 1 (p < 0.05) across the posterior boundary of the lateral beams for all datasets except 

CHHiP, exhibiting the opposite pattern of VCs with HR > 1 (p < 0.05) here and in the posterior 

obliques. Mean dose-difference maps were generally consistent with corresponding HR maps, 

revealing patients who survived had up to 3 Gy less dose on average in the corresponding regions 

for RADAR, 6 Gy for RT01, and 2.5 Gy for the combined dataset (“Combined”) compared with 

patients who did not survive. VCs with HR > 1 (p < 0.05) were found distributed along the anterior 

boundary of the lateral beams for all datasets except CHHiP, and in the central lateral beam region 

for RT01 only. Dose-difference maps show patients who did not survive had more dose in 

corresponding regions – up to 4 Gy for RADAR, ~4 Gy for RT01 and 3 Gy for Combined. For 

RT01, these patterns also suggest patients treated with 3 beams excluding the posterior beam had 

reduced OS relative to those treated with 4 beams including the posterior beam. The LASSO 

selected HR > 1 voxels in the posterior obliques for CHHiP, while none were selected for RADAR, 

RT01 and Combined. The major relationship seems to be a correlation between anteriorly shifted 

lateral beams, with less dose coverage at the posterior CTV, and reduced OS. Although the CHHiP 

cohort runs contrary to this pattern. 

 

3.5.2     PSA progression 

The results for PSAP are found in Figures 3.3 and 3.4. Larger VCs with p < 0.05 were found in 

similar regions for PSAP. The uni-voxel HR maps reveal HR < 1 (p < 0.05) VCs in regions across 

the posterior boundary of the lateral beams for RADAR, RT01 and Combined, while also 

extending into the posterior oblique beam region for Combined. HR < 1 (p < 0.05) voxels were 
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also found in the seminal vesical region for RADAR, while a HR < 1 (p < 0.05) VC was found 

across the CTV extending past the CTV-rectal boundary for Combined. The corresponding dose-

difference maps were generally consistent, revealing that patients with PSAP have up to 3 Gy, 6 

Gy and 1.8 Gy less dose in corresponding regions for RADAR, RT01 and Combined respectively. 

VCs with HR > 1 (p < 0.05) were found at the anterior boundary of the lateral beams for RT01 

and Combined, and in the central lateral beam region for RT01 only. Corresponding dose-

difference maps revealed patients with PSAP had more dose in the corresponding regions – up to 

2 Gy for RADAR, ~3 Gy for RT01 and 2.2 Gy for Combined. The multi-voxel LASSO test also 

confirmed these patterns, with the LASSO selecting HR > 1 and HR < 1 voxels in corresponding 

regions for RADAR, and HR < 1 voxels for Combined. CHHiP results, however, are contrary to 

the general pattern, with the uni-voxel HR map revealing a VC with HR > 1 (p < 0.05) at the 

posterior boundary of the lateral beams.  

 

3.5.3     Local composite progression/local progression 

The results for LCP/LP are found in Figures 3.5 and 3.6. Similar correlation patterns are 

represented in some of the LCP/LP results but are weaker than for PSAP and OS. Increased 

LCP/LP was correlated with reduced dose across the posterior boundary of the lateral beams for 

RT01, CHHiP and Combined, as seen in the dose-difference and uni-voxel HR maps. Conflicting 

patterns also emerged for this endpoint, namely reduced dose in the anterior beam region being 

correlated with increased LCP/LP for all datasets but RT01, as well an increased dose-failure 

relationship in the oblique beam region for RADAR. The dose-difference maps across all datasets, 

however, confirm the dominant pattern of less dose at the posterior lateral beam boundary being 

associated with increased failure, particularly for CHHiP – contrary to the major pattern exhibited 

by CHHiP with OS and PSAP.  

Other less prominent dose-endpoint association patterns are evident, but these predominant 

patterns will be the focus. The RADAR results were generally reproduced on the other registration 

templates (T2 and T3), suggesting the revealed dose-endpoint association patterns are largely 

independent of choice of registration template (see Appendix 7 for T2 and T3 results).  
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Figure 3.1 
OS results for 
RADAR and RT01 
datasets. 
Corresponding 
axial, coronal and 
sagittal slices (top to 
bottom) of  
a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and c) multi-
voxel Cox regression 
LASSO HR maps 
(with uni-voxel 
thresholded p-value 
maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region. 
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 3.2 
OS results for 
CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and c) multi-
voxel Cox regression 
LASSO HR maps 
(with uni-voxel 
thresholded p-value 
maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.   
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 3.3 
PSAP results for 
RADAR and RT01 
datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.   
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 3.4 
PSAP results for 
CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region. 
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 3.5 
LCP/LP results for 
RADAR and RT01 
datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region.   
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 3.6 
LCP/LP results for 
CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets.  
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region. 
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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3.6     Discussion 

In this study, quality-assured and reviewed planning data collected in multi-centre clinical trials 

with extensive follow-up was used to derive independent datasets for analysis. Subsequent 

correlations between voxel-dose and measures of treatment failure across the pelvic anatomy have 

been identified. 

Although no individual voxel-wise test in this study addressed every shortcoming of voxel-wise 

analyses, each test did address specific problems such that a consistent result across all tests could 

be considered independent of these issues. The uni-voxel and multi-voxel Cox regression tests 

utilised post treatment time-to-event endpoints, with the uni-voxel test controlling for patient 

baseline characteristics. The LASSO regression ensured selected voxels were independent of 

correlation with other voxels. Incorporating all voxels in the model together accounted for the 

multiple comparisons problem. The permutation dose-difference test similarly accounted for the 

multiple comparisons problem, while also being the only method of the three that excluded noisy 

extraneous voxels. 

The major hypothesis indicated by the results is that lack of dose coverage to the prostate posterior, 

including the seminal vesicle region, is correlated with increased failure. In terms of treatment 

technique, it seems this is potentially due to reduced lateral beam margins across the prostate 

posterior. Or possibly, with less confidence, the avoidance of posterior oblique beams resulting in 

less dose coverage at the posterior prostate. McNeal et al have shown that the majority of prostate 

cancer originates in the peripheral zone (PZ, at the prostate posterior periphery), as opposed to the 

transition zone (TZ, in the central anterior), with 68% arising in the PZ as opposed to 24% in the 

TZ142. Lee et al found that patients with PZ as opposed to TZ tumours had increased odds of 

seminal vesicle invasion, extra-capsular extension, lymphovascular invasion and increased 

incidence of tumour recurrence143. It has also been shown that despite TZ tumours being larger at 

diagnosis and patients with these tumours having a higher baseline PSA concentration, PZ tumours 

had higher cell proliferation levels and were more associated with biomarkers related to invasive 

potential144. In culmination, cancer in the PZ, at the posterior of the prostate, is more prominent 

and aggressively invasive than cancer originating elsewhere in the prostate. Adequate coverage at 

the posterior prostate and its immediate periphery, including the seminal vesicles, is therefore 

crucial for overall tumour control. This is consistent with the prominent dose-failure pattern 

identified here and confirms the findings of Engels et al where reduced anterior-posterior margins 

were correlated with increased biochemical failure56. It is recommended that particular care is 

taken when reducing margins at the prostate posterior, acknowledging the trade-off between 

quality of life due to rectal dose and the preferences of clinicians and patients. The dose-shaping 
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capability of IMRT and VMAT (volumetric modulated arc therapy)60, coupled with the increased 

accuracy afforded by IGRT, will assist in adequate dose coverage in this manner. 

The CHHiP results for OS and PSAP run contrary to this general pattern. This may be attributable 

to somewhat more favourable prognostic features in the CHHiP cohort relative to the other trials, 

namely a smaller proportion of patients with T3 disease and risk of seminal vesicle involvement. 

Treatment accuracy was also expected to improve throughout the course of the CHHiP trial, for 

example with more consistent use of cone beam CT which was not available in the RT01 era. 

The identified relationships are correlative and not necessarily causative, and therefore may not 

represent anatomically-localised physiological dose-failure associations. Only the uni-voxel 

multivariate Cox regression accounted for patient baseline factors, and these represent only a 

sample of possible factors that could confound the associations. To ensure dose-failure 

relationships are independent of a given baseline factor, separating the cohort into this factor’s 

subgroups prior to analysis is necessary. This, however, would reduce power, requiring a larger 

cohort.  

This study is also limited by the assumption that planned dose is equivalent to delivered dose, 

which differ in practice145. As the consistency between planned and delivered dose improves, or 

delivered dose becomes increasingly measurable, voxel-wise dose analyses will become more 

effective in finding anatomically localised dose-endpoint relationships. Data derived from patients 

treated with IGRT, for example, would ensure planned dose more closely resembles delivered 

dose. Another limitation could be the accuracy of registration and the appropriateness of the choice 

of exemplar and anti-exemplar. A perfectly accurate registration would ensure the identified 

patterns are in fact occurring at the identified anatomical site. Diversity in the dose distributions 

across the cohort is also limiting, as the mean dosemaps are approximately 3 or 4 beam treatments 

in all datasets (see Appendix 8). Greater diversity in technique will enable more generalisable 

feature selection.  

This was the first study performing a full voxel-wise analysis of the dose-failure relationship in 

the entire region surrounding the prostate.  It confirms previous work that reduced dose 

surrounding the posterior boarder of the prostate increases the risk of failure - in this case both 

biochemical and local failure. It further reinforces the need for adequate dose coverage at the 

prostate posterior where aggressive cancer spread is occurring, particularly in the seminal vesicles. 

Translation to guiding planning might be achieved by parameterising the dose distribution to 

account for spatial distributions, such as through principal component analysis, functional analysis, 

dosiomics146 or a convolutional neural network approach. This will require extensively more data 

with more diversity.   
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Chapter 4:    
Associating dose with gastrointestinal toxicity 
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4.2     Abstract 

Background and purpose: This study aimed to identify anatomically-localised regions where 

planned radiotherapy dose is associated with gastrointestinal toxicities in healthy tissues 

throughout the pelvic anatomy. 

Materials and methods: Planned dose distributions for up to 657 participants of the Trans-

Tasman Radiation Oncology Group 03.04 RADAR trial were deformably registered onto a single 

exemplar CT dataset. Voxel-wise multiple comparison permutation dose-difference testing, Cox 

regression modelling and LASSO variable selection were used to identify regions where dose-

increase was associated with grade ≥ 2 rectal bleeding (RB) or tenesmus, according to the 

LENT/SOMA scale. This was externally validated by registering dose distributions from the RT01 

(n=388) and CHHiP (n=241) trials onto the same exemplar and repeating the tests on each of these 

data sets, and on all three datasets combined. 

Results: Voxel-wise Cox regression and permutation dose-difference testing revealed regions 

where increased dose was correlated with gastrointestinal toxicity. Grade≥2 RB was associated 

with posteriorly extended lateral beams that manifested high doses (> 55 Gy) in a small rectal 

volume adjacent to the CTV. A correlation was found between grade ≥ 2 tenesmus and increased 

dose at the posterior beam region, including the posterior rectum and perirectal fat space (PRFS).  

Conclusions: The serial response of the rectum with respect to RB has been demonstrated in 

patients with posteriorly extended lateral beams. Similarly, the parallel response of the PRFS with 

respect to tenesmus has been demonstrated in patients treated with the posterior beam.  
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4.3     Introduction 

Gastrointestinal (GI) symptoms remain a commonly-reported side-effect of prostate external beam 

radiotherapy (EBRT)70, 71, despite improvements in precision from new technologies such as 

image guided intensity modulated radiotherapy (IG-IMRT)147. Improving the accuracy of 

predictive toxicity models, through further understanding of dose-volume toxicity relationships, 

will help optimise organ at risk (OAR) dose constraints. Most current models provide constraints 

based on information from dose-volume histograms (DVHs) describing planned dose to whole 

OARs148, 149. This ignores heterogeneous intra-organ radio-sensitivity, which can be investigated 

through spatial dose information in the 3D planned distribution not utilised by whole-organ DVHs. 

Voxel-wise analyses, in which anatomically localised dose-toxicity relationships are identified on 

the surface or within the volume of OARs, can determine radiosensitive subregions of OARs from 

which more optimal dose constraints may be derived.  

Several studies have begun to investigate rectal dose-sensitivity in this manner. Buettner et al 

investigated the relationship between late rectal toxicities and spatial features from rectal dose-

surface maps150. Rectal bleeding (RB) and loose stools were shown to be more strongly correlated 

with these features than rectal dose-surface histograms (DSH). This group proceeded to 

parameterise the 3D dose distribution to the rectum and correlate resulting features with late RB, 

loose stools, and a global toxicity score77. These features predicted all three endpoints more 

accurately than standard DVHs. In a similar analysis by Moulton et al, spatial features of rectal 

dose-surface maps related to dose shape and coverage were shown to correlate strongly with a 

range of late GI complications113. Other voxel-wise studies have identified predictive rectal 

subregions109, 110. DVHs derived from these subregions (found within the inferior-anterior rectum) 

were demonstrated to be more predictive than whole-rectum DVHs. 

No study to date, however, has performed a voxel-wise analysis searching for correlation between 

variation in intended dose within individual voxels and GI toxicity throughout the entire pelvic 

anatomy. While still able to determine anatomically localised dose-toxicity relationships, this will 

test the assumption that these relationships are limited to within OAR volumes or surfaces. This 

may provide understanding of how broader dose patterns relate to toxicity, revealing the impact of 

factors related to treatment technique. It may also illuminate dose-response pathology that defies 

assumptions of responsible anatomy. 

In this study, multiple voxel-wise statistical methods were employed to investigate the association 

between 3D planned dose and measures of GI toxicity in the entire pelvic anatomy. Many 

shortcomings have typically hindered recent voxel-wise analyses65, 141, including misregistration 

of planned 3D dose distributions (“dosemaps”), false positive rates due to the large number of 
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voxels being statistically compared, not using time-to-event data, or not controlling for patient 

baseline characteristics. This study used a combination of statistical approaches to compensate 

these shortcomings. High quality planned dose data from three prospective multi-centre prostate 

radiotherapy clinical trials was utilised in order to assess the consistency of derived associations 

across cohorts, participating centres, employed radiotherapy techniques and overall treatment 

approach.  

 

 

 

 

 

 

  



 

66 

4.4     Methods 

Clinical trial, registration, dose equivalence, dose accumulation, voxel-wise test methodology and 

overall study structure details are found in Chapter 2. Table 4.1 shows the number of patients 

included from each trial, with corresponding patient variable and endpoint information, after 

patients were excluded due to loss of follow-up, missing data, and considering only participants 

receiving EBRT alone.  

 

4.4.1     Gastrointestinal toxicity endpoints defined 

Two time-to-event GI toxicity endpoints were included for analysis: rectal bleeding and tenesmus. 

An event consisted of the first peak grade ≥ 2 occurrence during follow-up (see Appendix 6 for 

grade definitions and section 1.4.2 for an extended explanation of the definition of an event). All 

patients who reported baseline symptoms of grade ≥ 1 were removed from analysis, apart from 

RT01 tenesmus patients as this information was not available. Physician assisted toxicity grading 

was performed according to the Late Effects on Normal Tissue, Subjective, Objective, 

Management, Analytic (LENT/SOMA) questionnaire73. For RADAR, patients were routinely 

followed up, post-treatment, every 3 months to 18 months, every 6 months to 5 years, and then 

annually. RT01 patients were assessed at 6, 12, 18, and 24 months after commencing radiotherapy, 

and annually thereafter. CHHiP patients were assessed for late toxicities beginning 26 weeks after 

the start of radiotherapy and every 6 months for 2 years, and then yearly. Table 4.1 provides 

follow-up information for each endpoint.  
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                               RADAR                                     RT01                                      CHHiP                                        COMBINED 
 Bleeding 

(grade ≥ 2) 
Tenesmus 
(grade ≥ 2) 

 Bleeding  
(grade ≥ 2) 

Tenesmus  
(grade ≥ 2) 

 Bleeding 
(grade ≥ 2) 

Tenesmus 
(grade ≥ 2) 

 Bleeding 
(grade ≥ 2) 

Tenesmus 
(grade ≥ 2) 

Total number of patients 657 657 Total number of patients 363 388 Total number of patients 235 241 Total number of patients 1225 1286 
Events 214 (32.6%) 252 (38.4%) Events 91 (25.1%) 71 (18.3%) Events 18 (7.7%) 12 (5.0%) Events 321 (25.6%) 335 (26.0%) 

Follow-up in months 
(min, max, med, IQR) 

(3, 96, 48, 54) (3, 96, 42, 60) Follow-up in months 
(min, max, med, IQR) 

(6, 147, 72, 62) (12, 158, 98, 65) Follow-up in months 
(min, max, med, IQR) 

(6, 68, 60, 2) (6, 68, 60, 2) Follow-up in months 
(min, max, med, IQR) 

(3, 147, 60, 36) (3, 158, 60, 59) 

             
Variables Definitions   Definitions   Definitions   Definitions   

Age1 Median 69.4 yrs 69.4 yrs Median 68.0 yrs  67.9 yrs  Median 67.3 yrs 67.4 yrs Median 68.5 yrs 68.5 yrs 
Prescribed 

dose  
[66 Gy]  

 
[70 Gy]  

 
[74 Gy] 

82  
 
366 
 
209  

82 
 
366  
 
209  

[64 Gy] 
 

[74 Gy] 

173 
 
190  

204  
 
184  

[57 Gy] 
 

[60 Gy] 
 

[74 Gy] 

72 
 
70 
 
64  

86 
 
80 
 
75 

[66 Gy (RADAR),  
64 Gy (RT01),  

57 Gy and 60 Gy (CHHiP)] 
 

[70 Gy and 74 Gy (RADAR),  
74 Gy (RT01),  

74 Gy (CHHiP)]  

373 
 
 
 
882 
  

453  
 
 
 
833  
 

Disease risk  [GS ≤ 7] 
 

[GS > 7] 

461  
 
196  

461  
 
196 

[T1b/c or T2a with  
(PSA + (GS -  6)*10) < 15] 

 
[T1b/c or T2a with  

(PSA + (GS - 6)*10) ≥ 15  
or T2b/T3a] 

98 
 
 
265 
 

110  
 
 
278 
 

[T1b/c or T2a  
with PSA ≤ 10 and GS ≤ 6] 

 
[Any of the following: 

Stage ≥ T2b,  
10 < PSA ≤ 20, GS > 6] 

51 
 
 
155  

58 
 
 
183  

[Lower risk group patients from 
each respective dataset] 

 
[Higher risk group  
patients from each  
respective dataset] 

617  
 
 
638  

883 
 
 
403  

Cancer 
stage 

[T2]  
 

[T3/T4] 

473 
 
184  

473 
 
184 

[≤ T2a (T1b, T1c, T2a)] 
 

[> T2a (T2b, T3a)] 

221 
 
142  

235  
 
153  

[≤ T2a (T1a, T1b, T1c, T2a)] 
 

[> T2a (T2b, T2c, T3a)] 

174 
 
61  

175 
 
66  

[Lower cancer stage group patients 
from each respective dataset] 

 
[Higher cancer stage group patients 

from each respective dataset] 

865 
 
 
390 

885  
 
 
406  

Baseline PSA1  Median  14.00 ng/ml 14.04 ng/ml Median 13.80 ng/ml 13.80 ng/ml Median 11.70 ng/ml 11.70 ng/ml Median 13.60 ng/ml 13.50 ng/ml 
Number of 

beams 
[3 beams] 

 
[4 beams]  

 
[5 beams]  

 
[6 beams]  

 
[≥ 7 beams]  

67 
 
350 
 
88 
 
93 
 
59  

67 
 
350 
 
88 
 
93 
 
59 

[3 beams for phase 1  
of treament] 

 
[4 beams for phase 1  

of treament] 

214 
 
 
149  

228  
 
 
160  

[≤ 4 beams] 
 

[> 4 beams] 

204 
 
31  

210 
 
31  

[≤ 4 beams (RADAR),  
3 beams (RT01), 

≤ 4 beams (CHHiP)] 
 

[> 4 beams (RADAR),  
4 beams (RT01),  

> 4 beams (CHHiP)] 

840 
 
 
 
415  

858 
 
 
 
428  

1This variable was divided into two approximately equal subgroups split about the median value 

Table 4.1 The number of patients in each trial dataset, broken down by endpoint and baseline variable subsets. 
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4.5     Results 

The tests identified voxel clusters (VCs) and individual voxels across the pelvic anatomy where 

dose variation was associated with both GI toxicity endpoints.  

 

4.5.1     Rectal bleeding 

Figures 4.1 and 4.2 show the results for RB. The dominant pattern is an association between 

increased RB and posteriorly extended lateral beam margins culminating higher dose at the rectum 

adjacent to the CTV centre. Dose-difference maps from all trial cohorts and the combined cohort 

(“Combined”) exhibit this pattern. In particular, the axial planes show RB patients having between 

approximately 4 and 7 Gy more dose on average than non-RB patients where lateral beams extend 

posteriorly into the rectal space. The corresponding sagittal planes reveal RB patients have 

between 4 and 5 Gy more dose on average in a sub-volume of the rectum adjacent to the CTV, 

statistically different at p < 0.3 for Combined. Figure 4 shows the mean and standard deviation 

(SD) dosemaps for the Combined cohort. A representative voxel was selected in the identified sub-

volume adjacent to the CTV to compare doses of patients with and without rectal bleeding here. 

Figure 4 reveals that Combined patients with and without rectal bleeding had an average dose of 

57.3 Gy and 53.0 Gy in this voxel respectively (SD=14.2 Gy). The corresponding uni-voxel HR 

maps confirm these patterns for all datasets, revealing VCs with HR > 1 in the same regions, with 

p < 0.05 for all cohorts but CHHiP. For CHHiP, VCs with HR > 1 (p < 0.05) was found directly 

posterior to the rectum. For Combined, the multi-voxel LASSO selected voxels in regions 

corresponding to where the uni-voxel test revealed associations, with one HR > 1 voxel selected 

at the rectum adjacent to the CTV, visible in the sagittal plane. Increased RB is associated with 

reduced dose in the anterior beam region for Combined, with HR < 1 (p < 0.05) VCs found here 

by both the permutation and uni-voxel tests. Less prominently, a correlation is present between 

increased RB and increased dose in the posterior oblique beam regions for RT01, revealed in the 

corresponding uni-voxel HR map. 

 

4.5.2     Tenesmus 

The results for tenesmus are displayed in Figures 4.3 and 4.4. The most consistent pattern is an 

association between increased tenesmus and increased dose at the posterior rectum extending 

posteriorly where the posterior beam is expected to contribute dose. This is clearly seen in the 

RADAR, CHHiP and Combined results. The permutation test identified VCs of significant dose-

difference in this posterior region, where patients with tenesmus have up to 4 Gy more dose for 



 

69 

RADAR (p < 0.3) and Combined (p < 0.05), with this region being larger and less fragmented for 

Combined. Figure 4.5a) shows that Combined patients with and without tenesmus had an average 

dose of 24.2 Gy and 21.1 Gy at a voxel in this VC directly posterior to the rectum. The same figure 

shows the dose-effect region is broad – extending across approximately two thirds of the rectum 

in the superior-inferior direction and to the surface from the rectum posterior. The uni-voxel HR 

maps reveal VCs with HR > 1 (p < 0.05) in this same region for RADAR, CHHiP and Combined. 

For RT01, the same correlation pattern is present, but is weaker, with HR > 1 (p > 0.05) VCs 

present in this posterior region. The multi-voxel LASSO confirmed this association for Combined 

by selecting several voxels with HR > 1 in the space postero-inferior to the rectum, most visible 

in the coronal plane. Reduced dose in the anterior beam region near the surface is associated with 

increased tenesmus for Combined, where patients with tenesmus have up to 3.5 Gy less dose (p < 

0.05), confirmed by the corresponding uni-voxel HR map. Reduced dose is also associated with 

tenesmus in the oblique and lateral beam regions for Combined, and in the posterior obliques only 

for RADAR.  

Other less prominent dose-endpoint association patterns are evident, but these predominant 

patterns will be the focus. The RADAR results were generally reproduced on the other registration 

templates (T2 and T3), suggesting the revealed dose-endpoint association patterns are largely 

independent of choice of registration template (see Appendix 7 for T2 and T3 results).  
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Figure 4.1 
Rectal bleeding 
results for RADAR 
and RT01 datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO 
HR maps (with uni-
voxel thresholded p-
value maps for 
comparison), for 
respective data sets. 
‘No Voxels Selected’ 
implies the LASSO 
selected no voxels of 
significant 
correlation with the 
endpoint within the 
patient region. 
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 



 

71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 
Rectal bleeding 
results for CHHiP and 
Combined datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps and 
regions determined by 
permutation test,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO HR 
maps (with uni-voxel 
thresholded p-value 
maps for comparison), 
for respective data 
sets. ‘No Voxels 
Selected’ implies the 
LASSO selected no 
voxels of significant 
correlation with the 
endpoint within the 
patient region.   
Planes are shown 
coinciding with 
significant results, 
indicated in other 
reconstructions with 
dashed lines. 
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Figure 4.3 
Tenesmus results for 
RADAR and RT01 
datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps and 
regions determined by 
permutation test,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO HR 
maps (with uni-voxel 
thresholded p-value 
maps for comparison), 
for respective data 
sets. ‘No Voxels 
Selected’ implies the 
LASSO selected no 
voxels of significant 
correlation with the 
endpoint within the 
patient region. Planes 
are shown coinciding 
with significant 
results, indicated in 
other reconstructions 
with dashed lines. 
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Figure 4.4 
Tenesmus results for 
CHHiP and Combined 
datasets. 
Corresponding axial, 
coronal and sagittal 
slices (top to bottom) 
of a) mean dose-
difference maps and 
regions determined by 
permutation test,  
b) uni-voxel Cox 
regression HR and 
thresholded p-value 
maps and  
c) multi-voxel Cox 
regression LASSO HR 
maps (with uni-voxel 
thresholded p-value 
maps for comparison), 
for respective data 
sets. ‘No Voxels 
Selected’ implies the 
LASSO selected no 
voxels of significant 
correlation with the 
endpoint within the 
patient region. Planes 
are shown coinciding 
with significant 
results, indicated in 
other reconstructions 
with dashed lines. 
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Figure 4.5  
a) Map of the mean 
planned dose 
distribution for the 
combined cohort. 
Displayed on the map 
are the permutation test 
dose-difference regions 
for both RB and 
tenesmus, with the mean 
doses and dose-
differences at a 
representative voxel 
within those regions 
highlighted for each 
endpoint.  
b) Map of the standard 
deviation planned dose 
distribution for the 
combined cohort. 
Similarly displayed are 
the permutation test 
result regions, with the 
standard deviation dose 
at a voxel at the centre 
of the rectal bleeding 
region. 
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4.6     Discussion 

In this study, quality-assured and reviewed planning data collected in multi-centre clinical trials 

with extensive follow-up was used to derive independent datasets for analysis. Subsequent 

associations between voxel-dose and measures of GI toxicity across the pelvic anatomy have been 

identified without assuming associations necessarily occur at organ sites. Although no individual 

voxel-wise test in this study addressed every typical shortcoming of voxel-wise analyses, each test 

did address particular shortcomings such that a consistent result across all techniques could be 

considered independent of these issues.  

Rectal bleeding was consistently correlated with increased dose in rectal sub-volumes adjacent to 

the CTV centre, manifesting in patients treated with posteriorly extended lateral beams. This sub-

volume is located at the boundary of the high-dose region. Moving directly posteriorly from the 

CTV, this sub-volume coincides almost exactly with the maximum standard deviation in dose in 

the combined cohort along this plane. Therefore, this association is most likely not indicating that 

this rectal sub-volume is particularly radiosensitive relative to the rest of the rectum. It is more 

likely that a dose-bleeding effect is highlighted within this particular sub-volume because it is 

located in both the high-dose region and in a region of sufficient dose variation to reveal this 

statistical effect.  

All three trials allowed 70 Gy to 15% of the rectal volume. Patients with posteriorly extended 

lateral beams may have plans that met dose-volume constraints while still resulting in high doses 

(up to 70 Gy) to small volumes (up to 15%) of the rectum, resulting in RB. This comports with 

studies that have established correlations between high doses to small volumes of the rectum and 

RB across multiple treatment modalities96, 110, 151, 152, 97. 98.1% of grade ≥ 2 RB events in the 

combined cohort were late (>3 months). Late radiation damage includes progressive obliterative 

endarteritis that leads to ischaemia and fibrosis of the rectal tissue, ulcerating and eroding rectal 

blood vessels, resulting in bleeding153. This study provides the first voxel-wise evidence of the 

serial response of the rectum with respect to late rectal bleeding without the assumption that dose-

toxicity effects necessarily occur at organ sites, while relating this effect to treatment technique. It 

is therefore recommended that posterior extension of lateral beams be done with an awareness of 

the potential to produce rectal hotspots associated with RB.  

In contrast to RB, tenesmus was correlated with increased dose in the posterior beam region and 
decreased dose in the posterior oblique beam regions. Correlation coincided with the posterior 
perirectal fat space (PRFS). The dose-effect here was distributed across a broad volume and was 
in the low-intermediate dose-range (~25Gy). Therefore, the effect may be due to increased low-
intermediate doses broadly distributed in the PRFS. Ebert et al have shown a dose-tenesmus 
response at the anal canal and anorectum in the low-intermediate dose range (5-38 Gy)96. Moulton 
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et al have similarly demonstrated an association between tenesmus and greater low-intermediate 
doses (20-30 Gy) to the inferior 20% and lateral-posterior of the rectum in combined EBRT and 
high dose-rate brachytherapy patients113. An association between increased low-intermediate 
doses (10-40 Gy) throughout the PRFS and grade≥2 tenesmus was demonstrated by Gulliford et 
al, suggesting the PRFS responds as a parallel structure with respect to control related toxicities154. 
These findings are broadly consistent with this study, noting that all three studies utilised patients 
from the RADAR trial. The PRFS facilitates rectal motility, compliance and control, and contains 
a large number of sympathetic, parasympathetic and non-autonomic nerve fibres154. Damage to 
this region may therefore lead to nerve dysfunction, contributing to control related symptoms such 
as tenesmus. The broad posterior beam association found here confirms the PRFS behaving as a 
parallel structure with respect to tenesmus. The posterior beam should be used with an awareness 
of this behaviour. 

This study has utilised planned dose distributions, which differ from delivered dose distributions 
in practice145. It has been shown that delivered dose can be a better predictor of rectal toxicity than 
planned dose155. As the consistency between planned and delivered dose improves, or delivered 
dose becomes increasingly measurable, voxel-wise dose analyses will become more effective in 
finding anatomically localised dose-endpoint relationships. Data derived from patients treated with 
IGRT, for example, would ensure planned dose more closely resembles delivered dose. The 
accuracy of registration and the appropriateness of the choice of exemplar and anti-exemplar could 
impact derived results. A perfectly accurate registration would ensure associations are in fact 
occurring at corresponding anatomical sites. Diversity in the dose distributions across the cohort 
is also limiting, as the mean dosemaps are approximate 3 or 4 beam treatments in all datasets (see 
Appendix 8). Greater diversity in technique will enable more generalisable feature selection. Only 
the uni-voxel multivariate Cox regression test accounted for patient baseline factors, and these 
represent only a sample of possible factors that could confound the identified dose-toxicity 
relationships. To ensure these relationships are independent of a given baseline factor, separating 
the cohort into this factor’s subgroups prior to analysis is necessary. This, however, would reduce 
power, requiring a larger cohort. It must also be noted that patients from the RT01 cohort had the 
longest follow-up time, while those from CHHiP had the shortest. This means the likelihood of 
experiencing the considered toxicities would be different for all three trials and this effect was not 
controlled for. The longest possible follow-up times were considered to maximise power. 
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This was the first study performing a full voxel-wise analysis of dose-rectal toxicity relationships 

in the entire pelvic anatomy. Previous studies have established a relationship between high doses 

in small rectal volumes and resulting bleeding, and subsequent studies have determined predictive 

rectal subregions109, 110. This study has reinforced this rectal dose-bleeding relationship, further 

substantiating the work done in moving toward defining constraints based on subregions as 

opposed to whole-rectum DVHs. This study has also uniquely identified broader dose-rectal 

toxicity patterns. Namely, that the use of posteriorly extended lateral beams may produce rectal 

dose hotspots not prevented by conventional dose constraints, resulting in increased incidence of 

late RB. Also, the use of the posterior beam can lead to higher low-intermediate doses in the PRFS, 

increasing risk of tenesmus and potentially other control related symptoms. 
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