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Abstract

The University of Manchester
Andrew McPartlin June 2016
Use of Magnetic Resonance Imaging in Radical Prostate Radiotherapy

Purpose: To assess (1) the potential benefit that MRI may bring to prostate radiotherapy planning
and delivery; (2) a method of improving registration of MRI and CT imaging to aid the RT planning
workflow; (3) the role of in-bore MRI guided biopsy in informing management; (4) dosimetric
outcome and toxicity of an integrated High Dose Rate (HDR-B) or Volumetric Modulated Arc
Therapy (VMAT-IB) boost to the area of dominant disease within the prostate; (5) whether a
predictive response can be identified measuring changes in Diffusion Weighted Imaging (DWI)
and Dynamic Contrast Enhancement (DCE) during prostate RT after neo-adjuvant HT (NA-HT);
(6) the necessity of hormone therapy (HT) with dose escalated radiotherapy (DE-RT) for
intermediate risk prostate cancer.

Methods: (1) Perform a systematic review of literature pertaining to MRI and image guided
radiotherapy; (2) compare registration accuracy, based on displacement of fiducial markers or
degree of overlap of segmented prostate measured by Dice Similarity Coefficient (DSC), of MRI
and CT for 14 patients after conventional operator driven visual matching and then an additional
registration step using interstitial points identified on high quality volumetric CT (HQVCT); (3)
assess the predictive power of in-bore MRI guided biopsy of areas with suspicious appearance on
multi-parametric MRI by comparing biopsy accuracy to histological findings and repeat biopsy
results for 42 PIRADS 4-5 lesions in 31 men; (4) analyse patients treated in a prospective study
receiving standard radiotherapy to the prostate plus a HDR-B (20 patients) or VMAT-IB (26) to a
total dose of 250 Gy BED to assess acute and late toxicity and dosimetric variation between the
two methods; (5) prospectively recruit 15 patient who have received NA-HT and perform DWI and
DCE before, during and after completion of radiotherapy to look for significant changes in values in
normal and malignant tissue which may predict for ultimate outcome; (6) Assess clinical outcome
for patients receiving 75.6 — 78 Gy +/- bicalutamide.

Results: (1) The review has quantified uncertainties in treatment delivery and the degree that the
addition of MRI may mitigate this; (2) point based registration of CT and MRI imaging after visual
registration achieved a significant reduction in fiducial marker displacement and a significant
increase in DSC; (3) seven lesions targeted by in-bore MR guided biopsy had non-significant or
negative results, most with biopsy needle deflected to the target periphery with four confirmed
false negative on repeat biopsy; (4) with a median follow up of 12 months acute and late toxicity
was similar after either treatment with HDR-B delivering a significantly higher dose to a proportion
of the gross tumour volume (GTV) but with significantly lower minimum dose to the planned target
volume (PTV); (5) tumour DWI values during RT after NA-HT were not found to significantly alter,
DCE was found to vary significantly during treatment and initial changes correlated with changes in
DWI; (6) the addition of bicalutamide did not significantly improve biochemical control or overall
survival.

Conclusions: (1) Routine use of MRI will to improve radiotherapy planning and delivery; (2) repeat
point based registration using interstitial points has the potential to improve visual CT and MRI
registration; (3) an in-bore MRI guided biopsy has little value in informing a decision to offer focal
therapy to an MRI identified PIRADS 4-5 lesion due to its high false negative rate; (4) with limited
follow up HDR-B and VMAT-IB appear safe methods of focal dose escalation although with
significant dosimetric variations;(5) early changes in DWI and DCE during RT after NA-HT appear
to correlate, longer follow up will assess their prognostic value; (6) A benefit of HT combined with
DE-RT was not shown in this study.
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Choice of Alternative Format

This thesis is the product of various projects assessing the use of MR imaging in various aspects of
radical prostate radiotherapy. Each project, although related through an over-arching theme,
stands as an independent piece of research. The studies have all been performed with the
intention of ultimately being published in peer reviewed journals, so that the results contained may

inform the practice of the uro-oncology community.

As a consequence the thesis is submitted in alternate format. Each project is written up as a
separate chapter in the style of a scientific article. Some chapters have been accepted for
publication at the time of submission; others are in the editorial process or will be submitted in near
future. Additional information on previous work related to choice of methodology which would not

usually be contained within a published work is contained in the relevant section of the introduction

The conclusions from the projects described in Chapters 2- 6 are then drawn together in Chapter 7:
Discussion with a summary of their implications and the future work that might arise. In chapter
8:Appendix A a supplementary piece of work reporting on the efficacy of hormone therapy with
dose escalated radiotherapy in intermediate risk prostate cancer is reported, which has implications

for MRI techniques described in chapter 6.
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Chapter 1: Introduction

1.1 Prostate Cancer

1.1.1 Introduction

Prostate cancer is the second most common cancer in men worldwide and is responsible for
around a quarter of a million deaths a year (Jemal et al., 2011). It was the most common cancer,
excluding superficial skin cancers, in the UK in 2011, with 41736 new diagnoses and 10793 deaths
from the disease (CRUK, 2016). Although often perceived as indolent in nature, it is one of the
commonest causes of cancer related death amongst men albeit usually following a long disease
course. Of those diagnosed with the disease in the UK 81.4% were living five years after diagnosis
in the period 2005-2009. The incidence of the disease, within the UK and globally, has substantially
increased over the recent past.in part as a result of an aging population and due to asymptomatic
detection through screening prostate specific antigen (PSA) tests and trans-urethral resection of
prostate (TURP) tissue to treat benign prostatic hypertrophy (Bray et al.,, 2010). As a result the

challenge of treatment of this disease is increasing, with significant public health and financial
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Figure 1-1: Gross anatomy of the pelvis

1.1.2 Anatomy

The prostate is a gland situated beneath the bladder, surrounding the exiting urethra (Figure 1-1). It
is the largest accessory gland in the human body and typically weighs between 20-40 grams with
average dimensions of 3 x 4 x 2 cm. It is comprised of around 70% glandular and 30%
fiboromuscular tissue. Drainage from prostate, vas deferens and seminal vesicles occurs into the
prostatic urethra and makes up the constituents of semen. It has the gross appearance of an

inverted pyramid with the base of the gland superior and apex its inferior surface. It is connected to
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the pubic bone by the pubo-prostate ligaments and rests on the levator-ani fascia. The prostate is
surrounded by a true capsule, consisting of a thin layer of connective tissue at the periphery of the
gland and a pseudo-capsule of fibrous tissue which fuses with the levator fascia. Atthe 5and 7 ‘o
clock position when viewed coronally, neurovascular bundles travel and innervate the prostate at

apex and base (Lee et al., 2011).

The prostate can be described in anatomical and histological terms with some overlap of meaning
(Figure 1-2). It divides into three histological zones:

e Peripheral: The posterolateral portion of gland, representing approximately 70% of the
prostate volume, is the origin of the majority of prostate cancers. It is formed from
embryological mesodermal tissue.

e Central: The cone shaped region surrounding the ejaculatory ducts. It makes up around
25% of the volume of the prostate. It is likely formed from the embryological Wolffian duct.

e Transition: Around 5% of the prostate volume, it is formed from the embryological
endodermal tissue. In younger men this zone is small however it enlarges with age and
compresses the central zone due to the benign process of benign prostatic hyperplasia
(BPH).

Fibromuscular stroma

Urethra
Transitional Zone
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Peripheral Zone
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Figure 1-2: Anatomy of the prostate gland with approximate percentage of disease
occurring within each zone

The prostate can also further be described anatomically in lobes:

e Anterior lobe: The gland lying in front of urethra, it is comprised entirely of fiboromuscular
tissue and is devoid of any glandular structures.

¢ Median lobe: The cone shaped portion of gland situated between the two ejaculatory ducts
and the urethra.

e Lateral lobes: This is made up of left and right lobes which form the main mass of the gland

and are continuous posteriorly.
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e Posterior lobe: This is an occasionally used term for the posterior-medial aspect of the

lateral lobes. It is palpated on rectal exam.

1.1.3 Epidemiology

Despite the prevalence of prostate cancer and significant research into its aetiology and treatments
there is still much that is unknown about its pathogenesis. There is little UK wide geographic
variation in the incidence of prostate cancer but marked alterations between ethnic groups. Within
the UK age-standardised incidence per 100000 is between 121-248 for black males, 96-100 for
white males and 29-61 for Asian males (CRUK. and UK, 2009). This is similar to data from the
United Stated showing an incidence per 100000 of 228.5 for black males and 144.9 for white males
(Saman et al., 2014). Regardless of ethnic group prostate cancer is predominantly a disease of the
elderly with incidence rising sharply over the age of 50 (Figure 1-3) (CRUK, 2016). Autopsy studies
have shown this incidence continues to increase as men age, with identified evidence of occult

disease in around three quarters of men over the age of 80 (Haas et al., 2008).
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Figure 1-3: Prevalence and incidence of prostate cancer by age in United Kingdom 2011-
2013(Cancer Research UK figures)

1.1.4 Diagnosis

Prostate cancer is in general a slow growing, indolent disease. It may be present for many years
before local symptoms of obstruction of urinary flow due to disease, mass effect or local invasion
occur. Diagnosis is complicated by the prevalence of benign prostatic hypertrophy in the aging
male population which will cause symptoms of urinary frequency, urgency, nocturia and hesitancy
that maybe indistinguishable from those caused by an enlarging tumour. As disease progresses
sufferers may complain of pain due to mass effect from an enlarging tumour, local invasion of other

structures or bone pain from metastatic disease.

The historical diagnosis of prostate cancer was made via a suggestive clinical history and
subsequent digital rectal exam (DRE) of the prostate to identify nodules or increased hardness
followed by biopsy to confirm diagnosis. Only disease of sufficient volume, and in the correct

anatomical location to be palpable was likely be diagnosed. Diagnosis was transformed by the
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discovery of PSA in the 1980’s. PSA is a peptidase secreted by epithelial cells of the prostate
gland, playing a role in liquefying semen. Its serum levels are increased in the presence of prostate
cancer and other benign prostatic conditions such as prostatitis or benign prostatic hypertrophy. It
also naturally rises in concentration as age increases (Oesterling et al., 1993) (Table 1-1). As such
it is an imperfect test for prostate disease, with high sensitivity (it is likely to detect people with
disease) but less specificity (it will identify a large number of people incorrectly who do not have the
disease). More widespread use of PSA testing has resulted in stage migration at diagnosis with
disease being picked up earlier and reducing incidence of advanced pathology at presentation.
Two large trials, one performed in the United States and one in Europe, have generated conflicting
results of its benefit as a screening tool to improve outcome for prostate cancer sufferers
(Schroder et al., 2009; Andriole et al., 2009).

Table 1-1: Normal PSA level by age

Age (years)

<50 50-59 60-69 >70
Concentration ng/ml
(95" centile) 25 3.5 4.5 6.5

Taken from (Oesterling et al., 1993)

DRE also remains a diagnostic tool although having low sensitivity and a low positive predictive
value in patients with lower PSA results (Schroder et al., 1998). For patients with a positive DRE or
raised PSA, unless metastatic disease is suspected, NICE guidance suggests the results are
discussed with the patient, in combination with consideration of comorbidities and risk
factors(NICE, 2014). After explaining the relative risks and benefits a decision is then taken
whether to proceed to random trans-rectal ultrasound (TRUS) guided biopsies of the prostate to
look for histological evidence of disease. This procedure generally involves placing an ultrasound
probe in the rectum, allowing identification of the prostate but not routinely of small volume disease.
Random core samples are then taken via the rectal wall of the prostate gland. These are assessed
for evidence of malignant tissue and, if present, for the number and volume of cores containing
disease and its histological appearance. The appearance is graded using the Gleason score (GS)
(Table 1-2). For patients who have negative TRUS a multi-parametric MRI, discussed

subsequently, should be considered to determine whether a repeat biopsy is needed (NICE, 2014).

Table 1-2: Gleason score

Gleason Score Microscopic appearance

1 Resembles normal tissue

Larger glands with increased stroma

Cells have begun to invade or infiltrate surrounding tissue

2

3

4 Few recognisable glands, many cells invading surrounding tissue in clumps
5 Few/no glands, sheets of cells throughout surrounding tissue

For tissue to be considered malignant on needle biopsy it must be at least GS 3 in appearance.
The primary grade is assigned to the dominant pattern, which must be greater than 50% of the total

seen, and secondary grade to the next most frequent which must be >5% of the total seen.

17




Increasingly a tertiary component is also reported if a small component of more aggressive disease
is seen. It can be reported in a number of ways such as the total score (sum of primary and
secondary grades) or modified score (primary, secondary and tertiary, with overall score obtained
from combining primary and tertiary) (Fine et al., 2012). The overall score for malignant disease is
the sum of two scores, giving a result between 6 and 10 with increasing score representing more
aggressive disease. Limitations in this scoring system have been demonstrated with variation in
inter-pathologist scoring of samples, and variable correlation with post prostatectomy specimens
(Nguyen et al., 2004; King and Long, 2000).

1.1.5 Staging

Staging of prostate cancer is performed using the TNM system developed by the American Joint
Committee on Cancer (AJCC) and International Union for Cancer Control (IUCC) ((Edge, 2010)). It
provides information on the extent of the primary tumour (T), involvement of lymph nodes (N) and
spread of distant metastases (M) (Table 1-3). Information is obtained from clinical examination,
trans-rectal ultra-sound (TRUS) guided biopsies and, when concerns are present about the

likelihood of more advanced disease, cross sectional imaging.

Table 1-3: 7th edition of the TNM staging system for Prostate Cancer (2010)

Tumour
TX Primary tumour cannot be assessed
TO No evidence of primary tumour
T1 | Clinically in-apparent tumour (for example incidental finding at TURP)
Tla Incidental finding in <5% resected tissue
Tib Incidental finding in >5% of resected tissue
Tilc Identified by needle biopsy (i.e. for raised PSA)
T2 Tumour confined to prostate
T2a Involves <half of one lobe
T2b Involves >half of one lobe
T2c Involves both lobes
T3 Extends through prostate capsule
T3a Extra capsular extension
T3b Invasion of seminal vesicle(s)
T4 Invades adjacent structures
Nodes
NX Regional nodes not assessed
NO No regional lymph node metastases
N1 Metastases in regional lymph node(s)
Metastases
MO No distant Metastases
M1 Distant metastases
Mla Non-regional lymph node(s)
M1b Bone(s)
Mlc Other site(s)
PSA = Prostate specific antigen, TURP = Trans-urethral resection of prostate
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1.1.6 Carcinogenesis

The histological subtype of over 95% of prostate malignancy is adenocarcinoma. Rarer subtypes
including transitional cell, carcino-sarcoma, basal cell carcinoma, lymphoma or small cell cancer

will not be considered further here.

Prostatic adenocarcinoma falls into two separate entities; around 15% is hereditary disease usually
occurring under the age of 55 and the remainder is sporadic disease occurring in more elderly
patients. Genome-wide association studies have identified multiple low penetrance loci which can
act summatively to increase the risk of disease (Eeles et al., 2014). This is supported by the fact
that the risk of developing disease is approximately double that of the general population in those
who have a previously diagnosed first degree relative (Goldgar et al., 1994). This risk is higher with
multiple first degree relatives or relatives affected at an early age. A study of 44788 twin pairs
suggests as much as 42% of the risk of developing disease may be inherited (Lichtenstein et al.,
2000). Certain single site mutations, such as those in BRCA1 and BRCA2, have also been

demonstrated to significantly increase the incidence of disease (Leongamornlert et al., 2012).

The development of sporadic disease involves various events such as dysregulation of tumour
oncogenes and tumour suppressing genes but the precise molecular events involved in prostate
neoplastic initiation and progression remain poorly understood. It has been suggested that
exposure to certain foodstuffs such as animal fats may increase, and others such as tomatoes and
soy possibly reduce, the risk of disease although evidence for this is inconclusive (Sinha et al.,
2009; Zu et al., 2014). There is also good observational evidence for a contribution from as yet not
fully understood environmental and lifestyle factors through analysis of variations in incidence

within migrant populations (Lee et al., 2007).

1.1.7 Prognostic factors

The prognosis of prostate cancer differs greatly between individuals due to variable disease
behaviour and metastatic risk. The number of patients diagnosed with early stage disease has
increased greatly, largely due to the use of screening PSA testing. Many of these asymptomatic
diagnoses would have remained otherwise undetected through the patient’s lifetime. The challenge
facing clinicians is to decide whether disease will ultimately affect life expectancy or become
symptomatic without treatment. Management decisions need to consider the likelihood of
progression to metastatic, fatal disease, within a patient’s lifetime. This risk is stratified using
information on the stage of disease, the PSA at presentation and the histological appearance to
divide patients into prognostic categories (D'Amico et al., 1998). Further prognostication based on
number of biopsy cores containing disease and the presence of >50% disease in any core may
also be factored into treatment decisions (Freedland et al., 2003). In the United Kingdom
stratification as outlined by the National Institute of Health and Care Excellence (NICE) is routinely
used (Cancer, 2014) (Table 1-4).

Multiple pre-treatment predictive models based on these three prognostic factors have been

proposed (Capitanio et al., 2010). Historically the most commonly used are Partin tables, predicting
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for stage of disease, and the Kattan nomogram predicting the 5-year likelihood of biochemical

relapse after radiotherapy (Eifler et al., 2013b; Kattan et al., 2000).

Table 1-4: National Institute of Health and Care Excellence prognostic classification scheme

Low risk Intermediate risk High Risk
T1-T2a and GS<6 and T2b-c and/or GS=7 and/or PSA >10- 2T3a or PSA>20
PSA<10 20 or GS 8-10

GS = Gleason score, PSA = Prostate specific antigen

Risk stratification is combined with information on a patient's age and fitness to guide intervention.
Due to imperfect stratification criteria, patients who would die with, rather than from, their disease
can be over-treated and other patients with a more aggressive tumour who may be under-treated

do not receive appropriate definitive therapy.

1.1.8 Treatment

Treatment offered is based upon initial risk stratification of disease, with differing modalities of
active surveillance, radical prostatectomy, or radiotherapy with or without hormone therapy offered

accordingly. The different strategies are discussed below and summarised.

1.1.8.1 Active Surveillance

Active surveillance is used in early, low risk disease to defer definitive treatment, and potential
associated side-effects. Treatment is offered before disease progresses to have an unacceptable
risk of dissemination. The objective is to avoid, or at least postpone treatment related complications
for men whose disease may never require intervention. Active surveillance differs from “watchful
waiting” in that definitive treatment is intended to be offered at some point if required, rather than
palliation on symptomatic progression. There are no randomised data comparing active
surveillance with immediate definitive treatment but it appears to be safe if a patient is kept on
close supervision, monitoring PSA levels and repeating TRUS biopsies at 12-18 months to look for
evidence of disease progression. The ongoing UK ProtecT trial has completed recruitment
randomising patients between active treatment and active surveillance and, it is hoped, will report
later this year (Lane et al., 2010). A previous retrospective series looking at outcome for patients
treated with watchful waiting in the era before routine PSA testing found 27% of GS 6 patients,
45% of GS 7 and 66% GS 8-10 died of prostate cancer within 20 years, justifying the concern
about the appropriateness of deferring treatment in more histologically aggressive disease
(Albertsen et al., 2005). With earlier detection via PSA screening and active treatment when
indicated the contemporary 20 year mortality for GS 6 disease is significantly lower than identified
in this series. A more recent study of 993 patients with low (79%) or intermediate risk (21%)
disease, followed for a median of 6.4 years, found prostate cancer specific survival of 94.3% at 15
years (Klotz et al., 2015). Of the 28 patients who developed metastasis only two did not have GS

=7 before developing disseminated disease.

The requirement for repeated PSA checks and biopsies on active surveillance can induce a level of

patient anxiety which some find intolerable. One method of deciding suitability for active
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surveillance is the Epstein criteria; life expectancy less than 10-15 years, PSA density < 0.15
(PSA/prostate volume) and GS <6 with <3 cores containing disease and <50% involvement of any
core (Epstein et al., 1994).

These criteria have been shown to have accuracy in contemporary series of between 76-84% at
predicting low risk disease, with up to 92% having organ confined disease (Jeldres et al., 2008;
Bastian et al., 2004). Further information to aid the stratification of low risk disease can be achieved
through the use of axial imaging. The use of functional MRI to give information on likely disease
behaviour is becoming an increasing component of decisions about a patient’s suitability for active
surveillance, and is discussed in detail below. NICE guidelines currently recommended that it be
considered at baseline in patients being offered active surveillance(Graham et al., 2014). As a final
consideration, it has also been suggested that patients with a PSA doubling time (PSHT) < 2 years
may not be appropriate candidates for active surveillance whilst those with PSHT > 4 years have

excellent outcomes, even when active intervention is required (Ali et al., 2007).

1.1.8.2 Radiotherapy

External beam radiotherapy (EBRT) directs high energy photon beams at malignant tissues to
induce cell death and tumour shrinkage or resolution. Photons are generated within a linear
accelerator (Linac) and shaped into a beam to treat precisely a target within the body (Figure 1-4).
As a first step the linear accelerator uses microwaves to accelerate electrons, negatively charged
sub-atomic particles, produced from an electron gun, giving them additional energy. These
electrons are steered using magnets into a metal target. As the electrons decelerate by hitting
other particles within the target they give off energy as photons, through the process of
bremsstrahlung (braking radiation). These photons are targeted through the gantry of the linac
towards the planned treatment site (Figure 1-5). The gantry is able to rotate through 360° and can

give treatment from any position in this arc.

Figure 1-4: Linear Accelerator (commercial image)
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Photons distribute their energy when they strike another structure. The probability of this happening
is a product of the amount of material the photon has travelled through and the speed at which it is
travelling. Photon speed is a product of its energy and therefore different energy beams have
different dose/depth characteristics and distribute their energy at different depths. The effect of
photons on cells is either via direct interaction with cellular DNA or, more commonly, indirectly
through production of free radicals via ionisation of water molecules which then cause DNA
damage. DNA is a double stranded structure and damage can occur as either single or, less
commonly, double strand breaks. Unless DNA damage can be repaired a cell is likely to die by
apoptosis or necrosis when it attempts to divide. Cellular mechanism for repairing single strand
breaks are more efficient and therefore failed repair and cell death is more likely after a double

strand break.

Malignant cells have, as a necessary part of their development, deficient repair mechanisms. As a
consequence they are more sensitive to radiation damage and more likely to undergo cell death
after exposure. This characteristic is exploited by radiotherapy being given in small daily
treatments, termed fractions, over a number of weeks. In the time between each fraction normal
tissue is able to undergo repair whilst malignant tissue is less likely to do so. In addition cells are
more sensitive to radiation at various points in the cell cycle and spreading the dose increases the
chances of sensitivity to treatment. Finally, as the tumour responds and shrinks the remaining
diseased tissue becomes increasingly oxygenated and radiation sensitive. These benefits of
fractionation are counteracted by an increased cell turnover within a tumour that begins to occur
during treatment, meaning that an increasing proportion of each daily dose is required to counter
the effects of this repopulation. An optimal fractionation regimen balances these opposing factors.
The dose per fraction is measured in Gray (Gy), which is the amount of radiation required to
distribute one joule of energy per kilogram of matter. The prescribed dose per fraction varies

depending on the tumour type being treated but is usually between 1.8-3 Gy for standard
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fractionation, although there is increasing experience in the use of carefully targeted higher doses

per fraction, termed stereotactic body radiotherapy (SBRT).
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Figure 1-6: Planning volumes for radiotherapy

External beam radiotherapy (EBRT) is prescribed to a given target volume following the guidelines
laid down in ICRU 50 (Chavaudra and Bridier, 2001). Within this schema the visible tumour is
defined as the gross tumour volume (GTV). A margin is then applied for potential microscopic
extension as a clinical target volume (CTV). Lastly, account must be taken of potential errors in
positioning the patient each day for treatment and for tumour movement with a further expansion to
create the planning target volume (PTV) (Figure 1-6). Because of limitations of treatment technique
the volume receiving the prescribed dose may vary from the PTV and is termed the treated volume.
Finally the irradiated volume is the tissue volume receiving a dose that is considered significant in

relation to normal tissue tolerance.

In practice this involves manually delineating the tumour to be treated, termed contouring or
segmenting, and then applying prescribed expansions to create the CTV and PTV, dependent on
tumour site and location. The entire prostate gland, with or without seminal vesicle inclusion, is
conventionally contoured as CTV when planning EBRT due to issues of disease identification
within the gland and concerns regarding its multifocal nature. Whether to include a proportion of
seminal vesicle is decided upon by risk stratification of the tumour based on PSA level, Gleeson
score and stage. It has been shown that the probability of occult seminal vesicle involvement
predictably increases for higher risk disease necessitating its inclusion in these patients (Eifler et
al., 2013a). This is then expanded to form a PTV, dependent on local policy and ability to account

for treatment uncertainties.

The use of definitive EBRT has become a standard treatment modality, given with the intent of
providing a sufficient dose to kill disease within the prostate whilst minimising radiation effects on
surrounding tissues. Large single centre series reported encouraging control of disease following

EBRT, particularly in early stage malignancy and it became an accepted standard of care (Shipley
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et al., 1999). The effectiveness of radiation was however limited by the dose which could be safely

delivered to the prostate without unacceptable toxicities.

Toxicity associated with EBRT is primarily due to early and late effects on the bladder and rectum.
These symptoms may include urgency, increased frequency, bleeding, diarrhoea, incontinence,
erectile dysfunction and rarely more severe effects such as bowel perforation or bone damage.
Some degree of long term toxicity following radiotherapy is common; for example erectile
impairment is experienced by around half of men(van der Wielen et al., 2007); moderate chronic
genito-urinary (GU) symptoms occur in around 15% and severe symptoms in around 3% (Zelefsky
et al., 2008a); mild to moderate gastro-intestinal (GI) symptoms are experienced chronically in
around 20-25% of patients and more severe symptoms in around 10%(Giordano et al., 2006; Kim

et al., 2011); severe complications such as fistula formation or stricture occur in <0.5%.

Improved EBRT techniques, such as 3-D conformal radiotherapy (3-D CRT) have allowed
increasingly conformal treatment with sculpting of dose distribution and sharper drop off beyond the
target volume. As a consequence the dose received by nearby structures, such as bladder and
rectum, is reduced. Higher doses can therefore be given to the tumour without increasing
associated toxicity. The maximum tolerable prostate treatment dose using 2D-radiotherapy
techniques was previously limited to around 70 Gy (Pilepich et al., 1987). The use of 3D-CRT has
achieved a significant reduction in radiation induced proctitis and rectal bleeding when delivering a
dose of 64 Gy to the prostate (Dearnaley et al., 1999). Subsequently a safe escalation to = 74 Gy
was shown to be possible in multiple trials. Improved biochemical progression free survival has
been demonstrated, although this has not translated to improved overall survival in randomised
studies (Table 1-5). This benefit has been shown in all risk groups but appears greatest in those

with intermediate or high risk disease (Al-Mamgani et al., 2010).

Dose escalation studies show that even with these improvements in EBRT technique there is a
trend towards significant increases in rectal and urinary symptoms following dose escalation. An
improved toxicity profile may be seen with dose escalation using more modern and conformal
Intensity Modulated Radiotherapy (IMRT) planning instead of 3D-CRT. A recent comparison of late
toxicity from two Dutch studies treating to 78 Gy using IMRT or 3D-CRT found a reduction in late =
G2 GI, but not genito-urinary (GU), complications with the use of IMRT (Wortel et al., 2016) . The
use of IMRT with optimal image guidance in selected patients appears potentially capable of
keeping toxicity within traditionally accepted levels even with further dose escalation above 80 Gy;
one study treating to 86.4 Gy using IMRT found =G2 late GU and Gl toxicities of 21.1% and 4.4%
(Spratt et al., 2013).
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Table 1-5: Effect of dose escalated radiotherapy to the prostate

Author Pts gR:iﬁp Dose HT Outcome Radiotherapy/toxicity
20% LR 50 vs 73% 4 field
(Kuban et al., 301 | 46% IR 70 vs Nil PFS (p<0.05) RTOG-LENT modified
2008) 34% HR 78Gy 78vs79% OS 2G2 Gl 13 vs 26% NS
@ 10 years >G2 GU 8 vs 13% NS
. 59% LR 68 vs 85% ggggmal'
g'egglag)et 393 | 37% IR ;g'g‘gy Nil Prs D009 | 2626113 vs 24% Ns
" 4% HR ' 2G2 GU 25 vs 29%
@ 8.9 years
NS
Conformal
VS 76 %
(Beckendorf et iR |70vs | g?:ss(pso.og) LENT-SOMA
al., 2004) 306 28% HR 80Gy Nil 92 vs 9206 OS 22 Gl 20 vs 27% NS
@ 5 years 22 GU 17 vs 27%
(p<0.05)
45vs49% PFS | Conformal
56 vs 63% OS | RTOG
(2%263"’;" etal, | 126 | 53% HR gjg; N @ 13.7 years | 2G2 Gl 11 vs 23%
(Non- (p<0.05)
significant) 22 GU 11 vs 18% NS
21% g;g(spigogs) Conformal,
18% LR 68 Vs received up no benefi.t in " | RTOG/EORTC
(Heemsbergen | 664 | 27% IR 78Gy to 3 years, LR 2G2 Gl 27 vs 32% NS
etal., 2014) 55% HR of these 69 Vs 69% OS 2G2 GU 39 vs 41%
87% HR 0 NS
@ 9 years
Conformal
43 vs 55% LENT-SOMA @ 5
;?eggnﬁf y et 843 éggﬁ :_RI? 64 vs 3-6/12 PFS (p<0.05) years
v 43% HR 74Gy NA/A 71vs 71% OS | 2G2 Gl bleed 26 vs
@ 10years 43%
HR 1.55

A = Adjuvant, Gl = Gastro-intestinal, GU = Genito-urinary, HR = High risk, IR = Intermediate risk, LR
= Low risk, NA = Neo-adjuvant, OS = Overall survival, PFS = Progression free survival

EBRT alone has been shown to offer excellent outcome for low risk disease with relapse free and

cause specific survival rates at seven years of 90% and 99% respectively in one large retrospective

series (Zelefsky et al., 2008c). Due to the generally indolent nature of disease in this group it is

hard to prove a definite benefit from treatment and curative therapy or active surveillance is

considered appropriate.

For more advanced disease the results after EBRT, in the pre-dose escalation era, have been

more disappointing with around 40% of intermediate risk patients suffering biochemical failure

within 5 years and only around one in five patient with T3-4 tumours free of disease 10 years after

treatment (Zietman et al., 1995; D'Amico et al., 1998). As a consequence its use in combination

with systemic agents has been investigated.
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1.1.8.3 Radiotherapy and Androgen Deprivation Therapy

Radiotherapy acts synergistically with androgen deprivation hormone therapy (HT) to treat prostate
cancer and the combination can improve clinical outcome (Zietman et al., 1997b). The objective of
androgen suppression can be achieved in two possible ways. One method is through administering
hyper-normal levels of luteinising hormone releasing hormone (LHRH), causing suppression of
secretion of follicle-stimulating hormone (FSH) and luteinising hormone (LH) from the pituitary
gland which would usually stimulate production of testosterone in the testes. Alternatively anti-
androgen drugs act as competitive inhibitors of testosterone receptors, blocking the sites at which it
would normally act. The exact mechanism of synergy of androgen suppression with radiotherapy is
uncertain, but it may have an effect as a radio-sensitiser and as a treatment for occult micro-
metastatic disease (Wo and Zietman, 2008). It also causes a reduction in prostate volume which
may improve radiotherapy response by increasing blood flow through the remaining gland and
reducing areas of radio-resistant hypoxia (Whittington et al., 1999). Tumour response to HT causes
suppression of PSA levels in almost all patients. HT does have associated side effects however
causing hot flushes for many users, reduced libido and energy levels, cardiovascular complications
and bone thinning. For this reason the treatment period is kept to the minimum required. HT is
usually commenced prior to EBRT for between 3-6 months and continued for up to 3 years after it

is completed depending on the initial disease characteristics.

For low risk prostate disease the addition of HT does not appear to offer an improvement in
outcome over EBRT alone. This has been demonstrated in sub-group analysis from multiple
studies and as such the potential side effects of hormone treatment are not justified (Jones et al.,
2011).

With intermediate and high risk disease a survival benefit from combined treatment has been
demonstrated, although the duration of HT required to maximise this benefit is less defined
(D'Amico et al., 2008). A total of two to three years of HT appears to offer improved survival for
higher risk patients compared to a shorter course of four to six months (Bolla et al., 2009; Horwitz
et al., 2008). In intermediate risk patients however there appears to be no additional benefit from
prolonged hormone therapy with studies showing no effect from additional therapy over shorter
peri-radiotherapy hormone treatment (Pisansky et al., 2015). Combination therapy in intermediate
risk disease was associated was one series with a 10 year biochemical failure rate of 28% and a
decrease in 10 year disease specific mortality from 8% to 4% compared with radiotherapy alone
(Jones et al., 2011).

These studies of combination therapy involved relatively modest total doses of EBRT. The benefit
in biochemical control achieved by dose escalation raised the question of whether the addition of
HT in this setting was of required. The DART 01/05 study has confirmed a survival benefit from two
years vs four months HT with dose escalated radiotherapy for high risk disease (Zapatero et al.,
2015). The lack of randomised data showing an improved outcome from the combination of HT and
dose escalated EBRT in intermediate risk disease has caused some clinicians to argue patients

should not be unnecessarily exposed to the side effects of HT. An alternative viewpoint would be
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that the previously described studies of dose escalated radiotherapy did not use what would now
be considered optimal HT. Given that it has been demonstrated that extended HT offers a survival
advantage in intermediate and high risk disease some of the improvement in outcome

demonstrated from dose escalation may be a mitigation of sub-optimal combination treatment.

This area of contention has recently begun to be addressed with the publication of modern
prospective randomised data of the benefit of the addition of HT to dose escalated radiotherapy
(Bolla et al., 2016). The necessity of combination therapy is of significance to future studies of

further dose escalation utilising MRI.

1.1.8.4 Radical prostatectomy

Radical prostatectomy (RP) is used to treat localised prostate cancer, surgically removing all
prostate tissue via a laparoscopic or open approach. Following this procedure, since the entire
prostate has been removed, PSA levels should become undetectable, although not all men with
detectable levels after surgery will require further therapy. Even if histologically clear margins are
obtained there is a risk of relapse either due to small amounts of residual tissue or the presence of
undetectable micro-metastatic disease at the time of surgery. RP has potential side-effects,
particularly a risk of urinary incontinence and impotence due to damage to the neurovascular
bundles running alongside the prostate gland. Symptoms of urinary incontinence may be present in
more than 25% of patients after a year and be considered a significant problem in 5-10% (Sanda et
al., 2008). The loss of erectile function is almost inevitable if nerve damage occurs during surgery

and, even if this is avoided, it is more likely if sexual function prior to surgery is impaired.

For early, localised disease the reported results for freedom from biochemical relapse and local
relapse at 10 years are excellent, achieving 82% and 97% respectively following RP in one large
series, with a prostate specific mortality of 1% at 15 years (Mullins et al., 2012; Boorjian et al.,
2008). However as previously noted active surveillance in this risk group can also achieve excellent
results, questioning the need for early definitive therapy. For intermediate risk disease freedom
from biochemical relapse is impaired, falling to approximately 65% at 10 years, but it is still
considered an appropriate management strategy. For high risk disease, by contrast, the risk of
treatment failure following surgery has traditionally been felt to be too high to justify it as a
treatment approach. The role of surgery in actually improving this survival figure in high risk
disease is marginal having a modest at best effect in two recent prospective randomised phase Il
trials, PIVOT and SPCG-4 (Wilt et al., 2012; Bill-Axelson et al., 2011). The PIVOT trial included 157
patients with high risk disease of whom 80 underwent RP and found a 6.7% statistically non-
significant increase in overall survival compared to observation. SPCG-4 demonstrated in a cohort
of 695 patients randomly assigned to observation or surgery a reduction in risk of death from
prostate cancer at 15 years from 20.7% to 14.6% in those undergoing RP but did not stratify for
high risk disease. It found those with pT3 disease identified at surgery had a seven times greater
risk of death from prostate cancer and suggested adjuvant treatment may be required in this
setting. This would imply that surgery may not be an appropriate approach in these high risk

patients.
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1.1.8.5 Radiotherapy vs radical prostatectomy

No prospective randomised trial comparing the two radical approaches has been completed.
Various retrospective series have been published with differing results and all with limitations in
terms of the treatment patients received, equivalence of patient cohorts or the primary end point. In
low risk disease large, non-randomised studies have demonstrated a survival benefit to RP over
EBRT or BT but not in prostate cancer specific mortality, suggesting a potential selection bias
(Zumsteg and Zelefsky, 2013). In high risk disease equivalence issues between comparative
cohorts persist. For example a combined analysis from the Mayo Clinic and Fox Chase Cancer
Centre of 1238 patients receiving RP and 344 receiving EBRT +HT found equivalent 10 year
cancer specific survival of 92% (Boorjian et al., 2011). However 253 men received salvage EBRT
following RP and 415 received salvage HT. In addition patients receiving RP were younger with
earlier stage disease, and average radiotherapy doses of 72 Gy would be considered sub-optimal
care. A retrospective comparison of RP vs. dose escalated EBRT in Afro-Caribbean men showed

improved outcomes for all risk groups from EBRT plus HT if indicated (Schreiber et al., 2014b).

Overall the choice of treatment, particularly in early and intermediate risk disease, therefore has to
be made after careful consideration of the patient’s best interests and wishes and the likely side
effects profile. A long term follow up of 1655 patients found more urinary symptoms and erectile
dysfunction following surgery while bowel symptoms occurred more commonly after radiotherapy;
however these differences had lost statistical significance by 15 years post treatment (Resnick et
al., 2013). In low and intermediate disease patients will generally be offered both treatment options
with assumed equivalence but differing side effects profile. In high risk disease, in the UK,

radiotherapy with hormone treatment is the preferred approach.

1.1.8.6 Salvage therapy

In high risk patients adjuvant EBRT following surgery can be offered based on adverse pathological
features. There are prospective randomised trial data supporting the use of adjuvant radiotherapy
in patients with confirmed T3 disease or, particularly, those with positive surgical margins (Bolla et
al., 2012). There is no evidence that surgery followed by radiotherapy confers any survival benefit
over radiotherapy alone. An alternative approach is delayed salvage EBRT once a patient suffers
biochemical relapse following surgery. Biochemical relapse is most commonly defined using the
American Urological Association criteria as two sequential PSA results with a level >0.2 ng/ml
(Cookson et al., 2007). This is likely to indicate residual malignant tissue, although not necessarily
representing disease from which the patient will develop symptoms. Delaying intervention avoids
over treating men who will not recur and reduces those exposed to potential side effects of
increased rectal bleeding, incontinence and urethral stricture. There is mixed evidence of EBRT in
this setting improving overall survival but it does appear to be effective for controlling local relapse.
Factors associated with improved PFS include a negative surgical margin, early stage disease, low
presenting GS, a low PSA level at recurrence and a long interval from surgery to relapse (Briganti
et al.,, 2014). The chances of achieving progression free survival at six years are improved by

treating when PSA levels are low, improving from 18% when treating with PSA>1.5ng/ml to 48% if
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PSA<0.5ng/ml in one study (Stephenson et al.,, 2007). The merit of up front versus delayed
radiotherapy post-operatively in those with high risk features is being addressed in ongoing
randomised phase Il trials. Emerging evidence suggests a role for hormone therapy in addition to

RT in this setting (Shipley et al.; Carrie et al.).

1.2 Improving radiotherapy delivery

1.2.1 Developments and limitations in conventional radiotherapy planning

Over the past twenty years the increasing use of 3D-CT planning scans, 3D conformal radiotherapy
(3D-CRT) and then IMRT have increased the conformality of radiation therapy. Dose may be
closely matched to the intended treatment volume with a sharp dose gradient outside of the target
allowing safe dose escalation. This steep fall off reduces doses to nearby organs at risk (OARs) but
necessitates accurate identification of disease to prevent a geographical miss. The routine use of
CT imaging for planning has arisen due to benefits of ease of access and short scanning times,
good spatial and reasonable anatomical delineation, particularly at bone/soft tissue or air/soft tissue
interfaces, and lack of geometric distortion. Crucially it also provides information on electron
density of tissues allowing for application of radiation attenuation and distribution algorithms to
treatment plans. Without allowance for this, over or under dosing of tumour and normal structures

would occur.

1.2.2 Limitations of CT planning

The use of CT planning has limitations, particularly in regard to image reconstruction, differentiation
of soft tissue structures and the unavoidable associated radiation exposure. 3D images are
generated from a series of 2D axial images obtained through processing information on attenuation
of kV photons as they pass though the body before hitting an x-ray sensor. The information
between each slice of data is interpolated in the 3D construction (Figure 1-7). Resolution of
imaging is dependent on slice thickness with a reduction in the accuracy of volume estimation as
slice thickness and distance between slices is increased (Disler et al., 1994). In addition within a
slice the signal from a small area of high density can appear indistinguishable from a larger area of
lower density potentially leading to a “partial voluming” effect with inaccurate estimation between
slices leading to errors in tissue reconstruction (Figure 1-8). Metal implants can completely
attenuate signal, leading to significant artefacts in the reconstructed image. This is a particular

problem in the pelvis when hip implants are present.

In addition CT imaging provides poor differentiation between adjacent soft tissue structures of
similar electron density. It has previously been demonstrated that the limitations of CT imaging
cause significant variability of inter-operator delineation of various cancers (Nijkamp et al., 2012;
Caldwell et al., 2001; Hurkmans et al., 2001; Van de Steene et al., 2002). This variability may be
mitigated with explicit contouring guidelines, suggesting that image quality itself is not the only

factor affecting delineation reproducibility(Geets et al., 2005).
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For prostate radiotherapy planning inter-operator reproducibility is a particular problem at its apex
and the posterior aspect adjacent to the seminal vesicles due to poor CT differentiation of tissue
structures at these sites. Previous studies have shown that there may be variation in delineation of
these areas with potential for under-treatment of prostatic tissue or over-treatment of surrounding
organs at risk. For example in a study of five experienced radiotherapists differences of up to 1cm
in the cranio-caudal extent of the contoured prostate and seminal vesicles and 0.7cm at the

anterior of the prostate were seen (Fiorino et al., 1998b).
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Figure 1-7: Effect of slice thickness on image resolution
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Another group found significant differences between the prostate and seminal vesicle PTV
contours of three radiation oncologists with consistent tendencies from each, i.e. they tended to be
always larger or smaller, reflecting in part an issue with image quality (Cazzaniga et al., 1998a). In
contrast this variation was not seen in a study of clinicians given explicit contouring guidelines
which found only minor differences in GTV volume (Rasch et al., 1999b). Despite the improvement
guidelines appeared to achieve variation in delineation cannot be entirely eliminated by improved
knowledge; even within an expert study group it has been demonstrated that in 70% of images
contoured there was disagreement about which axial CT slice represented the prostate apex (Cox
et al., 1994). In addition similar contour volumes do not necessarily mean accurate contouring. The
CT delineation of six radiation oncologists has been compared with photographic anatomical
images with the contoured prostate found on average to be 30% larger that the true gland but only
included 84% of its volume (Gao et al., 2007). The study found the posterior portions of the
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prostate were always missed and anterior normal tissue always included The majority of prostate
carcinoma arises within the posterior peripheral zone and effective dosing of this region therefore

has important implications for treatment outcome (McNeal, 1992).

In summary the findings of these studies reflect the limitations of CT imaging for prostate

radiotherapy planning which can only be partially mitigated by operator expertise.

1.3  Addition of MR to planning

Given these issues with tumour identification on CT and its potential detrimental effect on treatment
planning, methods to reduce error have been assessed. Magnetic Resonance (MR) imaging is one

particular area of interest given its superior ability to differentiate soft tissue structures.

1.3.1 Introduction to MR imaging

1.3.1.1 Concepts

Protons within atoms have spin and a positive charge and therefore produce a small intrinsic
magnetic field. Water and fat are the source of protons in the human body. At the quantum level
spin can be up or down and is usually randomly distributed within a tissue, summing to zero. A
quantum description of the effect of a magnetic field on protons is complex and a classical
description more intuitive. Described in this way placing a proton in a magnetic field will cause spin
to align in an almost parallel or almost anti-parallel direction with the field. A slight excess will align
in the positive direction as it is a lower energy state, creating a net magnetisation in the direction of
the magnetic field BO, described as the z-direction. This is indistinguishable from the far larger
extrinsic magnetic field. The excess is proportional to the strength of the magnetic field, the
stronger the magnet, the more excess and the higher signal to noise ratio. Within a voxel on an MR

scan, approximately 2x2x5mm in volume, there are around 6 million billion protons.

Protons wobble, or precess, around the axis of the external BO field at a frequency directly

proportional to its strength, defined by the Larmor equation.
w0 = yBO
where: w0 = angular frequency of precession of protons in external magnetic field (MHz)
y = proportionality constant (gyromagnetic ratio)
B0 = magnetic field strength (T)

If a radio frequency (RF) pulse is applied at the resonant frequency protons will absorb this energy
and move to a higher energy state. The absorbed energy causes the net magnetisation to spiral
away from the z-axis. The net magnetisation vector rotation is proportional to the duration of the RF
pulse. The component of magnetisation in the x-y plane is perpendicular to the extrinsic magnetic

field and can be detected.
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1.3.1.2T1 and T2 relaxation

After the RF pulse ends the absorbed energy is lost and the magnetisation vector begins to return
to its original orientation in two independent processes called spin-lattice and spin-spin relaxation.
Recovery of magnetisation along the z-axis has a characteristic time constant T1, representing the
time at which 63% of recovery has occurred. In this process energy is given off into the surrounding
tissue called the lattice and is termed the spin-lattice relaxation. T1 time varies in different tissues

being generally short in fat, mid-range in water based tissues and longest in fluids.

Decay in the transverse plane is controlled by spin-spin relaxation and is given the notation T2. In
this process protons which are briefly in phase following the RF signal immediately begin to de-
phase as a result of the variable influence of the magnetic fields of surrounding protons. This
causes a change in precession rates and a loss of phase coherence, described as spin-spin
interaction, reducing transverse signal at the T2 relaxation rate. T2 is the time after excitation when
this transverse signal has reduced by 63%.The T2 relaxation time in a tissue is always shorter than
T1. T2 relaxation is a property of a tissue but is accelerated by inhomogeneities in the extrinsic
magnetic field and susceptibility effects due to the variable magnetisation of different tissues in a
magnetic field. The combined effect of these processes gives the apparent relaxation time, given
the notation T2*.

1.3.1.3TE, TR, Spin Echo, and Gradient Echo

A period of time after a RF pulse is delivered the resulting transverse magnetisation is measured.
This is termed the time to echo (TE). Further excitation RF pulses are delivered as part of an

imaging sequence with the time to repetition given the notation TR.

By varying TR and TE in different sequences it is possible to obtain T1 weighted (T1W), T2
weighted (T2W) and proton density weighted (PDW), images. Because these characteristics can
vary greatly between soft tissue structures of similar electron density MRI is able to differentiate
these tissues far more clearly than CT imaging. This clarity can be exploited to allow more accurate

identification of areas of interest for radiotherapy planning.

Table 1-6:Effect of choice of repetition time (TR) and time to echo (TE) for conventional spin
echo sequences

TR TE
Short (<40 ms) Long (>75 ms)
Short (<750 ms) T1-weighted Not useful
Long (>1500 ms) PD-weighted To-weighted

Ms, millisecond; TE, Time to echo; TR, Repetition time

The most basic sequence used in MRI is the spin echo (SE). This starts with a 90° pulse, causing
the net magnetisation vector to spiral down into the x-y plane. By varying TE and TR, weighting of
images can be achieved as shown in Table 1-6. A 180° RF pulse is applied while T2 decay is
occurring, causing de-phasing protons to re-phase and allowing a second, slightly lowered

maximum signal to form at which time an echo is taken. The 180° pulse removes T2* effects and
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allows T2w images to be formed. Acquisition is relatively slow as the time to full relaxation after a

90° RF pulse, required for T2 weighted images, is long and consequently so are TR, TE and overall

image acquisition time.A standard spin echo pulse sequence is shown in Figure 1-9 and includes

slice selecting, phase encoding and frequency encoding gradients which allow localisation of signal

at TE.
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Figure 1-9: The basic spin echo pulse sequence (RF;, Radiofrequency pulse; Gg, Slice
selecting gradient; RFg, Radiofrequency signal; G4, Phase encoding gradient; Gg,
Frequency encoding gradient)

Alternatively a gradient echo (GE) sequence usually starts with a smaller RF pulse and produces a

flip angle of <90°. Only a proportion of the net magnetisation vector is moved away from the z-axis

meaning full T1 relaxation occurs faster. This allows shorter TR and TE times and quicker image

acquisition. By varying the flip angle the degree of T1 weighting is improved at higher flip angles.
After the RF pulse a gradient pulse is given which de-phases and then a second opposite gradient

pulse is given which rephases the signal with an echo taken at TE. In GE sequences T2* decay

occurs.
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Figure 1-10: The basic gradient echo pulse sequence (RF, Radiofrequency pulse; Gss, Slice

selecting gradient; RFs, Radiofrequency signal; G4, Phase encoding gradient; Gr,
Frequency encoding gradient)
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1.3.1.4 Comparison of MR and CT based planning

Anatomical MRI of the prostate is generally performed using T2W imaging which can have high
spatial resolution and differentiate between the low signal central gland and high signal peripheral
zone of the prostate. This differentiation can become more challenging as men age with benign
prostatic hypertrophy affecting the appearance of the transition zone, increasing its size and
compressing the remainder of the gland. The improved visualisation of MRI has clinical
implications; multiple studies have demonstrated a reduction in volume of contoured prostate when
MR imaging is used to provide addition information for planning, and a reduction in inter-observer
delineation variation(Villeirs et al., 2005)(Table 1-7). The MR delineated prostate volume has been

shown to correlate well with post prostatectomy specimens.(Sosna et al., 2003; Jeong et al., 2008).

This decrease in volume permitted by MR imaging reduces delivered radiation dose to the rectum
during treatment, thereby potentially reducing its associated toxicity. When using 3-D conformal
radiotherapy and prescribing a dose of 78 Gy to the prostate, MR planning might allow for a further
increase of up to 7 Gy to the PTV for the same rectal wall dose with potential benefit of dose
escalation for tumour control probability (Steenbakkers et al., 2003). Although metallic hip
replacements degrade the image quality of both MR and CT it has been demonstrated that
identification of the prostate is less impaired on MR imaging (Charnley et al., 2005). This further
limits the accuracy of delineation of soft tissue structures on CT imaging and provides an additional

rationale for the use of MRI in prostate planning.

A final area of potential benefit is the ability of MR imaging to identify areas of high density

malignant tissue within the prostate, providing the potential for targeted dose escalation.
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Table 1-7: Benefit of MR vs. CT imaging on prostate contouring

MR sequence

% reduction in
volume with

. Image p- Reduction in mean
Author Pts and slice fusion value MRvs CT + rectal dose
thickness Area of largest
discrepancy
(Roach ii ?T 2coil 23% 7mm increased
etal., 1996) 10 TiW+ T2W Nil 0.0004 | Posterior (7mm) | distance from target
" 4-6mm Apex (4.5mm) to rectal wall
(Kagawa et 1T Pelvic array Bony 19%
o 91997) 22 T2wW anatomy | 0.0001 | Apex (5mm) N/A
B 4mm Base
(Rasch et ?T ?coil Bon 30% Increased distance
54 PD +T2W y >0.005 Base (8mm) from target to rectal
al., 1999a) anatomy
6mm Apex (6mm) wall
. 1.5T ?coil o 23.8% reduction in
(geblcggge)t 10 T2W Ml fusion 0.004 ,ise/;)( volume receiving
" 5mm P 80% dose
(Sannazzar 1 T Pelvic array I 25% o
ietal, 8 T2W ;‘gfkcé‘;"s' <0.01 | Apex (Bmm) | SPare 0 Lf’m‘g rectal
2002) 3mm, 3mm gap A-P (5mm)
S 1 T Pelvic array o
(Villeirs et |, 5 ToW Nil <0.05 % N/A
al., 2005) Apex
5mm, Omm gap
(Jackson et |, 1-5;;5'“0 Bony | 0.009 12% volume (:lejggﬁxri‘nin
al., 2007b) T2W anatomy ' 4 g
3D 5-65Gy
(Hentschel l'S;rZEIV'C Eclipse 35%
etal., 294 Y automated | <0.001 Superior and N/A
TIW+T2W . o
2011a) fusion inferior
3mm
1.5T ?cail o 18% reduction in
(Tanaka et 39 T2W Automated >0.05 31% mean dose to
al., 2011a) fusion Apex
3mm rectum

PD= proton density, Pts=patients, T = Tesla, TIW=T1 weighted, T2W=T2 weighted,

1.3.2 Dose escalation- necessity of whole prostate boost

A prescribed radiation dose is given with the objective of achieving a satisfactory likelihood of local

control of disease while keeping the risk of complications within acceptable levels. Dose escalation

improves the likelihood of disease control but for prostate therapy is limited by the proximity of the

anterior rectal wall and bladder. Even using highly conformal techniques such as IMRT it is

impossible to spare this entirely while delivering a prescribed dose to the PTV. Reducing the

expansion margin from CTV to PTV posteriorly can spare the rectum but carries a clinical risk. As

the rectum fills and empties the prostate moves significantly in the anterior and posterior direction.

This motion may be sufficient to move the prostate outside of a reduced PTV volume for a

proportion on treatment delivery and would risk under-dosing of the posterior prostate.

The CTV usually includes the entire prostate due to the concerns about likely multifocal disease

and the presence of cancer representing a field change effect. Over half of patients are found to

have multi-focal disease following RP and around 85% of specimens also contain areas of pre-

malignant prostatic intraepithelial neoplasia (PIN) (Qian et al., 1997; Villers et al., 1992). However it
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has also been shown that local relapse following EBRT is most likely to occur at the site of original
disease. Twelve patients who had experienced an intra-prostatic recurrence appeared, on the
basis semi-quantitative analysis using clinical examination and imaging, to have recurred within the
initial tumour volume (Cellini et al., 2002a). Eight patients treated with salvage RP for local relapse
after EBRT all had clinically significant recurrences at the site of primary disease (Pucar et al.,
2007). Finally nine patients who had unequivocal dominant tumour on pre-treatment evaluation
eight were found two years post EBRT to have recurrent disease within the same location
confirmed on biopsy (Arrayeh et al., 2012). In addition to these findings there is emerging evidence
that even in multi-focal disease the dominant lesion by size criteria may be the only one with
malignant potential although this remains contentious (Karavitakis et al., 2011; Schmidt et al.,
2006). The presence of a dominant nodule within the prostate may be predictive for biochemical

failure following treatment (Noguchi et al., 2003).

Given these findings a means of delivering selective dose escalation of radiotherapy to a small
area of the prostate with highest disease density, rather than the entire gland, is a logical and
attractive concept to reduce radiation dose to surrounding structures and associated treatment

related toxicity.

1.3.3 Improved disease identification with Multi-parametric MR

In addition to improving accuracy of prostate delineation MRI has the potential to identify regions of
high disease density within the gland. Meta-analysis of 10 studies correlating T2W imaging to
whole mount histology showed a wide range of reported sensitivity for detecting disease within the
peripheral zone between 37-96% (Kirkham et al., 2006). This large range may in part be due to the
differing restrictions on size considered significant by various studies and differing reporting
requirements. The two largest studies included, representing 60% of patients imaged, found
sensitivities of 60% and 62%. In the transition zone T2W performs less effectively with one series
showing 78 of 79 tumours <0.5 ml in size could not be identified (Ellis et al., 1994). Standard MRI is
not therefore sufficient to allow confident identification of intra-prostatic disease for focal therapy

and alternative imaging approaches are needed.

In addition to providing information on the relative PD, T1 and T2 characteristics of tissues MRI is
increasingly being used to assess functional characteristics. This can achieved, for example,
through the use of diffusion weighted imaging (DWI), dynamic contrast enhanced MRI (DCE) and
MR spectroscopy (MRS).

1.3.3.1 Diffusion Weighted Imaging

The amount of free water in tissues varies according to its cellularity and cell membrane integrity.
Water molecules move due to Brownian motion. This motion, or diffusion, is limited by tissue
structures and is measured by DWI. By applying a series of magnetic gradients, characterised by
their B-values, a profile can be obtained for a given tissue providing an indication of how freely
water can diffuse. These magnetic gradients are applied in pairs; the first de-phases the proton

spins and the second re-phases if no net movement has occurred. If net movement has occurred
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then signal attenuation results. This attenuation is affected by the strength of the diffusion gradients
and time between them. B-values are a measure of the diffusion gradient applied and usually
range from 0-1000 sec/mm?®. There have been recent reports suggesting that the use of “ultra-high”
values may improve diagnostic accuracy, although the evidence is conflicting (Kim et al., 2010;
Kitajima et al., 2012; Ueno et al., 2013). Healthy prostatic tissue will allow less restricted diffusion
and therefore be highly attenuated and appear dark on high b-value DWI. Malignant tissue by
contrast is more densely packed and will restrict fluid motion, appearing bright (Issa, 2002). High
T2 signal will also contribute to brightness, in a process independent of diffusion restriction, termed
“shine through”, which may confound image interpretation.

Apparent Diffusion Coefficient (ADC) is calculated by linear regression from two or more b-value
images allowing removal of this “shine through” effect. The appearance of ADC is reversed from
DWI with areas of restricted diffusion appearing dark. The use of DWI/ADC imaging in combination
with TIW and T2W has been shown to improve the accuracy of staging and planning of targeted
biopsies with sensitivity of up to 88% and specificity of 84% on meta-analysis (Delongchamps et
al., 2011; Wu et al., 2012b). ADC values show a correlation with tumour aggressiveness and may
be used to predict disease behaviour (Hambrock et al., 2012). It is however affected by the
heterogeneity of benign prostate tissue which limits its ability to identify small tumours and
therefore needs to be used in combination with other modalities (Borren et al., 2013). There is also
overlap of ADC values for normal tissue and prostate cancer preventing a single threshold for

malignancy.

1.3.3.2 Dynamic Contrast Enhanced MRI

DCE-MRI represents a measure of vascular perfusion and permeability within a structure. It is
assessed by the administration of a gadolinium based contrast agent with speed of enhancement
and washout measured. The relationship between signal intensity and contrast agent concentration
is non-linear and a conversion using T1 relaxation is required for a quantitative analysis. The signal
intensity over time has characteristic appearances in different structures (Figure 1-11).
Enhancement following a type 1 pattern is usually benign tissue, whilst type 2 is suspicious but not
definitive for disease. Neo-angiogenesis within tumours with disorganised, permeable vessels
typically increases speed of enhancement and washout (type 3). Within a lesion all three types may
be seen. The data generated can be analysed to look at various semi-quantitative parameters such
as the area under the curve or initial slope gradient. Pharmacokinetic models can be fitted to the

enhancement data to obtain quantitative parameters. Many have quantified K™"

which represents
the transfer of gadolinium into and out of the vasculature (Tofts et al., 1999). This is however a
combination of two independent variables, tissue permeability and perfusion. Alternatively these
factors can be calculated separately by applying the adiabatic approximation to the tissue
homogeneity model (AATH) model (St Lawrence and Lee, 1998). The AATH model requires the
use of additional parameters however which may also in turn lead to reduced precision in estimates

of perfusion and permeability.
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DCE-MRI is effective at detecting prostatic cancer; in one series detecting 92.9% of clinically
important prostate cancers (Hara et al., 2005). The use of DCE-MRI in addition to DWI and T2W
for detection of prostate malignancy is recommended by current European Society of Urogenital
Radiology (ESUR) guidelines (Barentsz et al., 2012a). Although the evidence for an additive benefit
is mixed, combining DCE-MRI with other sequences reduces the risk of mistaking prostatitis or
BPH for cancer (de Rooijj et al., 2014a). DCE-MRI results are dependent on arterial flow, described
in the arterial input function (AIF), which can be challenging to measure accurately. This affects the
trans

repeatability of results and contributes to the large variations found in the measure of K in

various studies by up to a factor of x10 in normal prostate tissues (van der Heide et al., 2011).

Type 1 Type2 Type 3

Signal
Intensity

Time Time Time

Figure 1-11: Enhancement patterns with DCE-MRI

1.3.3.3 Magnetic Resonance Spectroscopic imaging

The final functional technique most commonly reported in prostate imaging is magnetic resonance
spectroscopy (MRS). This exploits the fact normal prostate tissue is an effective producer of citrate
but much less so of choline. Within tumour, due to high cell turnover, the choline levels are
increased affecting the choline: citrate ratio (Verma et al., 2010). The metabolic concentrations can
be analysed using MRS imaging to look for characteristic peaks suggestive of pathology. The ratio
is also affected by other conditions such as BPH and it must therefore be used in conjuncture with
anatomical imaging. It is a challenging imaging technique requiring expertise and time and is not

therefore routinely practiced.

1.3.4 PI-RADS

It is only is the last few years that a consensus as to what should be considered malignant based
on the finding of multi-parametric (mp)-MRI has been agreed. A consensus document was
published in 2011 following a meeting of 16 European prostate cancer experts which proposed a 5
point subjective Likert scale to assign the probability of malignancy and concluded that it should be
possible to exclude disease of Gleason = 3+4 and size = 0.2 cm® in the transition and peripheral
zone (Dickinson et al., 2011). Subsequently in 2012 ESUR published the PI-RADS guidance on the
role of MP-MRI (Barentsz et al., 2012b). This scoring system is a narrative description with
potential for varying interpretation but provides an accepted schema for all to follow (Table 1-8 and
Table 1-9). Subsequent publications have attempted to provide a visual scale to place alongside it
(Figure 1-12).
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Table 1-8: Definition of total score according to modalities used (taken from (Rothke et al.,

2013))

PI-RADS Total score Total score
Classification Definition T2+DWI+DCE T2+DWI+DCE+MRS
1 Highly likely benign 3-4 4-5

2 Likely benign 5-6 6-8

3 Indeterminate 7-9 9-12

4 Likely malignant 10-12 13-16

5 Highly likely malignant | 13-15 17-20

DCE= Dynamic contrast enhancement DWI= Diffusion weighted imaging MRS= Magnetic

resonance spectroscopy

Table 1-9: PI-RADS scoring system for prostate cancer detection using MP-MRI

Score Criteria

1 Clinically disease is highly unlikely to be present

2 Clinically significant disease is unlikely to be present

3 Clinically significant disease is equivocal

4 Clinically significant disease is likely to be present

5 Clinically significant disease is highly likely to be present

T2W for peripheral zone

1 Uniform high signal intensity (SI)

2 Linear wedge shaped or geographical areas of lower S, not usually well demarcated

3 Intermediate appearances

4 Discrete, homogeneous low signal focus/mass confined to prostate

5 Discrete homogeneous low signal intensity focus with invasive behaviour or mass effect
or broad (>1.5cm) contact with surface

T2W for transition zone

1 Heterogeneous TZ adenoma with well-defined margins

2 Areas of more homogeneous low SI, well marginated, originating from TZ/BPH

3 Intermediate appearances

4 Areas of more homogeneous low S, ill defined. “erased charcoal sign”

5 4 with involved AFS or anterior horn of PZ, usually lenticular

DWI-MRI

1 No reduction in ADC compared with normal glandular tissue. No increase Sl on high B
value (=800)

2 Diffuse hyper Sl on =b 800 image with low ADC, no focal features, linear or geographical
features allowed

3 Intermediate appearance

4 Focal area(s) of reduced ADC but iso-intense Sl on high b-value images (=800)

5 Focal are/mass of hyper Sl ion high b-value images (=800) with reduced ADC

DCE-MRI

1 Type 1 enhancement curve

2 Type 2 enhancement curve

3 Type 3 enhancement curve

+1 Focal enhancing lesion with curve type 2-3

+1 For asymmetric lesion or lesion in an unusual place with curve type 2-3

MRS-MRI Choline +creatine/citrate ratio

1 PZ <0.44 CG =0.52

2 PZ 044-0.58 CG 0.52-0.66

3 PZ 0.58-0.72 CG 0.66-0.80

4 PZ 0.72-0.86 CG 0.8-0.94

5 PZ >0.86 CG >0.94

ADC= Apparent diffusion coefficient, AFS = Anterior fibromuscular stroma, BPH= Benign prostatic

hypertrophy, CG = Central gland, TZ = Transition zone,
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I: Normal PZ in T2w
hyperintense

Il: Hypointense IIl: Changes not
discrete focal lesion falling into categories
(wedge or band. 142 & 445

shaped, ill-defined)

IV: Severely hypo-
intense focal lesion,
round-shaped, well
defined without extra-

V: Hypointense mass,
round and bulging,
with capsular
involvement or seminal

PI-RADS classification of T2w: peripheral glandular sections.

capsular extension

vesicle invasion

I: TZ with stromal &
glandular hyper-
plasia without focal
hypointense
nodular or
oval-shaped

Il: Round hypointense
lesion with signs of
well-defined capsule.
Band-shaped hypoin-
tense regions

1ll: Changes not
falling into categories
142 & 445

PI-RADS classification of T2w: central glandular sections.

IV: Oval-shaped
anterior hypointense
lesion without
evidence of capsular
involvement, “charcoal
sign”: homogeneous
hypointense lesions
with loss of matrix +
ill-defined margins

V: Oval-shaped or
round mass with
compression/retraction/
extension of the
anterior capsule
Irreqular, infiltrating
mass with architectural
disintegration, invasion
into adjacent structures

I: No reduction in
ADC compared
with normal tissue /
no increase in Sl

on = b800 images

II: Diffuse hyper-
intensity on = b800
image with low ADC,
no focal lesions:
linear, triangular or
diffuse areas permitted

IlI: Unilateral hyper-
intensity on = b800
image with diffuse
reduced ADC

(no focal lesions)

PI-RADS classification of DWI (high b-values and ADC).

DCE-MRI-Type 1: 1 point

DCE-MRI-Type 2: 2 points

PI-RADS classification of DCE-MRI, part 1: Curve types.

IV: Focal area with
reduced ADC but
isointense Sl on = b800
image

V: Focal hyperintense
area/mass on = b800
image with reduced
ADC

DCE-MRI-Type 3: 3 points

DCE-MRI - DCE-MRI - DCE-MRI - DCE-MRI -
symmetric, asymmetric, asymmetric, asymmetric,
non-focal: non-focal: unusual location: focal location:
+ 0 points + 1 point + 2 points + 2 points

PI-RADS classification of DCE-MRI, part 2: Additional points for distribution patterns with curve types Il + 111

Figure 1-12: Visual representation of PI-RAD scale

The PI-RADS scoring system has been validated, with the sensitivity and specificity of a positive

scan finding dictated by the minimum score that is considered to represent disease; in one study

considering all PIRADS 2-5 lesions as malignant gave MP-MRI a sensitivity of 98% and specificity
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of 37% compared with 47 % and 97% when only considering PIRADS 5 (Grey et al., 2015). The
administration of antispasmodics prior to imaging to reduce motion artefact is recommended by
some to reduce motion artefact due to bowel movement but not considered essential(Wagner et
al., 2010). Comparison of Likert type and PI-RADS scales have shown no significant difference in
their performance in identifying disease although with less experienced operators the subjective
Likert scale performs less well. This suggests that to allow comparison between studies PI-RADS
should be adopted (Rosenkrantz et al., 2013).

PI-RADS V2.0 has recently been published. It removes the use of MRS and downgrades the role of
DCE due to its lack of value when T2W and DWI imaging is of diagnostic quality. In the peripheral
zone DWI is used predominantly to assign the PIRADS score, with DCE-MRI used to further
categorise intermediate DWI signal, whilst in the central transition zone T2w images are used, with
DWI playing a secondary role for intermediate scoring disease (Figure 1-13). The grading of DCE
signal appearance has also been clarified. The new scoring system still requires testing and

validation for specific research and clinical applications.

T T.
Peripheral Zone (PZ) nstionione TR

1 Any* Any 1 1 Any Any 1

2 Any Any 2 3 Any Any 2

3 <4 Any 3

3 Any 3
5 Any 4

- Any Any 4 a Any Any 2

5 Any Any S 5 Any Any 5

Figure 1-13: PI-RADS v2 grading system

1.3.5 Clinical application of multi-parametric MRI

1.3.5.1 Diagnosis and staging of disease

The use of PSA testing, digital rectal exam and TRUS biopsies as a diagnostic tool are imperfect
with over diagnosis of early, non-relevant disease. Studies have shown up to half of cancers will be
missed by initial prostate biopsies; these have a false negative rate of up to 30% (Djavan et al.,
2001). Due to its anatomical location, approaching the prostate via the anterior rectal wall makes
sampling the anterior of the gland challenging. MR localisation of prostate cancer is more accurate
that DRE and biopsy (Mullerad et al., 2005). It has been shown that tumour size on MRI is a more
significant predictor of metastatic failure than the conventional prognostic indicators of PSA,
Gleason score, percentage of positive core biopsies or risk category (Joseph et al., 2009b).
Patients with a tumour volume >1cc on MRI in that series experienced biochemical failure in 60%

of cases compared to only 16% of the remainder.
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Used pre-biopsy, or following an initial negative result, MP-MRI helps target biopsies and identify
higher grade disease (Moore et al.,, 2013b). It has been shown that MRS ratios and mean ADC
correlate with histology and this information can be used to help guide management towards
treatment or active surveillance where appropriate (Zakian et al., 2005; Hambrock et al., 2011,
Westphalen et al., 2011). MP-MRI is also recommended as part of an active surveillance program
for appropriate patients allowing identification of poor prognostic features such as high grade or
size (Johnson et al., 2014). It may improve the staging of disease in combination with conventional
T2W MRI, and is recommended in current ESUR guidelines to improve treatment planning for

intermediate risk disease (Barentsz et al., 2012b).

1.3.5.2 Benefit of functional MR in identifying prostate cancer

Numerous studies have looked at correlations between pre-treatment MP-MRI imaging and histo-
pathological findings after radical prostatectomy. These have shown a significant improvement in
identification of disease in comparison to conventional MRI, despite being performed in the pre PI-
RADS era (Table 1-10). The variation in imaging techniques used, analytical approach and findings
makes overall conclusions hard to form however generally DWI appears to be of more value than
DCE but their use in combination may improve performance. Meta-analysis of seven studies,
assessing the value to the addition of DWI to T2W, for imaging prostate cancer found the
combination increased sensitivity and specificity for detection of disease from 0.62 and 0.77 to
0.72 and 0.81 (Wu et al., 2012a). There was significant heterogeneity of results between studies
perhaps due to no attempt being made to correct for tumour location since TZ disease is more
challenging to identify. A further meta-analysis of seven studies assessing the role of DWI and
DCE with T2W showed an overall sensitivity of 0.74 and specificity of 0.88, however again marked
heterogeneity between studies was found although sub-groups were more consistent (de Rooij et
al., 2014b). The role of MRS remains unclear. This has not yet been assessed in a meta-analysis
and its role in individual studies is of limited importance. Its limited spatial resolution reduces its

value in defining the volume of disease.

Mechanical variation of the appearance of post prostatectomy specimens may induce a degree of
variation in the correlation with MP-MRI identified disease and there is as yet no accepted standard
way of processing specimens. The accuracy of contoured intra-prostatic disease, required for
planning of focal boost therapies, appears to be improved more by the addition of DWI than other

function sequences (Isebaert et al., 2013; Mazaheri et al., 2009).

All these studies are limited by the lack of consensus when they were carried out as to what
represents malignant disease on functional imaging and the use of multiple grading systems. In
future the use of a generally accepted scoring system should improve the homogeneity of reported
outcomes. A study comparing the contouring of five radiation oncologists following teaching in the
MRI appearances of prostate cancer, although not using PI-RADS, showed good agreement on
T2W and DCE-MRI and moderate agreement on DWI (Rischke et al., 2013). Analysis of the

differences showed inadequate comparison of functional and anatomical sequences and lack of
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awareness of non-specific findings. Both would suggest that appropriate training could mitigate the

effects.

The use of 3 T, or 1.5 T scanners with ERC, is recommended by various guidelines due to their
improved signal to noise ratio, although there is not yet strong evidence for this translating to a
clinical benefit (Muller et al., 2014). Further, the expert consensus is that MP-MRI is of sufficient

quality to allow focal treatments of prostate lesions.

43



Table 1-10: Accuracy of MP-MRI in identifying histological whole mount confirmed prostate cancer

Prostate examined and average

Author Pts | Sequence tumour size if known Sensitivity | Specificity | Comments
. T Whole gland
(Villers et al., 2006) 24 T2W, DCE Disease >0.5cm° 0.9 0.88 -
. ERC 1.5T o 2 DWI improved T2W sensitivity, particularly in PZ
(Haider et al., 2007) 49 T2W, DWI Whole gland 60%>0.13cm 0.81 0.84 (A(2) 0.89 vs 0.81)
(Scheenen et al., 3T 0.78 PZ 0.81 PZ i
2007) 45| Tow, MRS Whole gland 0.727TZ 0.62TZ
(Yoshizako et al LoT S i
2008) " 23 T2W 5mm, TZ zone only 0.69 0.94 Combination increased sensitivity
DCE+DWI
. 15T o
(Schmuecking et al., 0.82DCE 0.89 DCE Combination not assessed
2009) o7 Ifﬂvésg mm. DCE | Whole gland 0.68 MRS | 0.67 MRS | Cut off 3mm for DCE
(Puechetal, 2009) |83 | Lor | Viholedland , 0.86 0.94 for disease >0.5m|
. ERC 1.5T 0.82 ADC1 0.85 ADC1 ADC1 =0.0014mm°/sec
(Mazaheri etal., 2009) | 42| o\ ‘Apc PZ only 0.95 ADC2 | 0.65ADC2 | ADC2=0.0016mm?/sec
ERC 3T Combination of images most effective 80% PPV
(Turkbey et al., 2010) | 70 T2W, DCE, MRS Whole gland 0.73T2W 0.89 T2W for PZ
(Delongchamps et al., 57 ERC 1.5T Whole gland 0.8 PZ 0.97 PZ Combination significantly improves sensitivity
2011) DCE+DWI 83% >0.7mm 0.53TZ 0.83TZ specificity in PZ not in TZ
0.31 T2wW - . .
. 1.5T Whole gland i ADC significantly more sensitive (71.4% in PZ,
(Osugietal., 2013) 37 | 72w, DCE+DWI | >5mm 8'?1 zgg 89.7% TZ), combining no benefit
1.5T Whole aland Combination of three modalities improved
(Isebaert et al., 2013) 75 T2W 3mm, Mediang3 dem? 0.58 0.84 sensitivity
DCE+DWI ) DW most accurate for size
(Le et al., 2014) 122 | DCE+DWI Whole Mount 0.47 - 0.8 sensitivity for DIL
(Russo et al., 2015) 115 #ZSV-\FI 3mm Whole Mount 091 Pz - Gleason score 26 or size > 0.5ml considered
" DCE + DWI 0.83TZ - significant

ADC=Apparent diffusion co-efficient, DCE= Dynamic contrast enhancement, DIL=Dominant intra-prostatic lesion, DW= Diffusion weighted imaging, ERC=Endo-rectal coil,
MRS=Magnetic resonance spectroscopy, Pts=Patients, PZ=Peripheral zone, T=Tesla, T2W=T2 weighted, TZ=Transition zone
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Table 1-10: Outcome of multi-parametric MRI guided focal boost to dominant intra-prostatic lesion

(Crook etal., | 25 . . 46+25 HDR ,
2014) Treatment 3T DWI, DCE, T2w Nil Registered (46+20HDR) Omm Met dose constraints
(Sundahl et | 225 0 . e 2G2Gl 20

al., 2016) Treatment 1.5T DWI, DCE, MRS 94% Rigid Registration | 82 (78) Omm > G2 GU 45
I(tGu?rrigle;-et 15 1.5T, body coil, DWI, 2706 Rigid registration | 37.5+18.7HD | o >G2 Gl 13

al 20916) Treatment | DCE, MRS 0 MRI/USS R (37.5 + 15) 2G2GU 20

DCE=Dynamic contrast enhancement, DWI=Diffusion weighted imaging, ERC- Endo-rectal coil, FT- flat top scanner, HT = Hormone therapy, Int=intermediate,
MRS=Magnetic resonance spectroscopy, MU-Monitor units, NTCP-normal tissue complication probability, post-tx- MR imaging performed after neo-adjuvant HT, pre-tx-
MR scan performed before neo-adjuvant HT, Pts=patients, T=Tesla, T2W=T2 weighted
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1.3.5.3 Using MP-MRI to guide a focal dose boost to the dominant intra-

prostatic lesion

Based on these encouraging findings of improved sensitivity and specificity for identifying and
localising disease using MP-MRI, multiple groups have carried out planning studies or limited trials

of focal dose boosts to the dominant intra-prostatic lesion (DIL) (Table 1-11).

These studies show the feasibility of this approach although with caveats. Given that it has been
demonstrated that the whole prostate can be boosted with IMRT to 78-86.4 Gy with clinically
acceptable toxicity then the small preliminary patient IMRT study by Singh and the stereotactic
treatment by Mirabel, boosting significantly beyond this, may provide the most clinically relevant
data (Miralbell et al., 2010a; Singh et al., 2007; Zelefsky et al., 2011). Work modelling local control
of prostate cancer using data on prostate hypoxia levels suggests most tumours containing hypoxic
cells may not be cured at doses of 80 Gy in conventional 2 Gy per fraction, and therefore dose
escalation beyond this may be required (Nahum et al., 2003). The median dose boost to optimise
tumour control probability for intermediate and high risk prostatic lesions has been calculated to be
in the range 94-116 Gy, (Azzeroni et al., 2013). This is equivalent to a biological effective dose
(BED) of 215-270 Gy assuming prostate tumour o/ 1.5 Gy (BED represents a relative
effectiveness of a radiation treatment, accounting for a tumours inherent radio-sensitivity and
allows comparison of different fractionation regimes; a/f is a measure of a tissues inherent
radiosensitivity to different radiotherapy fractionations). This is supported by evidence in the
literature of a dose response up to 200-210 Gy BED (Crook et al., 2011; Stone et al., 2010;
Martinez et al., 2011). Of interest in this context is the recently published ASCEND-RT study
showing a significant BFS benefit from a LDR whole gland boost to 115 Gy over conventional DE-
EBRT to 78Gy (Rodda et al.). One planning exercise on 42 patients found it possible to keep OAR
doses within tolerance in 50% of plans whilst giving an IMRT boost of 151.2 Gy to the DIL plus a 3
mm margin, suggesting there is potential for significant further dose escalation, although increased
toxicity would be a concern (Housri et al., 2011). Encouragingly the studies boosting to doses =90
Gy reported early toxicity similar to historic levels from studies of dose escalation to the whole

gland, although longer follow up is required to assess for late effects.

On the basis of studies successfully demonstrating acceptable toxicity from focal boosts ongoing
trials using this therapeutic approach are currently recruiting. The largest is the multicentre phase
Il FLAME study which is aiming to recruit 566 patients to receive 77 Gy in 35 fractions +/-95 Gy
integrated boost to DIL (Lips et al., 2011). It is powered to look for a benefit in biochemical failure
rate at 5-years from DIL boosting and its toxicity data are awaited. The Princess Margaret Cancer
Centre, Toronto, is carrying out a single centre phase Il study aiming to treat 80 patients with 76Gy
in 38 fractions plus an integrated 95 Gy boost or 10 Gy HDR brachytherapy boost (Chung and
Menard, 2016). It is investigating local control rates at three years after treatment with repeat

biopsies and secondary endpoints of toxicity and dosimetry.
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Table 1-11: Outcome of multi-parametric MRI guided focal boost to dominant intra-prostatic lesion

Dose to DIL
Author Pts MR imaging HT Image fusion (dose Margin/ XRT Comment/Acute toxicity
PTV)Gy
(Pickett et 1 ?coil ?T ?FT . Rigid bony Omm
al., 1999) Planning MRS Nil anatomy 90 (70) 3D-CRT Reduced rectal dose
(Xia et al., 1 ?coil ?T ?FT . - Omm - .
2001) Planning MRS Nil Rigid 90 (75.6) IMRT Within dose constraints
(De Meerleer | 15 1.5T FT ERC 18/7 HT | Manual 78.3 (76.9) Omm Dose gradient due to proximity rectum,
etal.,, 2005) | Treatment | T2W pre HT in 8/15 comparison ' ' IMRT no significant toxicity
(van Lin et 5 1.5T Not FT ERC Nil Seed riaid 90 (70) Omm Reduced modelled rectal wall
al., 2006) Planning DCE+MRS 9 IMRT complication
(Singh et al., | 3 (from 3) 3T ?FT . - 3mm N .
2007) Treatment ERC DCE, MRS Nil Rigid 94.5 (75.6) IMRT No significant toxicity
118 (from . .
1.5T FT Pelvic coil . 82 (78)
(Fonteyne et | 230 52 MRS 66 T2W If.mt/ . Off line 81 (78) (MRS 8mm No increased acute toxicity
al., 2008) assessed) high risk IMRT
Pre-HT detected)
Treatment
(Miralbell et | 50 ?T ?FT ERC 66% Reaistered Up to 2100 3mm 50% =G2 GU
al., 2010a) Treatment T2W Pre-HT 6-30/12 9 (64) IMRT 8%=>G2 Gl
) 5mm within prostate
(Ippolito et 40 5 i 100% . 9.55% 2G2 GU
al, 2012) | Treatment | 1-2T PFTERC pre-HT |5 505 | Nil 80(72) TM1£$/8mm 13.3% >G2 Gl
15 IMRT dose more homogeneous and
(Onal et al., Plannin 1.5T ?FT Unknow Riaid 86 (76) 4mm higher to bladder. Low rectum dose
2014) e | DCE, ADC, MRS n 9 IMRT vs VMAT significantly increased with both. VMAT
y less MU
23 1.5T FT ERC Non-rigid
(Riches et Plannin DCE, DWI, MRS pre-HT | 100% correcting for 82 (74) omm Decreased dose to rectum and bladder.
al., 2014) 9 1.5T pelvic, T2W post- 3/12 ERC, rigid to CT Improved NTCP
study )
HT using Seeds
(Schild et al., | 78 0 . 83 2G2GI19
2014) Treatment 1.5T DWI, DCE T2W 41% Registered (77.4) Omm > G2 GU 53

DCE=Dynamic contrast enhancement, DWI=Diffusion weighted imaging, ERC- Endo-rectal coil, FT- flat top scanner, HT = Hormone therapy, Int=intermediate,
MRS=Magnetic resonance spectroscopy, MU-Monitor units, NTCP-normal tissue complication probability, post-tx- MR imaging performed after neo-adjuvant HT, pre-tx-

MR scan performed before neo-adjuvant HT, Pts=patients, T=Tesla, T2W=T2 weighted
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The studies discussed previously have all delivered treatment using IMRT with or without a HDR
boost. Newer approaches are possible such as volumetric modulated arc therapy (VMAT), treating
patients in one or two continuous rotations of the gantry head rather than from multiple fixed
positions. This technique is faster and, compared with IMRT, may be capable of boosting an intra-
prostatic lesion whilst keeping OAR doses within tolerance in more clinical cases whilst reducing
total radiation delivery (Shaffer et al., 2009; Onal et al., 2014).

Either a VMAT integrated boost (VMAT-IB) or an additional HDR boost (HDR-B) are acceptable
methods to intensity therapy. The relative efficacy and toxicity of either approach has not been

directly assessed.

1.35.3.1 Technical Issues with summation dosimetry of HDR-B
Reporting of rectal dosiOmetry after combination EBRT with HDR boost has been addressed in

multiple publications. The general approach to this has been to consider the HDR boost in
isolation, assuming EBRT to be relatively uniform between patients (Hashimoto et al., 2015;
Akimoto et al., 2006) or to consider the rectum to be uniformly irradiated by the EBRT dose when
summing the two treatments (Okamoto et al., 2012). Both approaches are imperfect. Although the
HDR dose to critical structures may be a significant contributor to late effect it is known that EBRT
dose also influences outcome. Previously a correlation has been shown between rectal bleeding
and anorectal V55-66 and between stool frequency and mean anorectal dose (Peeters et al., 2006;
Michalski et al., 2010). Both of these parameters will be influenced by the rectal EBRT DVH.

It is possible to create dosimetric distribution maps for the HDR and EBRT which can be converted
into EQD2 and summed giving a three dimensional representation of the combined treatment dose
and allowing generation of DVH tables. Linear addition of dose matrices is recommended by the
GEC-ESTRO working group for cervical cancer treatment planning, assigning a homogeneous
EBRT dose (for example all patients prescribed 45 Gy would be considered to have a uniform
EQD2 of 43.2 Gy to OAR) (Potter et al., 2006). This does not however account for deformation of

anatomy between treatments.

The use of deformable registration to fuse images containing dynamic structures, accounting for
variation in their shape and volume between imaging, is well established (Maintz and Viergever,
1998). Once a deformation vector field (DVF) is generated it can then also be applied to a dose
grid located in the same Cartesian coordinates. It has been shown, applying this method to pelvic
planning CT for cervical cancer patients receiving a HDR boost, that there is a significant variation
between deformed D2cc and uniform dose D2cc to OAR (Kim et al., 2014). Using deformable dose
summation three out of ten patients were shown to exceed OAR dose constraints which were met
with GEC-ESTRO recommended methods. The deformable registration of rectal contours from
EBRT and HDR CT imaging for prostate treatment has also been explored with a view to future

dosimetric analysis and been shown to improve over rigid registration (Moulton et al., 2015).

The effect of deformation of dose in comparison to summation of rigid dose fields, rather than

homogeneous EBRT dose, has not been assessed. The delivery of an MRI guided HDR boost
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requires the insertion of an endo rectal coil at the time of treatment. This distorts rectal architecture
and can change the proximity of rectal wall and prostate. When performing dosimetric analysis of
EBRT with HDR-B this change in proximity would mean that summation of the dose matrixes of
both therapies, converted to EQD2, and applied to OAR delineated on the CT planning scan may
misestimate the dose received by the anterior rectal wall. To accurately correlate delivered dose

and subsequent toxicity the effect of this deformation should be assessed.

1.35.3.2 Conversion of dose
The summation of dose from two radiotherapy treatments requires them to be converted into

equivalent fractionation regimes. By way of an example 45 Gy delivered in one fraction is likely to
be uniformly fatal, while 45 Gy given in 25 fractions is a commonly used and well tolerated
treatment. The differing effects of fraction size can be accounted for by converting any dose into its

2 Gy per fraction equivalent (EQD2), using the formula:
EQD2 = D(d + a/B)/(2+ a/B)
Where D = Total dose
d = Dose per fraction
a/B= a measure of the relative radio-sensitivity of a tissue to differing fractionations

The value for o/ is obtained by observation of delivered dose and subsequent outcome and as

such has changed over time for different tissues as new data becomes available.

The a/B for many tumours is around 10 Gy however for prostate cancer it has been found to be
significantly lower, somewhere between 1.5 — 3 Gy, with recent analysis supporting a value of
towards the lower end of this range(Brenner et al., 2002). The ao/f ratio for rectal late effects
appears to be 3-5 Gy (Michalski et al., 2010; Brenner, 2004).

When applying the EQD2 formula any value within these ranges could reasonably be used. An
attractive option is to choose an a/f3 of 3 Gy for both rectum and prostate; this permits the same
correction to be applied to the entire dose grid when converting to EQD2 and a single summation
procedure to be performed. The calculated EQD2 of a HDR-B is reduced by using an o/f ratio of
1.5 Gy in place of 3 Gy. This should be considered in analysis of the dosimetric outcome of this

therapy.

1.35.3.3 Effect of Androgen Deprivation Therapy on disease identification
No reported results have made allowance for the potential for variable response to HT when

targeting an area of disease within the prostate for focal dose escalation. MP-MRI has been
performed prior to any hormone therapy in all cases due to concerns about detectability of disease
following treatment. It has been demonstrated through DCE-MRI that HT induces a dramatic
reduction in prostate vasculature (Alonzi et al., 2011). Within 4 weeks of starting treatment blood
volume and flow within the prostate reduce by 83% and 79% respectively and by 3 months
significant increases in T2* relaxation occur. The reduction in volume and vascularity makes

tumour detection more challenging after hormone therapy but changes in DCE-MRI appearance
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have been proposed as a marker of response to HT to monitor for resistance and guide disease
management (Barrett et al., 2012). An appreciation of the changes in prostate appearance
following > 3 months HT with significantly higher diffusion and lower perfusion of prostate tumour
has meant MP-MRI routinely being performed prior to HT for tumour delineation. It has been
suggested that imaging post HT is unreliable for this role. This may not necessarily be the case;
one study of 21 patients found after a course of HT 18 still had an identifiable suspicious lesion
(Groenendaal et al., 2012b). Another found no significant difference between pre and post HT ADC
values, except in the ratio of tumour to peripheral gland results, with ADC able to differentiate

between tumour and benign tissue in this location (Riches SF, 2007).

Imaging post HT is attractive in that it may allow for identification of disease that is resistant to
hormone therapy and that may benefit most from a focal RT boost. Animal studies show that
androgen responsive tumours with a >50% volume reduction following HT are significantly more
likely to be eradicated by radiation (Zietman et al., 1997a). Therefore focal boosts may be most
beneficially directed towards tumours with a lower volume reduction following HT. In addition
radiotherapy will be given to a post HT prostate. If there has been a disproportionate reduction in
tumour volume relative to the remaining gland, conceivably due it increased vascularisation, then
the dominant lesion boost will be administered to an unnecessarily large volume using pre HT MP-
MRI even if correcting for overall gland shrinkage with image registration. Any intra-treatment MP-
MRI will by necessity be post HT for some intermediate and all high risk disease and therefore an
effective way of interpreting imaging in this setting has clinical relevance. Further the
recommended combination of T2W, DCE plus DWI for disease identification was used in only one
cohort in the above studies to identify the DIL post HT. This combination would be expected to

improve sensitivity and specificity based on previously discussed results.

MP-MRI is unable to precisely define the extent of an identified disease. Differing MRI techniques
can show apparently conflicting information with limited areas of overlap (Groenendaal et al.,
2010b). Using MP-MRI and applying a common margin of 5mm to identified tumour encompassed
on average 85-100% of histologically confirmed disease (Groenendaal et al., 2010a). An expansion
margin this large would risk delivering dose escalation to an unnecessarily large volume. An
alternative solution is to assign a GTV boost to areas of overlap and high certainty with areas of
less certainty encompassed within a lower dose CTV margin, or even more complicated methods
to vary dose dependent on calculated probability of disease (Groenendaal et al., 2012a; Langer et
al., 2009).

1.35.3.4 Benefit of Androgen Deprivation Therapy with focal dominant lesion boosts
The use of hormone therapy with dose escalation to a dominant lesion is variable. A large

proportion of patients treated on studies of focal escalation have had intermediate risk disease.
Their localised tumours with lower likelihood of disseminated disease make them good candidates
for intensified local therapy. Whether HT should be offered to intermediate risk disease receiving a
targeted boost is unclear with limited data available from EBRT trials (Table 1-12). Two studies
have reported prospective results. The EORTC 22991 study randomized 819 men with
intermediate or high risk disease to 70-78 Gy with or without six months concomitant and adjuvant

hormone therapy. 74.8% of those enrolled had intermediate risk and 24.8% high risk disease.
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Table 1-12: Summary of published outcomes for intermediate risk prostate cancer receiving dose escalated external beam radiotherapy with or without

hormone therapy

No. Proportion Proportion .
Study type patients intermediate Treatment receiving HT BFS (HT vs no HT) Conclusion
— - - - Py
(zg'gj)k' etal, Retrospective | 237 100% IR gig'mmey t-median | 5oq, %;‘g’syg;r/s" (p=0.6) No benefit
- 0, =
(2%u1b1r:)y etal, Prospective 377 100% IR iﬁ)lng.F/ 47% 2@7 \BISyS;rf (p=0.04) Benefit
- - 5 -
(Z‘BT‘BSS etal, Retrospective | 365 100% IR mgg:gﬂ Z?ig oy + 20% ng ;’Z;S'Z/" (p=0.59) No benefit
(Valicenti et al., . 0 Median 79/77.4 Gy o 77 vs 82% (p > 0.05) .
2011) Retrospective | 291 100% IR - 25% @ 5 years No benefit
F-IR 97.4 vs 96.3%
. . 48% F-IR >75Gy +/- median 6/12 40% F-IR (p=0.874) Benefit only in
(Bianetal,, 2012) | Retrospective | 636 52% U-IR HT 66% U-IR U-IR 92.9 vs 81.6% U-IR
(p=0.009) @ 5 years
F-IR 95 vs 94% (p=0.8546) . .
0 - 0, -
z(gf‘;t'e etal, Retrospective | 418 gg;; E_'li 75.6-78Gy +/- <=6/12 HT égoﬁ LFJ_'IE U-IR 94 vs 74% (p=0.005) S?Ir;zef't only in
@ 5 years
= - i 0, =
(Zzoulr;s)teg etal, Retrospective | 710 100% IR :”_81 Gy +/- median 6/12 50% %O XS SZ;S/O (p=0.003) Benefit
i = - i 0 =
(Zf)izrae)l ber etal, Retrospective | 203 100% IR Z /1725|'_|61(_3 y +/-median 21% 8@9§ ;lgatgj % (p=0.02) Benefit
: 74.8% IR o Significantly reduced .
(Bolla et al., 2016) | Prospective 819 24.8% HR 70-78 Gy +/- 6/12 HT 50% @ 7.2 years Benefit

HT = Androgen Deprivation Therapy, BFS = Biochemical failure free survival, F-IR = Favourable intermediate, HT = Hormone Therapy, U-IR = Unfavourable intermediate,
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After 7.2 years the addition of hormones had a significant beneficial effect on BFS and clinical PFS
with hazard ratios of 0.53 and 0.63 respectively (Bolla et al., 2016). Analysis of the GETUG 14
study randomizing 377 patients with intermediate risk disease to 80Gy to prostate plus 46Gy to
seminal vesicles with or without 4 months HT showed BFS of 97% and 91% (p=0.04) respectively

at three years follow up (dubray et al., 2011a).

Retrospective data are available from several series, with conflicting results. Analysis of outcome
for 710 intermediate risk patients treated with = 81Gy (mean 83.4Gy) DE-EBRT at Memorial Sloan-
Kettering Cancer Centre from 1992-2005 showed a benefit from HT with BFS of 80% and 67.5% (p
= 0.003) at 10 years for those who did or did not receive HT (Zumsteg et al., 2013b). Another
retrospective analysis looked at 203 intermediate risk patients treated from 2003-2010 who
received 275.6 Gy with or without a median of six months HT (Schreiber et al., 2014a).
Radiotherapy alone was received by 79% of patients with BFS at six years, 89.2% and 76.7% (p =
0.02), favouring those receiving additional HT. A review of 2000 patients receiving varying doses
of EBRT also found that doses = 81 Gy and the use of HT were associated with improved outcome
in intermediate and high risk patients (Zelefsky et al., 2011).

In contrast other retrospective studies have failed to identify any benefit. A retrospective series of
365 intermediate risk patients receiving a median dose of 79.6Gy EBRT to isocentre found no
significant benefit in BFS at 4 years, 89.2% vs 86.2%, from the addition of HT for a median of 6
months (Krauss et al., 2011). Of note only 73 patients received HT and those who did had worse
disease characteristics. An analysis on 883 patients enrolled on RTOG 9406, a phase I-1l dose
escalation study, whose mean PTV dose exceeded 73.8 Gy, found no benefit to HT for any risk
group from Cox proportion hazards regression modelling although BFS improvement approached
significance in high risk disease (Valicenti et al., 2011). This study had 291 intermediate patients of
whom 74 received HT for not longer than 6 months before EBRT. A third analysis of 237
intermediate patients receiving a median of 78 Gy with or without a median 6 months HT showed a
non-significant five year BFS increase from 81% to 84% (p=0.6) from the addition of hormones
(Ciezki et al., 2004)

Finally two studies have looked at the effect of sub-classification. In the first disease was
retrospectively classified as favourable or unfavourable in 636 patients with intermediate risk
disease treated to >75Gy with or without an average of 6 months HT at MD Anderson (Bian et al.,
2012). A significant benefit in five year BFS from the addition of an LHRH agonist, increasing from
81.61% to 92.9% (p = 0.009), was seen only in those with unfavourable disease, which was
identified using recursive partition analysis as primary Gleason 4 or =50% positive cores and no
moderate or severe comorbidity. For those with favourable-intermediate disease BFS was 97.4%
vs 96.3% (p = 0.874). Another retrospective study reviewed 418 patients receiving 75.6-78Gy with
or without up to 6 months HT (Castle et al., 2013). Again a BFS benefit from the addition of HT was
only seen in unfavourable-intermediate disease, defined from recursive partition analysis as
Gleason (4+3) or T2c disease, with an improvement from 74 to 94% at five years. These results

must be interpreted with caution as neither stratification has been prospectively validated.
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Further work assessing the benefit of HT with DE-RT for stratified intermediate risk disease is
therefore of interest. Although various criteria to sub-classify intermediate risk disease have been
proposed that by Zelefsky et al (primary Gleason pattern 4, percentage of positive biopsies = 50%
or = 2 intermediate risk factors) has subsequently been validated from a prospective cohort by
Keane et al at providing merit for its use in other groups (Keane et al.,, 2014; Zumsteg et al.,
2013a).

Given the degree of uncertainty of benefit from the addition of HT to whole gland dose escalation it
is even more challenging to have certainty of role with a focal ultra-escalated boost. Any potential
clinical improvement has to be considered against the additional difficulty in the identification of

disease that HT administration may introduce and the associated morbidity.

1.3.6 Confirmation of disease by targeted biopsy

MP-MRI is the optimal imaging modality for identification of significant cancer within the prostate
(Weinreb et al., 2016). Despite this there remains a risk of false negative or positive findings; one
meta-analysis of studies of PIRADS v1 scored MP-MRI, all using differing definitions of significant
disease, found an overall sensitivity of 0.78 (85% CI 0.70-0.84) and specificity of 0.79 (95% CI 0.68
—0.86) (Hamoen et al., 2015). This is of concern when planning dose escalation based on MP-MRI
and is a rational for a targeted biopsy to confirm the presence of localised significant disease prior
to delivery of a focal boost. The positive predictive power of a pre-biopsy MP-MRI for subsequent
discovery of any disease is increased with lesions with higher PIRADS scores (Futterer et al.,
2015). There is limited data on the likelihood of disease within a particular lesion seen on MP-MRI
but the positive predictive power for a PIRADS 4/5 lesion appears high. In one series assessing
MP-MRI accuracy using subsequent whole mount prostatectomy specimens PIRADSv1 4-5 lesions
had a positive predictive value of representing disease of 96% and 98% respectively while others
have also shown PIRADSV2 4 lesions to have PPV 96% (Delongchamps et al., 2015b; Baur et al.,
2014).

MRI guided biopsy can be performed with trans-rectal US or MRI with samples taken using a trans-
rectal or perineal approach, either in-bore or outside of the magnet (Marks et al., 2013; Robertson
et al., 2013). MR and US imaging may be combined using visual registration- the operator has a
recent MP-MRI image available on separate screen to use in combination with real time US- or the
images may be fused and viewed on one display. Visual registration may be challenging, and is
dependent on the real time identification of landmarks to allow information from the MR image to be
accurately matched to the US. This method may be inferior to fusion of MR and US images at
detecting cancer, although a recent meta-analysis found no significant difference (Delongchamps
et al., 2013; Schoots et al., 2015). It has been shown in a randomized study that no significant
benefit is obtained from trans-rectal biopsies performed with MR-US guidance biopsy plus
systematic TRUS biopsy compared with in-bore MR guided biopsy alone, despite requiring
significantly more biopsy samples and speaking to the value of in-bore MR guidance (Arsov et al.,
2015). Trans-perineal biopsy have also been shown to improve detection and reduce false

negative results in comparison with a trans-rectal approach (Chang et al., 2013). The trans-perineal
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approach reduces the risk of post-biopsy sepsis and can effectively target anterior gland disease

but requires general anaesthesia (Lange et al., 2009; Satoh et al., 2005; Merrick et al., 2008).

The use of in-bore MR guided biopsies allows for visualisation of the target lesion and confirmation
of accurate needle deployment. The technique was first reported in 2001 but has had limited
subsequent data published on its efficacy (Hata et al., 2001). A recent report demonstrated its
efficacy and safety in detecting cancer in patients with positive MP-MRI findings but no information
on correlation of biopsy findings and initial imaging characteristics or accuracy of targeting was
provided (Penzkofer et al., 2015). It has been demonstrated in one study that out of bore trans-
rectal MR-US fusion targeted biopsies yield significant disease in 86% and 93% of PIRADS 4 and 5
lesions targeted but that a benign biopsy has a negative predictive value (NPV) of only 29% and
25% for each grade respectively (Delongchamps et al., 2015b). Despite this multiple studies have
used MR-guided biopsy as the standard against which PIRAD classification sensitivity and

specificity is assessed (Schimmoller et al., 2013) (Baur et al., 2014).

Given the high PPV that PIRADS 4/5 lesions appear to achieve, the low NPV of targeted biopsies
calls into question their value prior to focal dose escalation. It is of interest whether in-bore MR-
guided trans-perineal biopsies can improve on this NPV, as failing to dose escalate following a
negative result may otherwise carry a high risk of not treating an area of significant disease. Of
particular interest is assessment of the mechanism of negative targeted biopsies; whether this is
due to inaccurate targeting or a product of imaging misrepresenting the true tumour location. By
performing in-bore biopsy imaging can be taken pre- and post-procedure to confirm accurate
sampling and correlation to histology. It would seem possible that even with MR-guidance biopsies,

particularly from the base of the prostate may be deflected from their intended target.

The growing interest in MRI-targeted biopsy has been hindered by variation in reporting of
participants, technique and definition of disease. For example a fraction of Gleason 6 disease
identified in a targeted PIRADSv2 5 lesion can be reported as positive but is likely to represent
incidental biopsy of a satellite lesion than the disease targeted and may not be clinically significant.
For that reason the Standards of Reporting for MRI-targeted Biopsy Studies (START) has been
established (Moore et al., 2013a). In particular a definition of significant disease is required but
there is not a present consensus on what this is. Various combinations of disease grade and/or
core involvement proposed and are considered acceptable for reporting (Epstein et al., 1994; Goto
etal., 1996; Ahmed et al., 2011).

1.3.7 Evaluating disease response during radiotherapy

An attractive area for research is whether changes in function parameters during EBRT are
predictive. These may allow identification of patients who would benefit from an escalation of
delivered dose, due to a high risk of disease recurrence, accepting a potential increased risk of
treatment related toxicity. The use of ADC as an early clinical marker of treatment response has a
role in high grade glioma and may be applicable to other sites. Changes in diffusion properties
three weeks after completing treatment for diffuse malignant glioma have been found to predict for
response at ten weeks and time to relapse (Hamstra et al., 2005). In rectal cancer post chemo-

radiotherapy ADC levels appear significantly higher in complete responders, potentially avoiding
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surgery in selected cases (Kim et al., 2009b). It has also been shown in rectal cancer that a low
pre-treatment ADC, and significant treatment induced changes, predicts for a better response to
chemo-radiotherapy (Lambrecht et al., 2012). This may reflect an increased necrotic component
with associated areas of hypoxia in those with high pre-treatment ADC, likely to cause radio-
resistance. Work has also been carried out with squamous cell carcinoma of the head and neck,

showing an association between ADC elevation at one week and prognosis (Kim et al., 2009a).

It has been demonstrated that the ADC within the prostate is related to cell density and is reduced
in malignant tissue relative to the normal gland (Zelhof et al., 2009). Further there appears to be an
inverse relationship between Gleason score and mean ADC (Vargas et al., 2011). Both of these
phenomena are likely to represent the increased density of more aggressive disease disrupting
water diffusion. Multiple studies have also demonstrated a relationship between changes in ADC
and administration of systemic agents. For example it has been shown that changes in perfusion of
xeno-grafted prostate disease, but not normal tissue, following administration of the tyrosine kinase
inhibitor sorafenib, are sufficient to induce detectable changes in ADC, which significantly correlate
with cell apoptosis (Cyran et al., 2012). Following HT ADC has also been demonstrated to rise,
likely a consequence of induced cell shrinkage, atrophy and apoptosis, with associated marked
reduction in tumour volume, density and capsule penetration (Bullock et al., 2002; Hotker et al.,
2015).

Data on changes in functional imaging of the prostate during and after radiotherapy has been
published by multiple studies (Table 1-13). Radiotherapy induces an increase in tumour ADC
during and post treatment with peak values consistently seen on post treatment imaging. This may
be due to a reduction in the cell density of disease following treatment and disruption of its
architecture. In the one study with a conflicting result of ADC falling slightly between week six and
eight of treatment there is no post treatment value to confirm a continued fall and it may be this
represents artefact in the context of the other studies findings (Foltz et al., 2013). By contrast
normal tissue values appear to fall slightly following treatment presumably due to fibrosis. Post
treatment there is no significant difference in ADC of tumour and surrounding normal stroma. No
studies have assessed ADC changes in a high risk disease cohort. Patients with high grade
disease may be particularly likely to benefit from identification of poor response during therapy.
These patients should, on the basis of available evidence, receive HT prior to radiotherapy.
Whether ADC can identify changes during radiotherapy in such a patient cohort has not yet been
addressed. The available evidence would suggest a rise in the ADC of tumour following neo-
adjuvant HT (NA-HT) would reduce any variation with surrounding normal tissue, making disease
identification challenging at the time of RT. Having pre-HT imaging to guide identification would be

of value. Changes in prostate tumour ADC during RT are also likely to be attenuated.

DCE-MRI has been shown to have predictive for administration of systemic agents. DCE-MRI
changes in perfusion of xeno-grafted prostate disease, but not normal tissue, following
administration of the tyrosine kinase inhibitor sorafenib are detectable and significantly correlate
with cell apoptosis (Cyran et al., 2012).Other work has looked at changes in DCE parameters
before and post prostate radiotherapy, predominantly in the context of identifying recurrent disease.

Two studies looked at changes through treatment. Kershaw et al studied 20 patients, performing a
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baseline DCE scan, using a 1.5 T scanner, and a repeat 12-17 months after completing
radiotherapy (Kershaw et al., 2008). All patients received neo-adjuvant ADT following the initial
scan. Significant changes were found following treatment with reduction in tumour blood flow and
permeability. It is impossible to comment how much of this is due to ADT. Subsequently Franiel et
al imaged 6 patients with a 1.5T scanner and ERC before, at the end of radiotherapy and twice
subsequently (Franiel et al., 2009). The cohort were found to have an increase in tumour perfusion
immediately after treatment which then declined significantly over the next year. The extraction co-
efficient was found to fall initially before rising to pre-treatment levels at the end of one year.
Unpublished work by Foltz et al, imaging 25 patients fortnightly through 8 weeks of treatment using
a 1.5 T scanner, found increases in Toft kinetic parameters from week 2 (personal communication).
Extra-vascular volume appeared to correlate with radiotherapy effects. No scans were taken
following completion of treatment. These studies show that changes in DCE characteristics do
occur with radiotherapy and suggest that these may start to occur early in treatment. As for DWI
imaging the work is limited by the lack of data on the effects of radiotherapy on patients receiving

ADT, who would be a target for future dose escalation.

Functional imaging performed during therapy would see largest changes towards the end of
treatment; imaging at around three quarters of the way through therapy might allow identification of
prognostic changes, if present, whilst allowing for treatment intensification by extending therapy or
adding a focal boost if felt indicated. ADC rises continue after completion of RT, although for how
long is unclear and repeat imaging in the months after RT completion might be most likely to

identify changes following combination therapy which predict for ultimate outcome.

Overall this is an area requiring further exploratory work. It is known that changes occur within the
prostate during treatment but these have not yet been successfully correlating this with outcome.
One study has shown significantly lower post RT ADC values in those who ultimately relapse (Liu
et al., 2014a). This could inform surveillance strategies and early salvage therapies but not initial

treatment intensification to prevent relapse.
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Table 1-13: Changes in DWI during and after radiotherapy treatment

ADC (x10°mm?/s) tumour

A\F/)tés MR Pre | after 2506 | AMer | Atter 75% | End Comment
Av PSA sequence tx sfr tx ° SOZ(: of gfr tx 0 tr)‘( post tx
9 1-9m
(Takayama et GS 7 1.5T post Malignant ADC significantly lower than benign pre-tx.
al., 2008) b=0,700 1.07 - - - - 1.41 Difference disappeared post tx
PSA10.6
P<0.01
49 1-5m
(Song et al., GS 7 3T post Malignant ADC significantly lower than benign pre-tx.
2010) PSA 43 b=0,1000 1.0 - - - - 1.61 Difference disappeared post tx
p<0.05
8 3T 1m post . - .
Foetsh | oo |b0ioa0|oss | 103 | ass |- | - | Lo | MelnanABesoncanty e danbenignpec
PSA 9 0 P=0.005 P<0.001
14
(Iraha et al., GS 7 _ 15T NS Received HT prior to RT. 14 of 44 patients with persistent
2012) PSA31.4 B=0,800,20 | 0.76 ) ) . ) 1.02 disease post HT assessed
(0.7 post 0 P =0.001
HT)
(Foltz et al. 17 1.5T Maximum change in tumour at 6/52 (p = 0.013), in whole
2013) ' GS7 b=0,600 1.13 1.21 1.24 1.30 1.28 - gland at 2/52 ’
PSA 7.8 b=0,1200 0.85 0.90 0.91 0.97 0.91 -
(P=0.013)
13 3T ST Zist Malignant ADC significantly lower than benign pre-tx.
(Decker et al.) GS7 b=0,800 1.06 1.23 1.28 1'34 Difference disappeared post tx. Changes more marked
PSA 13 b=50,800 1.0 - 1.16 - 1.21 p<b 01 higher grade, easily identified disease
78 1-4m
(Liu et al., G7 3T post Significantly higher rise is patients not recurring
2014b) PSA > 20 B= 0,800 1.04 - - - - 1.45 (p < 0.001)
P <0.001

ADC=Average diffusion co-efficient, Av=average, GS=Gleason score, m=months, Pts=Patients, T=Tesla, tx=treatment
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1.4 Medical Image registration and fusion

Conventional RT planning requires CT imaging to provide information on electron density, allowing
for calculation of radiation attenuation and dosimetry. For effective integration of MRI into the
planning process identified structures of interest, such as the DIL, must be accurately transferred to
the CT image which can be achieved in various ways. The most straightforward is to display the
two data sets alongside one another with a human operator comparing relevant slices of data but it
is challenging to ensure matching images are being compared. Alternatively the two images can be
combined as a single output, which has been shown to improve delineation of critical structures
(Panigrahy et al., 2000).

The combining of two independent sets of images, with variations in scale, orientation and
appearance provides significant challenges for accuracy and reproducibility. The objective of any
approach is to achieve a final transformation that most accurately represents the area of interest.
Integration of two images requires two steps; an initial registration whereby the images are brought
into spatial alignment and a subsequent fusion to allow their integrated display (van den Elsen et
al., 1993).

The most straightforward approach to image registration is to perform different imaging sequences
in the same Cartesian coordinates by calibrating two scans, allowing for non-image based
registration. This is not generally possible with CT and MR imaging, which are performed on
different machines at different times. In future with the potential development of combined MR-CT

linacs this may become a more common solution (Sjoerd and Bas, 2014).

When Cartesian coordinates are not matched an alternative approach is to base registration of
image sets upon extrinsic objects introduced into the image. For registration optimisation the
imaging protocols should be matched. Conventionally CT imaging is performed with the patient
lying on a flat couch while MRI scanners have couch with a slight transverse curve due to its
narrow bore. This can cause changes in patient positioning. A temporary flat top can be added to
the MRI couch, reducing the clearance in bore slightly, which improves reproducibility between the
two images, aiding registration. Extrinsic objects can be invasive, such as a stereotactic frame for
imaging of the brain, or non-invasive with potentially less accuracy, such as skin markers. They are
designed to be visible to all imaging modalities and allow for quick, accurate orientation and
registration of images. Regardless of approach, it is prospective and must be planned prior to any

imaging occurring.

Neither matching of Cartesian coordinates of the use of extrinsic marker can provide information on
alterations of internal structure between images, i.e. movement of organs. The fixation of extrinsic

markers can also be potentially intrusive for the patient.

By contrast intrinsic objects allow for the internal movement of structures by using a set of
landmarks within the imaged anatomy, segmentation of structures or analysing information on
image intensity contained within voxel properties. Point based registration uses landmarks that are
identifiable anatomical points or areas of geometrical distinction such as corners, bifurcations and

edges. More complex intrinsic registration methods may be surface or voxel base and are not
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discussed further. The identification of landmarks generally requires some user input, preventing a
fully automated process. Once landmarks are identified they generally allow for rigid or semi-
deformable transformations and can be combined with other deformable registration processes to
prevent large mis-matches and increase speed. An optimisation algorithm can be iteratively applied
during a transformation to minimise distance between marker points to give a best fit
registration(Besl and McKay, 1992). For accurate deformable registration, good initial registration is
required to bring appropriate points into close alignment. Any significant variation can propagate

marked errors into the registration process.

CT imaging is unable to routinely identify interstitial prostate anatomy which may be seen on MRI.
Consequently the use of shared anatomical points prostate within the prostate to guide registration
of the image sets is problematic. To overcome this issue gold seeds have commonly been
implanted into the prostate to act as fiducial markers. These are visible on CT and MRI and provide
common points to guide accurate rigid registration during planning imaging. They can be easily
identified on imaging performed during treatment to assist image guided radiotherapy (IGRT)
(Parker et al., 2003).

The insertion of fiducial markers risks morbidity however, with a recent series finding the procedure
causing uro-sepsis in around 1 in 13 patients and around 1 in 40 required hospital admission for
treatment (Loh et al., 2015). The routine use of fiducial markers for treatment set up has ceased in
some centres as a consequence and alternative methods of registering MR and CT images in their

absence is of interest.

1.4.1 Assessment of registration accuracy

For comparison of registration techniques a method of assessing accuracy is required. If common
points are identified then the distance between these once registration is complete is one such
method. For this approach a minimum of three shared points, either anatomical points or fiducial
markers, are required to localise a structure’s orientation in three dimensional space. The distance
between mutual points on two registered image sets can be reported in various ways to assess
registration accuracy. For example if the mutual points furthest apart after registration have most
clinical significance, then the root mean squared error will emphasise these data points. This is
calculated by the summing the square of the distance between mutual points then dividing by the
number of distances measured and taking the square root of the answer. Alternatively if outliers
from the average displacement would skew interpretation, for example the displacement of one set
of mutual points may be far worse than others for unexplained technical reasons that do not reflect
the overall registration accuracy, then the mean absolute error will be less influenced by this
variation. The mean absolute error is calculated by summing all of the distances and then dividing

this by the number of distances measured.

When using fiducial markers for assessing registration accuracy their centroid can be taken as the
mutual point and the minimum root mean squared distance between them on the two image sets
represents optimal registration. Alternatively the fiducial markers can be segmented and converted
into a surface model using planning software and registration of the surfaces that minimises the

root mean square distances using an automated iterative closest point method can be performed.
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This has been demonstrated to significantly improve upon registration using fiducial marker
centroids and therefore most closely represents optimal matching against which to compare

registration techniques (Huisman et al., 2005).

If common points are not available then the agreement of the delineated outline of the organ of
interest on each image set can be assessed. This delineation may be performed automatically but
will usually require operator input. Assessment of correlation may be measured using various
metrics depending on which errors are of most concern. For example the Hausdorrf metric
measures the furthest distance between sets of points and is therefore sensitive at detecting fidelity
of shape between structures which may have small volume (Huttenlocher et al.,, 1993).
Alternatively overlapping ratio measures, such as the Tanimoto Coefficient (TC) or Dice Similarity
Coefficient (DSC), are sensitive to translational errors but relatively insensitive to changes in
volume or shape (Crum et al., 2006). For rigid registration of a structure which has not changed in
shape or volume between the two image sets these are both widely used options. Both TC and

DSC range between 0, no overlap, to 1, complete overlap and are related by:
DSC =2TC/(TC + 1)

Such that they are equal at the extremes (0,1) and DSC > TC between these values. Both are used
in the literature although DSC is more commonly reported and therefore can provide some
comparable metric between different studies. DSC has demonstrated efficacy as a summary

measure of spatial overlap of manual prostate segmentation (Zou et al., 2004)

1.5 Summary, hypotheses and aims

MRI improves prostate identification and allows for a reduction in the volume of delineated GTV
and subsequent dose delivered to nearby OAR (Table 1-7). Large quantities of data regarding the
likely benefits of MRI for planning and IGRT have been collected over the last two decades. MRI
will soon be increasingly incorporated into routine imaging during therapy and IGRT with the
development of commercial MR-Linac solutions (Lagendijk et al., 2014). The implications of this for
practice are as yet unclear. A review of available published data would help to inform carefully

considered future studies.

To be effectively used in combination MR and CT images must be accurately registered in 3-D
space. This registration can be performed based upon interstitial points, usually inserted fiducial
markers, which can also be used to validate registration accuracy. Conventional CT imaging does
not appear to offer sufficient resolution to allow differentiation of interstitial structures for this
purpose. Novel image acquisition strategies may permit this and remove the need for fiducial

markers insertion with associated potential morbidity (Catton and Alasti, 2016).

Randomised trials of dose escalation in treatment of prostate cancer up to 74-80 Gy have shown
improvements in biochemical free survival (Table 1-5). Prospective studies have not shown an
improved overall survival advantage but this is suggested by retrospective analysis (Kalbasi et al.,

2015). This failure to demonstrate a survival advantage may in part be due to sub-optimal HT use.
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Dose escalation of radiotherapy to the prostate beyond 80 Gy is limited by additional toxicity to
surrounding organs at risk, in particular the rectum and bladder. The use of IMRT and optimal
IGRT has allowed some groups to safely escalate EBRT to 86.4 Gy (Zelefsky et al., 2011). Early
malignant changes may be treated effectively with 64 Gy but a tumourcidal dose for a resistant
focus of disease may be significantly in excess of 80 Gy, possibly = 96 Gy (Nahum et al., 2003). It
has been shown that relapse is most likely to occur at the site of original disease (Cellini et al.,
2002b). Multiple planning studies and small treatment groups have demonstrated the feasibility of
giving an additional boost to a dominant area of disease although no group has reported late

toxicity for patients receiving an IMRT focal boost to greater than 80 Gy.

The use of MRI in the planning process improves visualisation of the prostate, reduces treatment
volumes and consequently reduces the dose of radiation received by nearby organs at risk (Table
1-7). Its use should reduce further associated toxicity from dose escalation. The use of VMAT in
place of IMRT is faster, further reduces dose to OAR and reduces overall exposure to radiation.
Biopsy of an identified lesion prior to dose escalation to confirm the presence of malignancy has
merit but appears to carry a significant risk of a false negative finding (Delongchamps et al.,
2015b). The effectiveness of in-bore MR-guided trans-perineal biopsies in this setting has not been

reported.

Preliminary work has been performed looking at changes in MP-MRI during a course of
radiotherapy. This has been carried out with the ultimate aim of identifying patients who are
responding poorly to treatment in order to permit selected treatment intensification. Given the
already excellent outcomes in low risk cancer it is likely this intensification may be most beneficial
in some intermediate and high risk disease. All high risk and most intermediate patients currently
receive NA-HT as standard therapy and therefore changes in MP-MRI following NA-HT are of
clinical interest; no group has yet assessed MP-MRI changes during RT for this patient group. HT
has been shown to improve overall survival for patients receiving radiotherapy and is routinely
recommended for patients receiving dose escalated radiotherapy for high risk disease. The
evidence for its use in intermediate disease is conflicting (Table 1-12). Available evidence suggests
a biochemical relapse free survival benefit from its addition. No survival benefit has yet been

demonstrated, although this may be seen with longer follow up.
This thesis tests the hypotheses that:

¢ MR and CT image registration can be improved after visual registration using interstitial
prostate structures.

e In-bore MRI guided biopsy of high PIRADS score lesions prior to focal dose escalation
does not have clinical utility.

e Afocal boost of 214 -270 Gy BED is possible without unacceptable toxicity.

e Changes in functional parameters of malignant prostate tissue during RT after a course of

NA-HT are predictive for subsequent clinical outcome.
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e The addition of hormone therapy to dose escalated radiotherapy improves clinical outcome

and combination therapy should be considered in studies of a focal dose to the DIL.

Testing of these hypotheses supports the over-arching purpose of the thesis is to investigate the
role of MRI to facilitate improved radical prostate radiotherapy through improved treatment
planning, delivery, and adaptive radiotherapy by assessment of response to radiotherapy. In
chapter 2 current available data on prostate motion and set up uncertainty during radiotherapy is
collated to provide a resource for rationalised treatment planning with evidence based margin
expansions. The role of MRI in improved radiotherapy delivery systems, particularly as part of an
integrated MRI-Linac is discussed and potential future developments hypothesised. In chapter 3
the challenges of integrating MRI into a CT based work flow system are addressed; the issues of
image registration are discussed and a novel method of CT/MRI registration based upon interstitial
prostate structures is investigated. As previously discussed MRI allows for identification of areas of
high disease burden within the prostate and Chapter 4 builds upon this looking at the implication of
having combined MR/CT imaging to plan treatment delivery, in particular whether lesions with high
risk features on MP-MRI require confirmatory in-bore MRI guided biopsy before targeting for
treatment intensification. The implications of a focal dose escalation, delivered as a HDR or
integrated VMAT boost, are addressed in Chapter 5 with the dosimetric outcome of these two
approaches in a cohort of patients and the associated acute and early late toxicity analysed with
differences between the two techniques investigated and discussed. Finally the possible role of
MRI in future adaptive prostate radiotherapy is considered; the ability of MP-MRI, performed during
a course of radiotherapy, to predict for ultimate outcome is assessed in Chapter 6. In particular its
ability to perform this role in a group of patient receiving NA-HT, a standard treatment in higher risk
patients that may however impair MP-MRI tissue differentiation, is investigated for the first time.
Additionally the necessity of the use of NA-HT in intermediate risk disease is assessed through
analysis of the long term outcomes of a randomised study of the benefit of bicalutamide to dose
escalated radiotherapy and is reported in appendix A. The implications of NA-HT use on the
effectiveness of MP-MR to predict treatment response are discussed and recommendations for

future practice made.

The specific aims of this thesis are:

e To collate previously published data on the use of MRI for prostate radiotherapy and to
analyse its potential role in future studies for the MR-Linac.

e To determine whether registration of MR and CT images for prostate radiotherapy planning
can be performed effectively without patients having to undergo invasive fiducial markers
insertion, instead using prostate interstitial structures identified on novel CT imaging
techniques for registration.

e To assess the positive and negative predictive power of in-bore trans-perineal MR-guided
biopsies of the area of dominant disease in patients with known prostate cancer and it's

utility for deciding eligibility for dose escalation.
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e To review a cohort of patients receiving a focal prostate boost to greater than 250 Gy BED
using HDR brachytherapy or a VMAT integrated boost. To assess dosimetry and
associated toxicity following each approach.

e To quantify changes in DWI and DCE characteristics of malignant and benign prostate

tissue during a course of radiotherapy, following neo-adjuvant HT.

The results of these separate chapters are then reviewed in Chapter 7 and the implications for the
use of MRI in radical prostate radiotherapy discussed. Future directions for research and likely
developments in future treatment are expanded upon, providing a blueprint of the future role MRI

may play in this setting.
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Chapter 2: MRI-guided prostate adaptive radiotherapy — a systematic

review
McPartlin AJ, Li XA, Kershaw LE, Heide U, Kerkmeijer L, Lawton C, Mahmood U MD, Pos F, van

As N, van Herk M, Vesprini D, van der Voort van Zyp J, Tree A, Choudhury A PhD

2.1 Introduction and contribution of authors

This article is written to provide a resource for future rationalised radiotherapy delivery utilising MR
technology. It provides in one place for the first time a record of inter and intra fraction prostate
motion recorded from modern studies, and reports in detail on studies using MRI to collate data. It
is hoped this will permit evidence based decisions on expansion margins for future radiotherapy
studies with the intention of minimising treatment volumes while avoiding the risk of detriment to
ultimate outcome. It will also inform future studies employing MRI of the likely potential benefits to
IGRT.

The concept of a review of the role of MRI in prostate radiotherapy was raised by the MR-Linac
consortium. | devised the format of the review article, selected the search terms for a systematic
literature review and performed the literature search, reviewed all abstracts and then appropriate
whole articles. | independently wrote the entire article, excepting sections 2.10 and 2.11 which
were written with significant input from XA Li. | selected illustrations and the format and content of
all tables. A Tree and A Choudhury gave primary feedback on the format of the article suggesting
revisions. The content of all tables was proofed by LE Kershaw. The entire MR-Linac group
provided feedback on the final format article. | submitted the article for publication and made
revisions as requested by the editorial team. It was ultimately accepted for publication in The
Radiotherapy and Oncology (McPartlin et al., 2016c).
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2.2  Abstract

Dose escalated radiotherapy improves outcomes for men with prostate cancer. A plateau for
benefit from dose escalation using EBRT may not have been reached for some patients with higher
risk disease. The use of increasingly conformal techniques, such as step and shoot IMRT or more
recently VMAT has allowed treatment intensification to be achieved while minimizing associated
increases in toxicity to surrounding normal structures. To support further safe dose escalation, the
uncertainties in the treatment target position will need be minimised using optimal planning and
image-guided radiotherapy (IGRT). In particular the increasing usage of profoundly hypo-
fractionated stereotactic therapy is predicated on the ability to confidently direct treatment precisely

to the intended target for the duration of each treatment.

This article reviews published studies on the influences of varies types of motion on daily prostate
position and how these may be mitigated to improve IGRT in future. In particular the role that MRI
has played in the generation of data is discussed and the potential role of the MR-linac in next-

generation IGRT is discussed.

2.3  Search strategy and selection criteria

References for this review were identified through PubMed with the search terms “prostate”,
“adaptive”, “radiation”, “radiotherapy”, “motion”, “MRI”, “MR”. The literature review was performed
between June and September 2015. The titles/abstracts were screened and full text copies of all
potentially relevant studies obtained. References within identified papers were reviewed for
relevance. A final reference list was generated on the basis of originality and relevance to the

scope of this review.

2.4 Introduction

Randomised trials have demonstrated that dose escalated radiotherapy improves outcomes for
men with prostate cancer (Kalbasi et al., 2015). The use of increasingly conformal techniques, such
as step and shoot IMRT or more recently VMAT has allowed this to be achieved while minimizing
associated increases in toxicity to surrounding normal structures (Wortel et al.,, 2015). The
accuracy of any radiotherapy delivery is however limited by multiple factors: organ delineation, set
up error and inter-/intra-fraction organ motion, rotation and deformation (Kupelian and Meyer,
2011). A plateau for benefit from dose escalation using EBRT may not have been reached for
some higher risk prostate cancers (Eade et al., 2007). To allow further safe dose escalation, the
uncertainties in the treatment target must be mitigated using optimal planning and image-guided
radiotherapy (IGRT). In particular the increasing usage of profoundly hypo-fractionated stereotactic
therapy is predicated on the ability to confidently direct treatment precisely to the intended target

for the duration of each treatment (Nicolae et al., 2015).

Much work has been carried out over the past 20 years quantifying the degree of prostate motion,
rotation and deformation that occurs during a course of radiotherapy, allowing rationalization of
treatment margins based on expansion ‘recipes” (van Herk, 2004). The use of increasingly
sophisticated real time imaging has enabled monitoring of the prostate and OAR’s through

treatment delivery and has provided extensive data on their behaviour. MRI, with its unrivalled soft
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tissue delineation, has contributed to this data but has not, as yet, emerged as a routine part of
daily radiotherapy delivery. The long anticipated arrival of a fully integrated MR-Linac may change
this (Lagendijk et al., 2008).

The ideal scenario is to guide prostate radiotherapy with MR imaging, identifying the prostate in
real time while delivering radiation. Two systems (ViewRay and the Elekta MR Linac) hope to

demonstrate improvement in patient outcomes with this technique.

This article reviews data on target uncertainties when treating prostate cancer and in particular the
work performed using MRI. Available techniques to reduce this uncertainty, and the potential
benefits an MR-Linac may offer for IGRT are discussed. These data underpin the clinical work
which will be undertaken on the MR-Linac to establish its utility in treating localized prostate

cancer.

2.5 Non-MR Studies of inter- and intra-fractional prostate motion
The prostate experiences inter- and intra-fractional motion during a course of radiotherapy, as
reported from an extensive body of work carried out over the past twenty years (Figure 2-1). A

comprehensive review of early studies indicates that the inter-fraction motion appears to have a

standard deviation (SD) of around 1 — 4 mm, with one study finding motion with SD as high as 7.3
mm (Byrne, 2005).

Figure 2-1: Prostate, rectum and bladder contoured on multiple CT images throughout
treatment and overlaid to show inter-fraction motion

With increasing use of IMRT and consequently increased treatment duration, the significance of
intra-fractional motion has grown, with appreciable variation being demonstrated (Nederveen et al.,
2002; Aubry et al., 2004; Letourneau et al., 2005; Huang et al., 2002; Schallenkamp et al., 2005;
Kitamura et al., 2002). A minority of patients experience more pronounced changes, as illustrated
in a series of 427 patients assessed using fiducial markers and portal imaging, with motion > 3mm

in 28% of treatment fractions over a ten minute period (Kotte et al., 2007).

Multiple modalities been used to demonstrate that two general types of intra-fraction motion are

seen: non-resolving slow drift, predominantly in the posterior direction due to rectal changes, and
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sudden transient motion, largely in the superior and anterior direction, likely a result of peristaltic
visceral motion (Butler et al., 2013; Tanyi et al., 2010; Langen et al., 2008; Nederveen et al., 2002).
Constant assessment also identifies greater intra-fraction motion; one study using Calypso 4-D
tracking of 7738 records in 200 patients over 12 minutes showed the percentage of fractions with
prostate shift >2 ,3, 5, and 7 mm for > 30 seconds was 56.8%, 27.2%, 4.6% and 0.7% (Tong et al.,
2015). For the worst 10 patients, 5% of the total, these percentages increased to 91.3%, 72.4%,
36.3% and 6%. Cohorts of patients assessed using multiple continuous imaging techniques have
also found significant proportions experiencing movements >2-5mm, demonstrating the
consistency of this finding within differing imaging modalities (Shimizu et al., 2011; Daly et al.,
2012; Polat et al., 2008; Xie et al., 2008). Intra-fraction motion has generally been found to be
patient specific and predominantly random, although this has been challenged (Adamson and Wu,
2010; Ballhausen et al., 2015; Kron et al., 2010). The observation that initial systematic intra-
fraction changes can be predictive for subsequent movement may provide some guidance to likely
behaviour during therapy (Mutanga et al., 2012; Quon et al., 2012; Lin et al., 2013).

Numerous studies have quantified the systematic and random components of inter- and intra-

fraction motion to allow application of margin expansion formulas (Table 2-1,Table 2-2).

2.6 MR studies of inter and intra-fraction motion

The superb soft-tissue contrast and continuous imaging capability of MRI have allowed for
confident assessment of inter- and intra- fraction prostate and OAR motion (Padhani et al., 1999;
Mah et al., 2002; Villeirs et al., 2004; Ghilezan et al., 2005; Nichol et al., 2007; Heijmink et al.,
2009; Dinkel et al., 2011; Ogino et al., 2011; Terashima et al., 2013; Gill et al., 2014; Kerkhof et al.,
2008; Vargas et al., 2010).

The first work with MRI to quantify prostatic motion used axial cine-MRI on 55 patients to evaluate
intra-fraction motion of the rectum and prostate centre of mass every 10 seconds over a 6-7 minute
period, representative of a radiotherapy treatment delivery time. This identified a median anterior
shift of 4.2mm, which in 16% of patients was >5mm (Padhani et al., 1999). A subsequent study
using sagittal and axial cine-MR over 9 minutes, sampling at 20 second intervals, for 42 patients
identified displacement with SD 2.9mm, 1.5mm and 3.4mm in the AP, LR and SI plane (Mah et al.,
2002). The prostate was identified as tending to return to its original position after large
displacements of up to 12 mm, motion which would be missed with pre and post treatment imaging
alone (Ghilezan et al., 2005). This motion appeared to increase through the course of treatment,

perhaps as a consequence of radiation induced toxicity

67



Table 2-1: Inter-fraction systematic and random motion

Inter-fraction motion SD (mm)

Author Ptno. (fractions Imaging Systematlc Random motion Registration Preparation
analysed) motion
AP LR Sl AP LR Sl
(Zelefsky et al., 1999a) 50 (200) CcT 24 0.6 27 16 05 20 Bone Prone, fleet enema at planning, empty bladder, immobilisation device
(Stroom et al., 1999) 15 (60) oT 25 05 27 28 06 25 Bone Foot and knee support Laxative prlosrctac;slannlng, 1 litre fluid 1 hour prior to
(Hoogeman et al., 2005) 19 (209) CcT 2.7 0.3 21 24 04 21 Bone Empty rectum, 250ml fluid 1 hour prior
(Schallenkamp et al., 2005) 20 (798) MV;\TD * 2.5 2.0 19 35 16 20 Bone Vacuum cradle
(de Boer et al., 2005) 15 (255) MV;\TD * 2.1 0.8 20 19 07 1.2 Bone Laxative prior to sim, full bladder
(Litzenberg et al., 2006) 11(-) EM 1.5 2.2 3.0 52 34 33 Skin markers Foot and knee support
(Van den Heuvel et al., 2006) 10 (270) MV;\:ID * 3.6 3.4 39 57 57 27 Skin markers Alpha cradle
(O'Daniel et al., 2006) 10 (243) CcT 3.9 1.6 34 36 25 20 Skin markers Empty rectum, full bladder at simulation
(Soete et al., 2007) 12 (120) kVEPID+FM 4.3 13 42 28 16 23 Bone Head and knee support
(van der Heide et al., 2007) 453 (15855) MVFE'\:ID * 4.8 2.2 29 35 20 23 Skin markers Knee, cushion. Bladder emptied 15 minutes prior to radiotherapy
. MV EPID + .
(McNair et al., 2008) 30 (408) EM 2.5 1.3 19 31 22 22 Bone Ankle/knee support, partially full bladder, empty rectum no prep
(Beltran et al., 2008) 40 (1532) MV;\TD * 35 09 30 28 12 20 Bone Not specified
(Fiorino et al., 2008) 21(522) CBCT 03 02 02 10 06 0.7 Bone Leg immobilisation, rectal enema + gas catheter, 250ml fluid 30 minutes prior
(Bylund et al., 2008) 24 (984) CBCT 20 07 10 29 20 21 Mum:‘llg'(:‘:if(’;"r;at'o” No bladder/bowel prep
(Frank et al., 2008) 15 (369) CcT 4.1 0.9 29 13 05 0.6 Bone Vac-lok bag, enema at sim, 590ml fluid 30 min prior
(Mutanga et al., 2008) 10 (-) MV/kV EPID 2.9 1.7 41 32 16 27 Skin markers Not specified
(Nijkamp et al., 2008) 20 (116) CBCT 1.8 0.5 1.7 19 05 15 Bone Empty rectum, 250ml fluid 1 hour prior, dietary advice
(Tanyi et al., 2010) 14 (546) EM 34 05 29 25 04 23 Bone Not specified
(250“1';; al., 2011; Mayyas et al, 17 (476) EM 47 23 34 35 37 27 Skin markers Not specified
CBCT 3.0 2.4 2.7 3.2 25 22
(Mayyas et al., 2013) 27 (1100) BAT US 33 28 35 41 36 38 Skin markers Empty rectum, partially full bladder
kv EPID 3.4 2.6 3.1 29 24 20
(Oh etal., 2014) 17 (546) CBCT 1.1 1.6 19 18 28 24 Skin markers Knee support, ERB, full bladder
CBCT 1.9 0.6 1.7 1.9 09 1.7 . T .
(Oehler et al., 2014) 20 (172) KV EPID 18 08 14 20 09 23 Bone Leg immobilisation, empty rectum with ERB, empty bladder

CBCT, Cone Beam CT; FM, Fiducial Marker; EM, Electromagnetic transponder

[Type text]
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Table 2-2: Intra-fraction systematic and random prostate motion

Intra-fraction motion SD (mm)

Author Pt no. (fractions analysed) Imaging Systematic motion Random motion Treatment time Preparation
AP LR Sl AP LR Sl

(Beltran et al., 2008) 40 (1532) MV EPID+FM 0.9 0.6 10 18 13 1.2 2 min Not specified
(Li et al., 2013a) 105 (775) EM 0.5 0.2 0.4 1.1 05 1.0 3 min Not specified
(Aubry et al., 2004) 18 (282) MV EPID+FM 0.7 0.2 04 14 08 1.0 <5 min Full bladder, empty rectum
(Li et al., 2013a) 105 (775) EM 0.6 0.3 0.5 1.2 05 11 5 min Not specified
(Choi et al., 2015) 12 (336) kV EPID + FM 0.3 0.2 04 06 03 05 5 min Ankle immobilisation, enema
(Oehler et al., 2014) 20 (52) CBCT + FM 14 0.9 14 16 10 14 3-6 min Leg immobilisation, empty rectum with ERB, empty bladder
(Kotte et al., 2007) 427 (11426) MV EPID+FM 0.6 0.3 05 09 04 09 5-7 min Knee support, empty rectum
(Kron et al., 2010) 184 (5778) kVEPID+FM 08 05 07 1.2 08 12 <6 min Not specified
(Soete et al., 2007) 12 (120) MV EPID+FM 0.8 1.3 11 16 14 24 7.5 min Head and knee support
(Kron et al., 2010) 184 (5778) kV EPID + FM 0.9 0.6 08 12 08 1.1 6-9 min Not specified
(Su et al., 2011) 17 (467) EM 06 03 05 19 07 14 8 min Not specified
(Litzenberg et al., 2006) 11(-) EM 2.2 0.7 26 08 02 1.2 8 min Ankle/knee support, no rectal/bladder prep
(Tanyi et al., 2010) 14 (1638) EM 05 03 07 14 08 13 8-16 min Not specified
(Kron et al., 2010) 184 (5778) kV EPID + FM 1.3 1.1 13 13 0.7 1.2 > 9 min Not specified
(Mutanga et al., 2012) 108 (2894) MVEPID+FM 1.1 - 1.0 1.2 - 11 11 min Headrest/knee support, void bladder 30 minutes prior, laxative at planning
(Li et al., 2009) 105 (775) EM 0.8 0.3 0.8 16 07 14 10-20 min Not specified
(Badakhshi et al., 2013) 13 (427) kV EPID + FM 0.5 2.0 21 14 22 26 14.2 min Empty rectum + full bladder, head and knee support, foot restraint
(Mayyas et al., 2013) 19 (-) EM 1.3 0.6 15 26 14 24 20-30 min Empty rectum, partially full bladder
(Quon et al., 2012) 53 (265) MVEPID+FM 1.4 0.2 12 24 13 2.0 Time not specified Vac-lok bag, full bladder, empty rectum

CBCT, Cone Beam CT; EM, Electromagnetic transponder; EPID, Electronic portal imaging device; FM, Fiducial marker
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More recently intra-fraction prostate motion has been assessed by imaging 47 patients with
prostate cancer after instructions to remove rectal gas (Ogino et al., 2011). Eleven points of interest
were determined on axial and sagittal cine-MRI slices and monitored over a total of ten minutes.
Displacement was more marked at the base of prostate than apex, likely a result of distal tethering,
with mean of means S| and AP displacements of 0.41 mm and 0.86 mm for the former and 0.26

mm and 0.32 mm for the latter.

Continuous MRI has been able to demonstrate that intra-fraction motion increases with treatment
time. A study using an open bore MR-scanner for a total of 68 sagittal cine-MRI sequences
demonstrated an increasing displacement in the AP and Sl planes during treatment with SD of 0.57
mm and 0.41 mm in the first two minutes increasing to 1.44 mm and 0.91 mm in minutes two to
four(Vargas et al., 2010) . This increase in motion appears to occur predominantly in the first few
minutes of treatment with another study using cine-MRI over 12-15 minutes finding motion at 3, 5,
10 and 15 minutes of 1mm, 1.3 mm, 2.1 mm and 1.9 mm in the AP plane and 0.7 mm, 1.8 mm, 1.5
mm and 1.6 mm in the Sl plane (Gill et al., 2014).

The increasing intra-fractional motion seen initially over time shows the potential benefit of
shortened treatments associated with VMAT compared to that with IMRT. Other studies using non-
MR based imaging have also shown this increase and that it is the strongest predictor of observed
displacements (Langen et al., 2008; Shelton et al., 2011; Cramer et al., 2013; Mansson Haska et
al., 2008; Xie et al., 2008; Reggiori et al., 2011; Kron et al., 2010; Curtis et al., 2013). These
increasing movements can contribute 1-2mm to the required PTV margin (Mansson Haska et al.,
2008; Steiner et al., 2013). Shortened treatment times, such as those achievable by VMAT, have
been shown to achieve a marked reduction in the SD of intra-fraction motion (Shelton et al., 2011;
Lietal., 2013a; Tong et al., 2015).

Stereotactic radiotherapy is challenging both due to the potential increase in treatment time
compared to conventional VMAT and the implications of a geographical miss for even a single
fraction. The necessity to avoid this obliges caution in margin reduction although it has been shown
using Cyberknife that repeat imaging every 60 -180 seconds may be sufficient to allow correction
for the increased prostate motion of longer treatments (van de Water et al., 2014). Even with
regular repeat imaging 6-dimensional correction for rotation and translation is required if margins

as small as 3mm are to be achievable.

2.7 Deformation and rotation

Many studies of prostatic motion have assumed rigid motion of the prostate. Analyses of prostate
changes have shown this to be a simplification although the degree of deformation identified has
varied substantially. For example a study comparing the contoured prostate to an average CTV on
8-12 CT images for 19 patients matched for rotation and translation found “real” shape variation,
correcting for inter-observer variation, of 1.6 mm at the SV tip and 0.9 mm at the posterior
prostate (Deurloo et al., 2005). Another group used three repeat CT scans with prostate and SV
contoured and matched to a planning CT and non-rigidly registered to represent deformation (van
der Wielen et al., 2008). Deformation of the prostate was small (£ 1 mm) while the deformation of

SV was up to 2.6 mm SD posteriorly. More marked variation has been suggested; a study
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matching 200 cone beam CT (CBCT) images for ten patients to planning CT images using B-
spline-based deformable registration identified a much larger deformation of the prostate, most
marked in the anterior direction with a maximum of 10 mm, 5 mm and 3 mm in 1%, 17% and 76%
of cases (Mayyas et al., 2014). Again SV deformation was larger, with changes in the posterior
direction of >5 mm and >3 mm in 7.5% and 44.9% of cases. For this analysis three clinicians
delineated contours which were averaged in an attempt to reduce error however the SD of the
mean centre of mass of the contours was up to 2.2 mm. It may therefore be that the inferior CBCT

image quality, limiting contouring accuracy, contributed to the larger changes identified.

MRI, which may mitigate delineation errors associated with CT imaging, has also been used to
assess deformation. A study of 10 patients using sagittal and axial cine MRI of the prostate to
assess changes in the volume of contoured prostate over six minutes found similar results to those
obtained using CT imaging with a deformation with a SD 1.7 mm in the AP plane shown (Khoo et
al., 2002). Interestingly it has been suggested through tracking points of movement in sagittal MRI
that deformation is only seen with a full rectum, and is most marked at the level of mid-prostate
(Ghilezan et al., 2005).

The cause of deformation is due both to mass effect from surrounding structures and as a
consequence of treatment itself with the prostate being shown to change in volume during
radiotherapy. For example 25 patients underwent MRI pre-radiation and at one time point during
therapy to assess prostate motion and deformation through treatment (Nichol et al., 2007). Scans
were compared using finite element modelling aligned on the centroid of three fiducial markers. An
increase in prostate volume by up to 34% was seen in those scanned early in treatment whilst a
decrease of up to 24% was seen later in the course. The degree of shrinkage seen over a course
of radiotherapy is affected by the use of neo-adjuvant hormone therapy and pre-treatment volume
but may be generally of the order of 10-15% (Frank et al., 2010; Roeske et al., 1995; Tinger et al.,
1998; Kasaova et al., 2011). This has implications for further development of MR-guided radiation,
which can account for the intra-fraction motion described above, but would need further technical

developments to adapt for deformation.

The effect of systematic and random inter-fraction rotations on prostate motion has been assessed
by various groups using CT, kV and MVCT or EM imaging. These rotations predominate in the
sagittal plane and appear to correlate with rectal filling; this moves the prostate in the AP direction,
causing rotation due to apex tethering (Boda-Heggemann et al., 2007). The differing bowel
preparations employed by various groups may affect rectal volumes and contribute to the variation

in degree of rotation identified.

Intra-fractional rotation has been less well characterised and although appearing smaller, it remains
relevant (table 3). A study using continuous kV imaging with fiducial markers during the treatment
of 10 patients with prostate cancer found for 35% of treatment time the prostate rotated more than
5" around the lateral axis (Huang et al., 2015). These intra-fraction rotations may be clinically
significant. For example even with daily translations the intra-fraction rotation during RT can cause

significant under-dosing, and margins of 3mm may be required to account for rotations of up to 5°
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(van de Water et al., 2014; Amro et al., 2013). The significance of prostatic rotation is only likely to

increase as treatment margins further reduce.

2.8 Relative motion of prostate and seminal vesicles

In high risk disease the likelihood of occult involvement of the SV is increased (Eifler et al., 2013a).
It is therefore generally necessary to include this area in the intended CTV for radiotherapy
planning. The base of the SV is the region most likely to harbour occult disease, with one
pathological series finding disease 2cm beyond this in only 1% of all patients (Kestin et al., 2002).
This area must therefore be prioritised to receive the full prescribed dose. CT imaging has
demonstrated that the SV tips undergo greater inter-fraction movement than the base and
consequently larger expansion margins are required if it is clinically necessary to treat its entirety
(Stenmark et al., 2012; Mak et al., 2012) .

It has been shown that the SV and prostate can behave independently making appropriate
expansions to PTV challenging (Deurloo et al., 2005; Oehler et al., 2014; Fleshner et al., 1999).
The SV volume may vary by as much as 100% during a course of radiotherapy and experience
significant independent deformation (Roeske et al., 1995; Fleshner et al., 1999). Inter-fraction SV
motion appears more significant than that of the prostate gland with a SD in the order of 2.9 — 7.3
mm, 1.9 - 3.1 mm and 2.1 - 5.5 mm in the AP, LR and Sl planes (Dawson et al., 1998; Tinger et
al., 1998; Zelefsky et al., 1999b; Liang et al., 2009; Mak et al., 2012; Frank et al., 2008). Despite
direct tumour invasion reducing SV mobility, this motion may remain considerable (van der Burgt et
al., 2015).

Allowing for intra-fractional motion is also problematic. Overall intra-fractional displacement of the
SV appears greater than for the prostate and increases over time. In one series using cine-MRI it
was found that for 95 % of the images SV centroid movement at 3, 5, 10 and 15 minutes was 4.7
mm, 5.8 mm, 6.5 mm and 7.2 mm respectively in the Sl plane and 4.0 mm, 4.5 mm, 6.5 mm and
7.0 mm in the AP plane (Gill et al., 2014). The correlation between prostate and SV intra-fraction

movement was shown to vary greatly with no relationship between the two for most patients

The lack of correlation between prostate and SV inter- and intra-fractional motion has implications
for the use of prostate tracking devices, such as calypso transponders, when simultaneously
treating the SV. Caution must be employed when considering reducing treatment margins on the

basis of an assumed confidence about exact CTV location.

2.9  Contributing factors to prostate motion

2.9.1 Rectal and bladder volumes

Rectal distension is a major contributor to, and correlates with, prostate motion (Figure 2-1). This
likely relationship was identified in some of the earliest prostate motion analyses (Ten Haken et al.,
1991; Schild et al., 1993) and subsequent studies have confirmed this association particularly in
relation to AP translation and rotation around the prostate apex (Crook et al., 1995; van Herk et al.,
1995; Ghilezan et al., 2005; Mah et al., 2002; Padhani et al., 1999; Adamson and Wu, 2009).
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Figure 2-2: MRI at same level of prostate with full and empty rectum, demonstrating rectal
induced distortion

This relationship has also been demonstrated with MRI. A small study of seven patients measured
the prostate midpoint relative to bony anatomy on pre and post treatment MRI and found variation
in rectal filling that correlated strongly with anterior displacement and a lesser correlation between
bladder filling and superior motion (Villeirs et al., 2004). A larger study of 42 patients used cine-MRI
scans every nine seconds for nine minutes at baseline without any bowel preparation, before CT
planning with bowel preparation and at a random point during RT with bowel preparation (Nichol et
al., 2007). This demonstrated rectal gas and stool to be responsible for 74% of identified > 3mm
prostate motion. Despite this voiding prior to imaging and bowel preparation did not significantly

reduce intra-fraction motion.

Rectal diameter may have a threshold above which its effect on prostate motion becomes more
significant. It has been suggested that maximum rectal diameters above 3.5 - 4.5 cm or mean
cross sectional areas = 9.5 cm” at planning imaging are predictive of significant variation in rectal
size and prostate position during therapy (Pinkawa et al., 2006b; Oates et al., 2015; Engels et al.,
2009b).

The increased motion associated with initial large rectal volumes may also negatively influence
treatment outcome. In one series of 127 patients those with a mean rectal cross sectional area
greater than the group average of 11.2cm? at the time of planning experienced greater biochemical
failure rates (HR 3.89) and more toxicity from treatment (de Crevoisier et al., 2005). Another study
examined outcomes for 549 patients, stratified by anorectal volumes =90cm?® at time of planning
CT, and found that in patients with a risk of SV involvement >25% those with a larger rectal
volume had a 15% reduction in freedom from failure at five years (p=0.01) (Heemsbergen et al.,
2007).

Various approaches such as diet modification, bowel regimens (enemas, laxatives, etc.) and
immobilizing endo-rectal balloons have been used in an attempt to reduce rectal variation. The

evidence for efficacy of these techniques is mixed and a recent systematic review concluded that it
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was impossible to recommend one particular interventional strategy with further prospective studies
required (McNair et al., 2014). The use of effective daily image guidance may mitigate any effects

of initial rectal distension.

Although the potential effect of rectal volume on prostate motion appears clear, the effects of
changes in bladder volume appear at most to be minimal. Various studies have provided some
limited evidence suggesting a weak relationship between the two (Melian et al., 1997; Zelefsky et
al., 1999b; Villeirs et al., 2004; Adamson and Wu, 2009) but other groups have failed to find any
association (Pinkawa et al., 2006a; Beard et al., 1996; Antolak et al., 1998; Moiseenko et al.,
2007). It would therefore seem likely that simple bladder filling protocols are sufficient to minimise
any bladder volume effects. However, for prone patients or patients with restricted abdominal
movement, e.g. due to MR coils, bladder filling may affect prostate motion and such setups should

be avoided.

2.9.2 Target delineation

Inter- and intra- operator variation in target delineation, particularly at the SV and apex, can be
significant (Oehler et al., 2014; Fiorino et al., 1998a; Cazzaniga et al., 1998b). This is in part due to
poor soft tissue definition on CT imaging making identification of the boundaries of the prostate
challenging. It is known that CT delineated prostates are routinely larger than the true anatomical
site. One study comparing the CT delineation by six radiation oncologists with photographic
anatomical images found that the contoured prostate was on average 30% larger that the true
gland but only included 84% of its volume, such that posterior portions were always missed and
anterior normal tissue always included (Gao et al., 2007). MRI provides better distinction between
adjacent soft tissue structures and has been shown to be superior at identifying the prostate apex,
SV and posterior border (Figure 2-3). Multiple studies have demonstrated a reduction in volume of
contoured prostate, of between 30-35% in the three largest series, when MRI is used to provide
addition information for planning (Rasch et al., 1999a; Hentschel et al., 2011b; Tanaka et al.,
2011b). These reductions are primarily due to reduced variation at the superior and inferior extent
of the prostate and translate into reductions in delivered dose to the rectum (Sannazzari et al.,
2002; Jackson et al., 2007a; Debois et al., 1999; Tanaka et al., 2011b). This improved soft tissue
visualisation on MRI has also been shown to reduce intra- and inter-observer variation in prostate
contouring (Figure 2-4) (Rasch et al., 1999a; Parker et al., 2003). Using MRI in combination with an
education program it may be possible to reduce this inter-observer variation further (Khoo et al.,
2012). A final benefit from use of MRI for prostate delineation comes from the reduced metal
artefact degradation from prosthetic hips which may significantly affect CT imaging and subsequent
contour consistency (Rosewall et al.,, 2009). Good correspondence with MR imaging and
prostatectomy specimens has been shown with a correlation coefficient of up to 0.86 (Sosna et al.,
2003; Jeong et al., 2008).

Therefore it appears MR-based contouring of the prostate can be done more consistently and with
higher fidelity than CT, leading to reduced treatment volumes and radiation to surrounding

structures.
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Figure 2-3: Comparison of fidelity using MR or CT imaging

Recently work has focused on the use of multi-parametric (MP) MR to identify areas of high grade
tumour within the prostate gland (Barentsz et al., 2016). Confident identification provides the
potential to focus dose intensification to this region, which may be the most likely site of ultimate
disease recurrence (Cellini et al., 2002a). MPMR guided targeted dose escalation is the subject of
the ongoing phase Ill FLAME study and results are awaited with interest (Lips et al., 2011). It has
been shown that the dominant lesion within the prostate can be reliably identified on MP-MRI but
as yet data on how this region may be affected by prostatic deformation during therapy is scarce
and requires future work (Steenbergen et al., 2015). In a study using collimator adjustments to
account for prostate rotations, patients with and without focal boost were equally sensitive to

rotations, indicating a limited effect of prostate rotations on boost dose (de Boer et al., 2015).

Figure 2-4. Comparison of contouring consistency for operators using MR or CT imaging
(unpublished study)

2.10 Adaptive radiotherapy for inter-fraction motion

The current standard practice to manage inter-fraction variations is to use IGRT by repositioning
the patient based on the rigid-body registration of the planning image and the image of the day
acquired just before treatment, followed by delivery of the original (unchanged) plan. IGRT

addresses the translational motions, including set-up errors, but cannot completely account for the
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organ deformation, rotation, and independent motion between different organs. The ideal method
to fully account for the inter-fractional variations is to adapt the treatment plan based on the
anatomy of the day. Such adaptive planning process may be performed in an online or offline
manner (Yan et al., 2005; LI, 2011). The offline adaptive process, i.e. using the information from
previous treatments to provide feedback for future deliveries, has been used to correct systematic,
predictable variations (Yan et al., 2000; Birkner et al., 2003; Nijkamp et al., 2008).

Online adaptive radiotherapy (ART), on the other hand, is capable of addressing both systematic
and random variations and is the most effective strategy for precisely irradiating concurrent targets
that move independently. Online planning must be fast enough to be completed within a few
minutes while the patient is lying on the table waiting for treatment. Although such fast planning is
generally challenging using conventional planning technologies, adaptive re-planning does not
need to start completely from scratch. For example, it can start with an initial plan fully optimized
from the planning images for the same patient and adapt for the anatomy of the day (‘warm start’
optimization). Technologies to facilitate this, such as the quality of in-room imaging, image
registration and segmentation, plan optimization algorithm and computing hardware, are advancing
significantly and rapidly. For example, integration of diagnostic-quality MRI in the treatment room,
graphic-processing unit (GPU) accelerated auto-segmentation and dose calculation, rapid plan
modification algorithms, and plan adaptation based on previous knowledge or a previously-created
plan library are among the technology advances that can speed up adaptive planning significantly.
In particular, among a number of online planning algorithms (Court et al., 2005; Mohan et al., 2005;
Ahunbay et al., 2008; Ludlum et al., 2007), an online adaptive planning scheme (Ahunbay et al.,
2008) has been developed that features two distinct steps: a) segment aperture morphing (SAM),
and b) segment weight optimization (SWO), and has been used for prostate cancer (Ahunbay et
al., 2010). It has been demonstrated that the online SAM+SWO scheme can adequately account
for all inter-fraction variations and can be completed within 10 minutes for prostate RT (Ahunbay et
al., 2010). Alternative techniques for ART of prostate cancer are reported (Qin et al., 2015; Stanley
et al., 2015; Li et al., 2013b; Park et al., 2012a) and reviewed previously (Ghilezan et al., 2010; Li
et al., 2014).

With online ART, a CTV-PTV margin can reach as low as 3 mm, depending mainly on intra-fraction
variations. Such a small margin would be highly desirable to reduce treatment-related toxicities
and/or to allow dose escalation. Online ART is particularly important for hypo-fractionated RT or
SBRT where the penalty of a geographical miss and/or over dosing of normal tissue for a single
fraction is significant. However, with such small margins, target definition accuracy becomes much

more critical to avoid the risk of compromising clinical outcome (Engels et al., 2009a).

2.11 MRI-guided adaptive radiotherapy for inter- and intra-fractional

motions

The high soft tissue contrast makes MRI an ideal imaging modality for online ART. MRI-guided RT
delivery systems that integrate MR scanners with radiation delivery machines are being introduced
into the clinic (Mutic and Dempsey, 2014). For example, ViewRay system (Oakwood Village, OH)
combines a 0.35 T MRI scanner with three 60Co sources with multi-leaf collimators (MLC).
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Integration of a diagnostic MRI scanner with a Linac (MR-Linac) is also under development. The
MR-Linac proposed by Lagendijk et al at the University Medical Center Utrecht (Lagendijk et al.,
2014) that integrates a 1.5 T MRI scanner with a 6 MV Linac is being developed for
commercialization (Lagendijk et al., 2008). With CT based IGRT, image quality adversely affects
the CTV-to-PTV margins required for targeting and ART, mainly due to the residual uncertainties
from the soft-tissue contrast for the image modality (Morrow et al., 2012). It is anticipated that the
residual uncertainty with diagnostic quality MRI will be drastically smaller than those with CT or

CBCT, allowing a smaller CTV-to-PTV margin.

The design of the MR-Linac system comprises a 6 MV Linac (Elekta Inc) mounted on a ring around
a modified 1.5 T MRI scanner (Achieva, Philips Healthcare, Best, The Netherlands) and an online
ART planning system (Lagendijk et al., 2008). The system is designed to be able to
simultaneously image and irradiate the patient. The radiation beam is shaped by a 160-leaf MLC
system and travels through the closed-bore MRI before it enters the patient. The accelerator and
MRI are designed to be magnetically decoupled so that the MR images are not distorted by the
presence of magnetized accelerator components, and the operation of the accelerator is not
hampered by the magnetic field. A series of MR sequences can be scanned to produce pre-,
during- and post-treatment images. Once the MR-Linac is fully developed, the pre- and post-
treatment MRI can include both morphological (T1, T2...) and functional (DWI, DCE etc.) images.
The during-treatment MRIs include cine MRI (2D), morphological 3D (e.g., T1, T2) and 4D images.

The online planning system integrated in the MR-Linac should be designed to generate an adaptive
plan based on the pre-treatment MRI in the following steps: 1) deformably register the pre-
treatment MRI with the planning images, 2) rapidly generate a plan by modifying or re-optimizing
the original plan or by fast adaptive re-planning to account for the different anatomy based on the
registered images, and 3) quickly perform a software-based QA check on the new plan. To be
successful the system should complete this 3-step online process within 5 minutes while the patient
is still lying on the couch. Then, the new adaptive plan is delivered simultaneously with the during-

treatment images acquired.

The MR-Linac system is designed to able to track/monitor organ (e.g., prostate gland) motion in
real-time on 2D (cine) MRI during the radiation delivery. Because of superior soft tissue contrast,
this tracking should be very accurate and effective. The radiation beam can be paused, via the
capability of exception gating, if prostate motion is detected outside a pre-defined range, and can
be resumed if the prostate moves back to the range. Alternatively, it is anticipated that with
technical enhancements, the radiation beam may be dynamically shaped to trace the prostate
motion detected from the cine MRI acquired on the plane perpendicular to the beam orientation.
Either way, the intra-fractional variations can be managed effectively, thus the margin required to

account for intra-fraction variation can be reduced.

The superior soft tissue contrast along with function/physiological information with MRI will
significantly improve the performance and implementation of the online ART strategy (e.g.,
improved target definition, image registration, auto-segmentation). In addition, with the availability
of real-time MRI during RT delivery to measure and monitor intra-fraction motion, the motion
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management techniques (gating or tracking) can be improved. With both inter- and intra-fractional
variations being accounted for, the CTV-to-PTV margin may be safely reduced to <3 mm. Because
the PTV often overlaps with rectum and bladder, such a drastic reduction in PTV margin should
reduce toxicities or allow RT doses to be safely escalated to eradicate the tumour, thus improving

treatment outcomes.

2.12 Conclusion

Extensive literature demonstrates that substantial inter- and intra-fractional variations occur in
radiation therapy for prostate cancer. These variations include translational and rotational motions,
deformations, and independent motions between the structures, and consist of both random and
systematic components. While the current standard practice of IGRT based on CT or CBCT can
only address translational motion, adaptive radiotherapy has the potential to fully account for these
variations. The superior soft-tissue contrast and the continuous imaging capability of MRI are highly
desirable for the management of inter- and intra-fraction variations. Integration of MRI radiotherapy
delivery and ART capability, such as with the MR-Linac, holds the promise to optimize radiotherapy
to the prostate. Using this approach the improved delineation of target and OARs in both planning
and delivery, will mean inter- and intra-fractional variations may be confidently accounted for,

permitting use of a decreased CTV-to-PTV margin.
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Chapter 3: The potential role of interstitial points identified on high

energy CT imaging to guide prostate MR and CT image registration

McPartlin AJ, Hosni A, Moseley J, Velec M, Lam T, Bayley A, Catton C, Warde P, Chung P,
Menard C

3.1 Introduction and contribution of authors

Having established the benefit that MRI can bring to delineation of the prostate for radiotherapy
planning and identification of inter and intra-fraction prostate motion, a significant consequent issue
is the integration of MR and CT images. Currently CT imaging is required for radiotherapy planning
due to the information on electron density, and therefore tissue attenuation, it provides. For MRI to
be used as part of the planning process it must therefore be used in combination with CT images.
This chapter addresses the challenges of registration of two image sets and investigates a novel
method of performing registration, with potential benefits for patient comfort and treatment

workflow.

| devised the design of this study. In part it utilised a set of prostate contours performed on high
quality volumetric CT (HQVCT) and conventional CT by five staff radiation oncologists for a
previous investigation of the effects of HQVCT on planning workflow. For the current study |
recruited a fellow radiation oncology fellow to validate with me initial identification of interstitial
points and two further radiotherapy planners to perform image registration, against which the new
method would be compared. Summation of the previously generated prostate contours was
performed by Joanne Moseley, Radiation Physicist, after discussion with me of the needs of the
study. | performed the necessary preparation of data for this, moving files between pinnacle
planning software and Morpheus deformable registration software package for analysis. | selected
the appropriate statistical tests and carried out the statistical analysis. The distribution of data was
assessed to enable selection of appropriate two-sided tests, with no assumption of superiority of
the novel registration technique made.. All writing of this article was performed by me, with no

review or corrections by any co-contributor.

79



3.2 Abstract

Background: Intra-prostatic structures may guide image registration but are challenging to identify
on CT. HQVCT increases image resolution. We assessed whether HQVCT can improve

identification of prostatic structures and image registration.

Methods: Nine men underwent conventional CT, HQVCT and MRI. Two operators attempted to
identify prostate structures on CT and HQVCT, with three required for the image to be suitable for
registration study. This was only possible with HQVCT. On HQVCT and MR images five
experienced radiation oncologists (RO) delineated the prostate. Subsequently a second cohort of
five patients underwent imaging with fiducial markers in-situ. All fourteen MR and HQVCT images
were independently visually registered by two experienced radiotherapy planners. A single RO then
identified interstitial points on each set of registered images and performed a further automated
registration based upon these. Registration accuracy after each step was assessed by DSC
coefficient of the average prostate contour or mean distance between fiducial markers centroid

using the Wilcoxon signed rank test.

Results: It was possible to identify a minimum of three interstitial points on all HQVCT but only four
of nine conventional CT. Repeat point based registration took an average of eight minutes (range 6
—10) and achieved a significant 0.5 mm reduction (p = 0.02) in fiducial markers mean displacement

and a significant 0.02 increase (p = 0.01) in mean DSC coefficient.

Conclusion: HQVCT improves the ability to identify prostatic structures. After visual registration
the use of these for point based registration achieved a statistically improved match. Improvements

on this method may remove the need for fiducial markers to guide registration.
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3.3 Introduction

The use of MRI imaging has been shown to improve prostate delineation accuracy and
reproducibility (Rasch et al., 1999a). In addition it allows identification of areas of high density
disease within the prostate (Bauman et al., 2013). These characteristics allow for novel dose
escalation strategies such as focal dose escalation and highly conformal stereotactic radiotherapy
which may improve clinical outcomes. The use of MR imaging in combination with conventional CT

based planning is therefore likely to increase.

Combining MR and CT scan datasets for planning requires their accurate registration. Due to the
dynamic nature of bladder and rectum volumes over even a short time period, and consequent
effect on prostate position, rigid registration of the prostate based on bony anatomy may be
inaccurate and registration should be made to the prostate itself (McPartlin et al., 2016b). This is
challenging due to the poor characterisation of the prostate anatomy on CT imaging. Intra-prostatic
fiducial markers have been considered the gold standard to enable accurate registration, providing
mutual points within prostate parenchyma on the two image sets on which to co-register
independent of variation in nearby structures (Parker et al., 2003). The use of fiducial markers
necessitates an invasive insertion procedure that is not without morbidity; around 1 in 40 patients
required hospital admission for uro-sepsis in one series following insertion, consistent with rates
experienced after prostate biopsy (Wagenlehner et al., 2014; Loh et al., 2015). The incidence of
multi-drug resistant infection is also increasing, worsening the risk profile of this procedure. Without
fiducial markers manual image registration is entirely operator dependent relying on the gestalt of a
skilled clinician or radiation therapist to match the prostate boundary on the two image sets. A
technique for accurate registration without the requirement for fiducial markers or dependent on

operator expertise is therefore attractive.

Conventional CT imaging is not of sufficient resolution to allow for consistent identification of intra-
prostatic structures with which to guide point registration. CT image resolution can be improved
using high quality volume CT (HQVCT). Previously our group has completed a preliminary
phantom study demonstrating that a tube current of 3600 mAs is able to enhance the contrast to
noise ratio of the CT scan by a factor of 3.5 (Catton and Alasti, 2016). HQVCT can potentially
provide rapid acquisition of images suitable for treatment planning with higher contrast and

resolution than conventional CT imaging.

We report on the ability of HQVCT imaging to identify mutual interstitial structures with MR imaging.
The value of performing point based registration based upon these identified structures after initial

visual registration of images is assessed.

3.4 Materials and methods

3.4.1 Study population

Images taken as part of a prospective study assessing HQVCT imaging were used. Local ethical
approval was obtained and all patients completed informed consent prior to enrolment. Eligible

patients were = 18 years old, planned to receive prostate EBRT and suitable for MRI. All patients
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were subsequently treated with EBRT at Princess Margaret Cancer Centre. Two cohorts of patients
were assessed. In the first cohort, patients without fiducial markers were imaged to remove the
potential bias that their presence could introduce to operator manual matching and the degradation
they introduce to both CT and MR image quality. A second cohort of patients had three fiducial
markers inserted prior to planning imaging, as per local practice for their treatment, due to the

potential benefit they could offer in assessing image registration accuracy.

3.4.2 CT and MR Imaging

A 320 slice volumetric CT scanner (Toshiba Aquillion 320 slice) was used. The wide coverage
provided by the 16 cm-wide detector enabled volumetric image acquisition of the prostate gland in
one rotation of 0.5 seconds. HDVCT used this volumetric approach to acquire multiple serial
acquisitions of the same anatomy in 6 seconds. These images were averaged together to improve
the signal to noise ratio of a final HDVCT image. The rapid acquisition of the 3D images resulted in
minimal motion artefact, no increase in partial volume effects, and maintained continuity along the
Z-axis. Conventional helical CCT was performed at 120kV, 350mAsand HDVCT at
120kV, 3300mAs. The CCT and HDVCT scans were performed consecutively in the same
reference frame of the CT scanner. Subsequently a 3T MRI T2-weighted TSE axial planning scan
(Field of view (FOV) 140 mm, slice thickness 2 mm, TR 2500 ms, TE 100 ms, matrix 320x320, in

plane resolution 0.4 x 0.4 x 2.0 mm) was performed on the same day as CT imaging.

3.4.3 Registration methods

All rigid registrations had six degrees of freedom with three translational and three rotational planes
of motion possible. The first stage of the study assessed the relative effectiveness of HQVCT in
comparison to conventional CT in identifying mutual interstitial structures for registration. For each
of the patients without fiducial markers two radiation oncologists (AM and AH) performed an
operator guided rigid registration of MRI and CT imaging, visually matching prostate boundaries,
before identifying mutual interstitial structures on MR and HQVCT images and then on
conventional CT. Typically these structures were interstitial calcifications or cysts. A minimum of
three shared interstitial structures, to allow for localisation in 3-D space, were required for a pair of
image sets to be considered suitable for use in image fusion. At this point no further registration

was attempted based on the structures identified.

Subsequently for the second stage of the study for all imaged patients two experienced radiation
therapists (TL and MV) independently performed manual prostate boundary registration of prostate
HQVCT and MR image sets (Boundary Matched BM). MV is a research radiation therapist with an
interest in image registration, TL a radiation therapy planner with = five years experience of pelvic
CT and MR image registration. They were advised to not use fiducial markers when present to
inform their matching. A single operator (AM) then identified interstitial points on each set of
matched images and a further automated registration based upon these paired MR and HQVCT
interstitial points (interstitial matching IM) was performed using Pinnacle planning software to

minimize the root mean square distance between points.
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3.4.4 Registration Assessment

The accuracy of the sequential registrations was assessed in two ways. For the patients with
fiducial markers the displacement of their centroids on each image set was measured following
registration using Pinnacle planning software. For each subject the mean displacement of the three
fiducial markers was calculated and compared following each registration. Subsequently for images
without fiducial markers five expert radiation oncologists delineated the prostate on each of the MR
and CT image sets, blinded to patient identity and to existing contours. A schedule of contouring
tasks was followed designed to limit memory bias with images from individual cases contoured only
once in one session, with a minimum of a week between sessions. For each patient the delineated
image sets for each modality underwent deformable registration using in house Morfeus software,
which has previously been validated for prostate deformation (Brock et al., 2006). For each patient
a mesh of the first contour was created and then deformed to each of the subsequent contours.
The mean of the vector projections of the mesh deformation for each modality was taken to create
a single volumetric assessment considered to represent the true prostate contour on MRI and CT.
DICOM image files were transferred into MATLAB (the Mathworks, Natick MA). Assessment of the
agreement of mean CT and MRI contours, with position of HQVCT relative to MRI adjusted based
on registration parameters of the BM or IM method, was performed using DSC coefficient. The

work flow is shown in Figure 3-1.

For images with fiducial markers present

registration accuracy after registration 1
and registration 2 assessed by
displacement of fiducial marker
centroids on each image set.

Further registration of
MR and HQCT images

registered by manual
operator matching of

images then performed
based on interstitial points
identified on operator

visualised anatomical .
matched images

prostate boundaries For images without fiducial markers

registration accuracy after registration 1

and registration 2 assessed by degree of

houndary overlap graded using the DICE
coefficient

Registration 1 Registration 2 Assessment

Figure 3-1: Schematic of registration and assessment process

3.4.5 Statistics

Distribution of displacements and DSC were assessed using the Shapiro- Wilks test and found to
be non-normal. Following operator registration and then interstitial registration the displacement of
the fiducial markers or the DSC coefficient for each process was compared using the non-
parametric Wilcoxon signed rank test. All tests were two tailed. The tests were performed per

operator and for all results to assess whether operator competency affected outcome.
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3.5 Results

A total of 14 patients were considered for this analysis, nine without fiducial markers in situ and five

with. All imaging was performed as planned without complication.

On imaging without fiducial markers in situ at least three mutual points were identified on all MR

and HQVCT image pairs, mean 4.5 (range 3-6). Using conventional CT imaging a minimum of

three mutual points were obtained for 4 patients without fiducial markers, mean 1.8 (1-5) (p =
0.013) (Figure 3-2).

Figure 3-2: Images taken at the same level of the prostate after registration a) T2w MRI and
conventional CT with no interstitial structures visible b) T2w MRI and high quality
volumetric CT with shared interstitial features seen c) Interstitial contours segmented d)
Points for registration picked out on segmented structures

The mean time for each operator to manually register MRI and HQVCT imaging using boundary
matching was 25 minutes (range 15 —35 minutes). The mean time to perform repeat registration

based on identified mutual interstitial points was 8 minutes (range 6-10 minutes).

The displacement of fiducial markers centroids after boundary registration and subsequent point
registration for each operator is shown in (Table 3-1). Overall following point registration there was
a significant reduction in the mean displacement distance of 19% (p = 0.022). Mean displacement
distance was increased in three cases following secondary point registration. When analysed
individually there was a significant reduction in mean displacement for operator 2 (p = 0.007) but

not for operator 1 (p = 0.45). Table 3-2 shows DSC coefficient for nine patients without fiducial
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markers after manual registration and then interstitial registration. Interstitial point registration

performed after boundary registration was found to significantly improved DSC coefficient for

operator 2 (p = 0.02), but not operator 1 (p = 0.30). Overall there was a significant mean DSC

coefficient increased 0.02 (p = 0.01) following repeat interstitial based registration. In three of 18

instances repeat interstitial point registration caused a decline in DSC coefficient.

Table 3-1: Displacement of centroid of fiducial markers on MRI and HQVCT after (1)
Operator registration of identified prostate boundary (2) subsequent further registration
based on identified interstitial points

Step 1: Boundary registration Step 2: Interstitial registration S
Displacement (mm) Displacement (mm) Mean P value*
InfFM | Mid FM | Sup FM | Mean | InfFM | Mid FM | Sup FM | Mean (mm)
Pt1 3.8 2.0 1.1 2.3 4.4 4.0 1.8 3.4 1.1
Pt 2 0.4 0.6 6.8 0.6 0.6 2.2 2.1 1.6 1.0
Opelrator Pt3 | 37 2.6 3.7 34 | 27 16 2.2 2.2 1.2 0.45
Pt4 1.3 1.9 2.5 1.9 1.2 0.9 1.6 1.2 -0.7
Pt5 3.1 2.2 2.3 2.5 2.2 0.7 0.6 1.2 -1.3 0.022
Pt1 3.2 4.5 5.8 4.5 2.1 2.9 5.3 3.4 -1.1
Pt 2 2.7 2.0 2.3 2.3 2.0 3.4 2.6 2.7 0.4
Opezfator Pt3 | 36 3.9 5.0 42 | 026 | 025 2.9 2.6 16 0.007
Pt 4 2.4 2.8 2.2 1.9 2.0 0.2 1.3 1.2 -0.7
Pt5 1.7 2.0 2.4 2.0 1.0 1.7 1.6 1.4 -0.6

*Wilcoxon signed-rank test; Inf, Inferior; Mid, Middle; Pt, Patient; Sup, Superior

Table 3-2; DSC coefficient of prostate contours on MRI and HQVCT after (1) Operator
registration of identified prostate boundary (2) subsequent further registration based on
identified interstitial points

Operator 1 (MV) Operator 2 (TL)
DSC coefficient DSC coefficient
Step 1: Step 2: Change in Step 1: Step 2: Change in
Boundary Interstitial DSC Boundary Interstitial DSC
Registration registration coefficient Registration registration coefficient
Pt1 0.899 0.914 0.015 0.902 0.907 0.005
Pt 2 0.844 0.855 0.011 0.849 0.854 0.005
Pt3 0.856 0.830 -0.026 0.818 0.832 0.014
Pt 4 0.882 0.892 0.010 0.846 0.874 0.028
Pt5 0.768 0.798 0.030 0.711 0.732 0.021
Pt 6 0.854 0.878 0.024 0.837 0.883 0.046
Pt7 0.873 0.881 0.008 0.707 0.869 0.162
Pt 8 0.884 0.871 -0.013 0.837 0.828 -0.009
Pt9 0.898 0.901 0.003 0.786 0.796 0.010
Average 0.862 0.869 0.007 0.810 0.842 0.031
P value* Step 1 DSC vs Step 2 DSC =0.301 Step 1 DSC vs Step 2 DSC =0.020
Overall Step 1 DSC vs Step 2 DSC = 0.01
*Wilcoxon signed-rank test, Pt, Patient

85




3.6 Discussion

This study has assessed the potential use of common interstitial points identified on HQVCT to
improve MR to CT registration. It has been demonstrated that the use of HQVCT imaging allows
the consistent identification of interstitial structures which would not be possible using conventional
CT imaging. The identification of interstitial structures and subsequent registration using these
points was done in a timely manner, adding an average of eight minutes onto the registration

workflow.

Using these identified structures it has been shown that a statistical improvement in registration
measured by DSC coefficient (p = 0.01) can be achieved by repeat point based registration after
expert boundary matched registration. When analysed individually this statistical benefit was seen
for operator 2 (p = 0.02) but not operator 1 (p = 0.3). In addition a significant 19% reduction (p =
0.022) in the mean displacement of fiducial markers centroids was achieved by repeat registration
using interstitial points. Again when analysed individually a statistically significant reduction was
seen for operator 2 (p = 0.007) with repeat registration but not for operator 1 (p = 0.45). Of note

operator 2, although experienced, had less expertise in image registration.

The improvement in mean displacement seen could have clinical significance; for operator 2 the
improvement in accuracy of registration achieved, assuming the fiducial markers centroid to

represent perfect registration appears to be in the order of 1-2 mm.

In the second portion of this study an alternative validation strategy was employed, using prostate
contours delineated by five expert radiation oncologists to assess registration accuracy. The use of
repeat interstitial point registration achieved a statistically significant improvement in DSC
coefficient following one operator’'s boundary registration. The clinical significance of any
improvement achieved is hard to quantify. An improvement in average DSC coefficient from 0.810
to 0.842 is unlikely to have any clinical significance, however but for the patients with largest

increase in DSC the improvement in matching does appear clinically relevant (Figure 3-3).

Figure 3-3: Comparison of contour position for patient seven with the contours of each
clinician on CT and MR imaging shown (Red = MRI prostate contours, Green = High quality
volumetric CT prostate contours) A) After operator 1 boundary registration (Dice Similarity
Co-efficient (DSC) score 0.873) B) After operator 2 boundary registration (DSC score 0.707)
(C) After repeat interstitial point registration for operator 2 (DSC score 0.869)
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In a minority of cases, using both fiducial markers displacement and DSC coefficient for
assessment, repeat point registration caused a small decline in registration accuracy. These
patients were those in whom it was more challenging to identify mutual points and emphasises that
HQVCT although an improvement over conventional CT imaging for identifying interstitial
structures is an imperfect solution. Ongoing analysis is looking at the administration of intravenous
contrast at the time of imaging to further improve visualisation of prostate parenchyma (Figure 3-4).
This appears to enable more confident identification of intra-prostatic structures and will be the

subject of future work.

T2w TSE
-’

Figure 3-4: Comparison of prostate parenchyma visualised on various imaging modalities
pre and post contrast

The study has shown a benefit to repeat point registration after operator controlled boundary
registration. The repeatability of this outcome using different operators with different skill sets has
not been demonstrated and is of interest. It is however acknowledged that the accuracy of matched
interstitial points may be flawed due to the three dimensional nature of the structures which
identified; finding an identical point on the structure on CT and MR images, when the gap between
axial slices means the same points of the structure may not be seen on both scans, is unlikely. A
better approach might be to contour the entire structure on both images and then register using an
iterative approach, as has been used for fiducial markers previously, although image quality meant

this would not be routinely possible with the current CT imaging technique (Huisman et al., 2005).

Conclusions regarding the potential improvements achieved using this additional registration
technique are limited by the absence of a definitive registration with which to compare the two
processes against. For the initial part of this study fiducial markers centroids were assumed to
represent the optimal registration but this is not without issue. It is known that fiducial markers can
shift following insertion during a course of radiotherapy (Delouya et al., 2010). By performing CT

and MRI on the same day the risk of this was controlled for however some acute swelling of the
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prostate following insertion or a shift of fiducial markers might have occurred. It is also known that
gold fiducial markers introduce magnetic field distortion to MR imaging causing small deviations of
< 1Imm in imaged marker position relative to the actual position (Jonsson et al., 2012). An
additional consideration is that the centroid of the fiducial markers on CT and MR was used assess
registration of images rather than iterative closest point of the entire fiducial markers, which was
not possible in this current study but has been shown to improve matching by around 1 mm
(Huisman et al., 2005). Finally the use of 3mm thick axial HQVCT slices means any assessment of
registration accuracy is limited by this resolution, making it impossible to identify the exact centroid
of the fiducial markers. Taken in combination these potential sources of error make the variation
between matching on fiducial markers and interstitial points harder to interpret and mean that
registration based on them may not truly represent the optimal prostate fusion in this cohort.
Following interstitial registration the fiducial markers centroids remained mismatched per patient by
an average of > 1 mm in all dimensions and in the worst patient by > 3 mm, error which could

easily be accounted for by the issues discussed.

The use of averaged contours to assess accuracy of registration is also problematic, relying on the
assumption that they will most closely represent the true prostate boundary. It has been shown
when contouring on CT imaging the anterior prostate is routinely over-contoured and posterior
prostate under-contoured in comparison to MR imaging (Gao et al., 2007). In addition variation in
the identification of prostate apex and base is greater on CT than MRI imaging and overall
contoured prostate volume is consistently lower on MR than CT imaging (Tanaka et al., 2011b). As
a consequence comparing CT and MR image delineations, which may effectively be contours of
slightly different structures, will show an apparent registration error assessed using DSC even if the
matching of the image sets is perfect. The DSC coefficient may not therefore represent accurately
the quality of registration and the highest DSC score may not always be due to the best technique.
These issues with variation of the identified prostate on MR and CT imaging are also what makes
simple registration based on CT and MR prostate contours inaccurate and provides value to
identifying interstitial points.  Finally although a minimum of three structures were obtained in all
cases the quality of interstitial imaging achieved with HQVCT varied, making it challenging in some

cases to confidently identify matching points.

The future use of MR imaging to plan radiotherapy deliver, assigning “bulk densities” to tissue
structures to mimic the electron density information provided by CT imaging, is of interest. It has
been shown that dose differences of <2% in comparison to conventional CT planning can be
achieved (Dowling et al., 2012). This approach would remove the necessity of MR/CT image fusion
and may in future become common place. In the interval however improved methods of registration

remain of interest.

In conclusion the use of interstitial points to guide fusion of MRl and HQVCT imaging shows
promise as an alternative method to fiducial markers for accurate image registration, without its
associated invasiveness and morbidity. For a proportion of patients identifying interstitial points is
challenging but the use of IV contrast agents may improve this and is an area of ongoing

investigation.
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Chapter 4: Risk of Inadequate Sampling Despite MRI-Guided and

Tumour-Targeted Prostate Biopsy

McPartlin AJ, Ghai S, Berlin A, Simeonov A, van der Kwast T, Catton C, Bristow R, Bayley A,
Warde P, Gospodarowicz M, Chung P, Ménard C

4.1  Background and contribution of authors

A novel method for MR/CT image registration has been discussed in the previous chapter.
Integrated MR/CT imaging allows the possibility of identification of areas of high density within the
prostate on MP-MRI which would be impossible with CT imaging alone. As discussed in chapter 1
these areas may benefit from selective dose escalation to improve outcome for patients. The
PIRADS scoring system is able to grade the likelihood that areas of disease identified on MP-MR
contain disease. This chapter assesses whether lesions with a high probability of containing
disease based on their PIRADS score should be biopsied prior to delivery of a focal boost to the
region.

The analysis is based upon data generated from the ongoing TARGET study being carried out at
Princess Margaret Cancer Centre. The idea for the analysis of biopsy outcome was from Cynthia
Menard. | performed analysis of the data and statistical analysis, choosing appropriate statistical
tests and carrying out all calculations. | wrote the entire report and discussion before minor

revisions were suggested by Cynthia Menard
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4.2  Abstract
Background: The merit of MR guided biopsies (MRGB) in patients with highly suspicious multi-

parametric MRI (MP-MRI) prostate appearances is unclear.

Objective: Assess efficacy of in-bore MRGB via a trans-perineal template of PIRADS v2 4-5

lesions in patients with previously positive TRUS biopsy.

Design, Setting, and Participants: From 2012-2015 31 eligible men with biopsy proven prostate
cancer participated in a single institution prospective study of selective dose escalation to a
dominant intra-prostatic lesion. All underwent MP-MRI and in-bore trans-perineal MRBG of

suspicious lesions prior to treatment. Results for PIRADS v2 4-5 targets are reported
Interventions: MP-MRYI, in-bore trans-perineal MRGB.

Outcomes Measurements and Statistical Analysis: Distribution of disease, histology of biopsy
results, location of needle relative to target (central/marginal). Characteristics of significant vs. non-
significant or negative biopsies were compared using Mann Whitney, Fishers exact t-test, logistics

regression and chi-squared.

Results and Limitations: In 30 men 84% (35) of 42 targeted lesions and 67% (58) of 84 core
biopsies contained significant disease. Non-significant or no disease was reported in 16% (7) of
lesions. Four negative lesions were confirmed to harbour significant disease on separate repeat
biopsy. No significant difference in target location for positive vs. remainder was identified. All
centrally sampled lesions yielded significant disease vs 59% of marginal (p < 0.001). Positive core
involvement was greater following central sampling 66 vs 44% (p = 0.005). Marginal deflection
occurred in 74% of cores. The study is limited by the lack of prostatectomy specimens to confirm

disease location and characteristics.

Conclusions: Over 92% of lesions were ultimately confirmed to harbour significant disease and a
9% false negative rate was seen. Multiple targeted samples or confirmation of central sampling

may mitigate this.
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4.3 Introduction

Multi-parametric MRI is the gold standard imaging modality for detecting significant cancer within
the prostate gland (Weinreb et al., 2016). Its use has been demonstrated to increase MRI
performance in cancer detection (de Rooij et al., 2014a). Various methods for reporting MP-MRI
have been proposed to standardise acquisition, interpretation and reporting with the Prostate
Imaging Reporting and Data System (PIRADS) commonly used (Barentsz et al., 2012b; 2014)
This method grades lesions with a 5 point Likert like scale from 1, highly unlikely to represent
disease, to 5, highly likely. Targeting of a MP-MRI identified abnormality during diagnostic
procedures is an area of promise; the use of MR guided biopsy (MRGB) appears to have similar
efficacy to conventional TRUS biopsy to identify significant disease while identifying less non-
significant disease and requiring less biopsy samples (Kasivisvanathan et al., 2013). The sensitivity
and specificity of MRGB increases with higher risk PIRAD features on MR-imaging (Delongchamps
et al., 2013). Lesions with score 4 or 5 appearance have been shown to correlate with incidence
and location of significant disease in RP specimens and to yield significant disease in 86 and 93%

of targeted biopsies respectively (Delongchamps et al., 2015a; Thompson et al., 2014).

MRGB may be performed via the rectal wall or perineum. Trans-perineal biopsies improve
detection rates and reduce the risk of false negative results in comparison to conventional TRUS
(Chang et al.,, 2013). Targeting may be performed within the magnet (in-bore), by use of
registration of previous MR imaging fused with real time ultra-sound or with cognitive targeting
combining US biopsy with clinicians prior knowledge of MR findings (Moore et al., 2013b). Each
technique has merits in terms of speed, cost and accuracy. Trans-perineal in-bore MR-guided
biopsies, first reported in 2001, allow for intra-procedure identification of needle and target lesion
but remains an area of limited research (Hata et al., 2001). A prospective study reported last year

showed this technique to be safe and effective at identifying disease (Penzkofer et al., 2015).

We performed direct in-bore MRGB in patients with known prostate cancer prior to dose-painted
radiotherapy. Here we report diagnostic yield of this approach, and describe observed advantages
and pitfalls. Reporting followed the Standards of Reporting for MRI-guided Biopsy Studies (START)

work-group recommendations (Moore et al., 2013a).

4.4  Design and methods

4.4.1 Study population

Thirty-one patients were enrolled on a prospective registered clinical trial approved by our
institutional research ethics board between 2013 and 2015 (Chung and Menard, 2012). None have

been included in previously published biopsy cohorts.

Eligibility included patients with histologically proven prostate cancer, where low-risk patients were
required to have > 50% of diagnostic biopsy cores involved with tumour, and all patients were
required to have an overall risk of LN involvement by Roach formula of < 30%. All patients had an

identifiable area of disease on screening MRI (Axial T2w TSE + DWI without endo-rectal coil).
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A biopsy was considered to contain significant disease if containing = 2 mm of malignant tissue

and/or Gleason 4 disease (Goto et al., 1996).

4.4.2 MRI guided biopsies

Prior to dose-painted radiotherapy, a confirmation MRI-guided and tumour-targeted biopsy of all
identified PIRADS score = 4 lesions was performed using an integrated diagnostic and
interventional MRI technique in a 3T Siemens Verio MRI scanner (IMRIS, Minnetonka, Minnesota,
US) with endo-rectal coil system (Sentinelle, InVivo). A maximum of 6 cores per patient was

permitted.

All patients were imaged and biopsied under propofol anaesthesia in frog-leg position. Trans-
perineal biopsies were performed using an integrated trans-perineal template with online
stereotactic navigation (Aegis, Hologic) (Figure 4-1). Biopsies were performed with the patient

outside of the MRI bore before being returned for confirmation imaging.

Figure 4-1: Trans-perineal MR guided intervention system

MP-MR images were acquired using an endorectal coil (ERC) and anterior surface coil. The
protocol included high resolution T2-weighted TSE axial images (FOV 140 mm, slice thickness 2
mm, TR 2500ms, TE 100 ms, matrix 320x320, in plane resolution 0.4 x 0.4 x 2.0 mm); diffusion
weighted imaging (DWI) (FOV 180 mm, slice thickness 3 mm, TR 6000ms, TE 83 ms, matrix
128x128, in plane resolution 1.4 x 1.4 x 3.0 mm, b = 0; 100; 600; 1000) and dynamic contrast-
enhanced (DCE) (FOV 180 mm, slice thickness 3 mm, 3D FLASH, TE/TR=1.7/4.3ms, matrix
128x128, in plane resolution 1.4 x 1.4 x 3.0 mm, temporal resolution 5 s, scan time 5 min during
bolus infusion of 0.1mmol/kg of gadolinium- DTPA at 4cc/s followed by a 20 cc saline flush). Axial
TSE images (FOV 160 mm, slice thickness 3 mm, TR 1250ms, TE 11 ms, matrix 256x256, in plane
resolution 0.6 x 0.6 x 3.0 mm) were acquired with co-axial needles (16g, InVivo, Philips) in situ to

evaluate tumour-targeting accuracy.

4.4.3 Data Analysis

Scoring of lesions on MRI was independently performed by two experienced users with > 5 years

reporting experience (CM, SG) using European Society of Urogenital Radiology (ESUR) guidelines
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for PIRADS v2.0 (Weinreb et al., 2016). Clinical information was not used to aid decision making.
Lesions scored 4 or 5 by both operators were considered in the current analysis. Multiple targets

per patient were permissible with individual sites of disease required to be > 5 mm diameter.

Biopsies were considered centrally targeted if tumour features were identified circumferentially on
needle-confirmation imaging. A repeat MRI-informed biopsy was performed for select patients with
benign histology on MRI-guided biopsy if there was suspicion of false negative. Characteristics of
significant vs. non-significant or negative biopsies were compared using Mann Whitney, Fishers

exact t-test, logistical regression or the chi-squared test.

45 Results

Five biopsied lesions, and one patient, were excluded from analysis when found PIRADS v2.0 <4
by either observer. Ultimately 42 lesions in 30 patients were analysed. Patient characteristics at
MRGB are shown in Table 4-1 with median age 68 (range 51-76), median PSA 7 (1.7- 29), 87% =
Gleason 7 (3+4) and all T1-T2 disease.

Table 4-1: Patient and disease characteristics

Patient age 68 (51-76)
PSA 7.0 (1.7-29)
Clinical stage Tic 64%
T2a 23%
T2b 10%
T2c 3%
TRUS Gleason score | 3+3 13%
3+4 64%
4+3 10%
4+4 13%
Prostate Volume (cm®) 44 (24-85)

A median of one (range 1-3) PIRADS 4/5 lesions per patient were identified. Overall, 84 biopsy
cores were sampled with a median number of biopsy cores per lesion of two (1-4). The distribution
of target lesions is shown in Figure 4-2. The characteristics of positive and negative biopsy targets
are shown in table 2. The median time per patient to complete imaging, biopsy, position
confirmation and fiducial markers insertion was 2.0 hrs (range 1.5 — 3.3). Significant disease was
identified in 69% (58) of MRGB and overall in 83% (35) of targeted lesions.

Six lesions (14%) were found negative for malignancy following MRGB and one further biopsied
lesion (2%) contained non-significant disease. All biopsy needles for these seven lesions were
identified at the peripheral margin of the tumour, which was not centrally sampled. Four of the

seven lesions were confirmed to contain significant disease on a separate repeat biopsy.

All biopsy cores confirmed to be sampled at the centre of the lesion on MRI yielded significant
disease. However, the majority of biopsy needles (74%) were deviated to the peripheral margin of
the tumour despite central targeting. In lesions < 1 cm diameter > 90% of biopsies were marginal.
The positive biopsy yield of cores sampled at the periphery of tumours was significantly lower at
59% (p<0.001). The % core-length involvement by malignancy was significantly higher in central

vs. peripheral samples (66% vs 44%, p= 0.005). Gleason grade however did not significantly differ
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between central and marginal cores (p=0.74) with a median score 6 (3+3) in both groups.
Successful central tumour sampling was more common in larger lesions (mean diameter 1.6 cm vs.
1.1 cm, p=0.001). There was no significant difference in the PIRADS characteristics or location of
disease in those target lesions which did, or did not, yield significant disease. In 3 patients (10%),

Gleason grade was higher after tumour-targeted biopsy than at the time of enrolment.

Apex

Figure 4-2: Distribution of targeted disease. First number (black) denotes number of positive
targeted lesions in region, second number (red) denotes number of lesions having non-
significant biopsy results
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Table 4-2: Comparison of characteristics of targeted lesions stratified by presence of
malignant disease on biopsy

Significant Non-significant . P-value*
i . Negative
disease disease
Median target diameter (mm) 12 10 8.5 0.016°
Number or targets 35 1 6
1 12 0 3 0.43*
L 2 15 1 1 .
Number of biopsies 3 5 0 1 (1 biopsy vs
per target 4 3 0 1 >1)
Mean 2 2 2
4/4 10 1 4
PIRADS 4/5 12 0 2 0.72°
5/5 13 0 0
Central biopsy 22 0 0 +
. : .0002
Marginal biopsy 38 2 24 0.000
Apex 10 0 0
1 *
Area of gland Mid 20 1 5 0.33
biopsied Base > 0 L
P Anterior 16 1 2 052"
Posterior 19 0 4 '

*All significant disease vs. remainder, *"Mann Whitney ©logistical regression testing*Chi x” test
“Fisher's exact test

4.6 Discussion

We report the results of a cohort of patients undergoing direct in-bore MRGB of PIRADS v2.0 score
4 and 5 lesions. This study has demonstrated that despite the use of in-bore MRI-guidance, there
is around 10% risk of a false negative biopsy. Our data show that this is primarily due to needle
deviation to the peripheral margin of tumours. Other groups have previously shown up to a third of
patients with negative MRI guided biopsies have clinically significant prostate cancer, although

explicit characterisation of MP-MRI appearance was not made (Sivaraman et al., 2015).

The majority biopsies performed were marginal. The cause of this needle displacement is of
interest. Previously, we demonstrated a mean geometric needle placement error of 2.1mm
employing this method (Susil et al., 2004), similar to other techniques (Wan et al., 2005; Fichtinger
et al.,, 2006). Deflections seen in that study had a Rayleigh distribution with sigma 1.6 mm,
suggesting the error seen was due to deflection within the tissue rather than targeting error. It was
also greater than encountered previously in studies using gel phantoms suggesting the relative

density of prostate tissues may have increased the effect.

It has been demonstrated that prostate cancer has increased stiffness, measured from viscosity
parameter using sono-elastography, than surrounding prostate tissue (Hoyt et al., 2008). As a
consequence malignant tissue may induce greater needle deflection than benign gland and would
provide a mechanism for the results we observed. Despite targeting lesions with a median diameter
of 1 cm 74% of biopsies in our study were identified at the periphery of tumours on confirmatory
MRI. Even with in-bore MRGB samples were taken from the periphery of targeted disease and
multiple attempts were necessary in some instances to obtain accurate tissue sampling (Figure
4-3).
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Figure 4-3. MR imaging of repeated sampling of targeted lesion. Four samples required
before a centrally located sample, containing malignant tissue, was obtained

For smaller lesions this effect was even more pronounced with > 90% of biopsies targeted to
lesions less than 1cm in size deviating to the peripheral tumour margin. We demonstrate that the
positive yield of marginal biopsies is compromised compared with central sampling. Central
sampling also achieves a more representative sample of tumour with higher percent core length

involvement (66% v. 44%).

The primary limitation of this study is a lack of definitive gold-standard, as prostatectomy
specimens were not available in this cohort of patients receiving radiotherapy. We attempted to
address this limitation by restricting our analysis to lesions that were confirmed PIRADS v2.0 4/5 by
two independent and experienced observers, and by carefully analysing the biopsy core location

relative to visible tumours on MRI.

Using prostatectomy specimens and pre-operative MP-MRI one published series has
demonstrated that 96% of those with PIRADS 4 and 100% of those with PIRADS 5 lesions harbour
significant disease (Thompson et al., 2014). Another series using MP-MRI and trans-perineal
template biopsies showed a PIRADS 5 score has a specificity of 96.5% for presence of malignancy
(Grey et al., 2015). A recent study comparing the performance of systematic vs targeted trans-
perineal biopsies, performing a minimum of two biopsies per target, identified 2 of 31 targeted
PIRADS 5 lesions as giving false negative results and 2 achieving true negative (Radtke et al.,
2015). Both PIRADS 4 and 5 scores were found to have a PPV of > 92 %.

We demonstrate a risk of inadequate sampling and false negative biopsy results in patients who
have a visible lesion with high PIRADS score (4-5) even with the use of MR image guidance.
Strategies to mitigate this problem could include more targeted sampled cores (4-6 per target).
Alternatively, confirmation of central sampling using online MRI-guidance assures representative

sampling despite limited core, reducing invasiveness.
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Chapter 5: Comparison of dosimetry and toxicity for integrated VMAT

or HDR boost treatment for prostate cancer
McPartlin AJ, Lee J, Craig T, Berlin A, Bayley A, Bristow R, Catton C, Chung P, Menard C.

5.1 Background and contribution of authors

This thesis has investigated methods for registering MRI in combination with CT imaging to identify
areas of high density disease within the prostate and the necessity of biopsy of these prior to focal
treatment intensification. In the introductory chapter the theoretical benefits of focal boosting were
discussed with its potential to improve outcome for patients receiving treatment. The best method
of delivering this boost, and the likely side effects profile, has not yet been established. This
chapter fills some of this current gap in knowledge, investigating dosimetric and toxicity outcome
for a cohort of patients receiving a HDR or EBRT focal boost to regions of high density disease
identified on MRI.

This work is based upon the ongoing TARGET study being carried out at Princess Margaret
Cancer Centre, Toronto (Chung and Menard, 2012). For analysis | identified patients treated on
study with a minimum of six months follow up post therapy. | reviewed medical notes and trial
information to record all acute and late toxicities experienced. | ensured conformity of contouring on
all image sets and generated excel datasheets of DVH data for analysis from Pinnacle planning
software. | produced all results seen in the report including DVH curves. The work includes a novel
method of dose summation of brachytherapy and EBRT using deformable registration of
radiotherapy dose maps. | was involved throughout the development process of this approach,
liaising with the physics team. | made the choice of a/f ratio to apply to the deformable dose
summation of brathytherapy and EBRT. The process of deformation registration was performed by
Jenny Lee, after | had exported all appropriate patients into the Morfeus planning software and
identified mutually shared points on CT and MR imaging, when required, to allow initial image

registration.

I performed all reported statistical analysis of dosimetric and toxicity data from each arm of the
study. | assessed the normality of data distribution and performed appropriate non-parametric tests
based on its results. Due to the repeated statistical testing being performed a bonferroni correction

was applied to reduce the risk of non-significant differences being identified in error (Moye, 1998).

| wrote the chapter in its entirety. Advice on the passage describing the method of dose summation
was provided by Jenny Lee, Physician at Princess Margaret Cancer Centre. Minor revisions to the

text were suggested by co-authors for the final draft.
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5.2 Abstract:

Background: Focal dose escalation to an area of high disease burden within the prostate may
improve outcome while minimising associated toxicity. This study reports dosimetric and early
toxicity data from a phase Il study of prostate EBRT with dose escalation to identifiable tumour
(GTV) via integrated VMAT (VMAT-IB) or HDR brachytherapy (HDR-B) boost.

Methods: Patients with localised prostate cancer, low risk of LN involvement, and identifiable
tumour on screening MRI were eligible. Participants received EBRT 76 Gy in 38 fractions to the
prostate plus a 95 Gy VMAT-IB or 10 Gy HDR-B to the GTV, manually delineated on multi-
parametric MRI. The CTV included the whole prostate gland plus up to 5 mm margin for
Omicroscopic extension beyond the GTV excluding OAR. CTV was expanded by 5 mm AP/ Sl and
3 mm LR to form PTV76. VMAT-IB GTV was expanded by the same margins to form PTV(VMAT-
IB). For HDR-B GTV was expanded 2 mm Sl and 1 mm AP/RL, excluding OAR, to form the
PTV(HDR-B). Penile bulb, urethra, rectum wall and bladder wall were contoured as OAR. Toxicity
was recorded prospectively using CTCAE v4.0. For comparative analysis all dosimetry was
converted to EQD2 assuming a/f 3 Gy for tumour and OAR. For the HDR-boost arm, the dose
matrix for each therapy was combined using deformable registration to account for rectal distortion

from an endo-rectal coil during brachytherapy delivery.

Results: From December 2012 to October 2015 26 and 20 patients were treated with VMAT-IB or
HDR-B, respectively. There was no significant difference in patient or disease characteristics for
either treatment. Median number of visible tumours treated per patient was 1 (1-3). GTV was
significantly closer to rectum for HDR cohort. CTV and PTV76 dosimetry was similar. GTV D50
was significantly higher with HDR-B (160 Gy vs 111 Gy, (p=0.0001)). Rectal D0.5cc and D10-D30
was also significantly higher following HDR-B. Other OAR dosimetry was similar. There was no

significant difference in acute or late Gl and GU toxicity with either treatment.

Conclusions: Both VMAT-IB or HDR-B achieve comparable minimum GTV dose, but higher
integral dose to the GTV following a HDR-B. Acute and late toxicity are comparable with either
treatment. No episodes of urethral stricture occurred. Overall both approaches are well tolerated
with limited toxicity consistent with other published series. Ongoing follow-up, including 3-year

biopsy, will further determine long-term outcomes.
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5.3 Introduction

Prostate cancer is the most common malignancy amongst men. It is known that dose-escalated
radiotherapy improves biochemical control and may improve overall survival. It has been
suggested that a dose response may be present up to 200 Gy BED (Crook et al., 2011). Dose
escalation is, however, associated with increased treatment-related morbidity and treating the

entire gland with EBRT to this level risks significant treatment side-effects (Ohri et al., 2012).

Multi-parametric MRI allows identification of areas of high density disease within the gland,
identified as the GTV. Previously it has been shown that local recurrence of disease appears to
occur predominantly within this region (Arrayeh et al., 2012; Cellini et al., 2002a). Recurrence rates
of up to 60% have been reported in patients with tumour > 1cm visible on MRI prior to radiotherapy
(Joseph et al., 2009a). Delivering a focal dose boost to the GTV may improve outcome whilst
minimising associated increased toxicity. This escalation can be delivered as an integrated boost
(IB) during external beam radiotherapy (EBRT) or using HDR brachytherapy. Limited data has
been published assessing toxicity and outcome of either approach (Bauman et al., 2013). There is

no prospective comparative data for these two approaches.

The Target study is an ongoing prospective phase Il study assessing the use of a HDR boost
(HDR-B) or integrated VMAT boost (VMAT-IB) for patients undergoing conventional EBRT with an
identified GTV on MRI (Chung and Menard, 2012). This study reports dosimetric and early toxicity
outcomes following delivery of a VMAT-IB or HDR-B in a cohort of prostate cancer patients from

this study.

5.4 Methods and Materials

5.4.1 Patients and treatment

This study includes the first 46 patients enrolled and treated in a phase Il prospective study
delivering a VMAT-IB or HDR-B with EBRT for prostate cancer from 2012 to 2015. The study
received ethical approval and all patients completed signed informed consent prior to enrolment.
Choice of boost technique was at the discretion of patient and treating physician. Patients were
required to have an identifiable and biopsy proven intra-prostatic lesion with >5 mm maximal
diameter but with <33% of prostate volume on MP-MRI. All were = 18 years old with ECOG
performance status 0-1. All disease characteristics were permitted but those low risk ( Gleason 6
and PSA < 10 and T1) were required to have > 50% of biopsy cores involved with tumor and all
patients had risk LN involvement < 30% by Roach formula (=2/3*PSA((GS-6)*10)). Patients were
ineligible if any diagnosis of non-skin cancer had been made within five years of enrolment or they
had commenced hormone therapy > 2 weeks prior to enrolment. On study high risk patients were
allowed up to six months of hormone therapy at the discretion of the treating physician. All had to

be suitable for MRI and have no contraindication to an endorectal coil or sedation.

MRI was used to confirm eligibility prior to enrolment with either a diagnostic MRI (performed within
three months of enrolment) or alternatively a screening MRI with T2-weighted FSE and DWI

sequences.
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5.4.2 MR imaging

Patients underwent MP-MRI using an integrated diagnostic and interventional MRI technique in a
3T Siemens Verio MRI scanner (IMRIS, Minnetonka, Minnesota, US) with endorectal coil system
and body matrix (Sentinelle, InVivo). Three fiducial markers were inserted at time of MP-MRI at the
region of suspected tumour burden, in the apex and in the base of gland to guide image fusion and
treatment setup. At the time of fiducial markers insertion in-bore MR-guided biopsies were
performed to confirm presence of malignant tissue. The requirement for histological confirmation
was removed with evolving experience during the study due to likelihood of false negative biopsy
(see Chapter 5). The imaging protocol included high resolution T2-weighted TSE axial images
(FOV 140 mm, slice thickness 2 mm, TR 2500 ms, TE 100 ms, matrix 320x320, in plane resolution
0.4 x 0.4 x 2.0 mm); diffusion weighted imaging (DWI) (FOV 180 mm, slice thickness 3 mm, TR
6000 ms, TE 83 ms, matrix 128x128, in plane resolution 1.4 x 1.4 x 3.0 mm, b = 0; 100; 600; 1000)
and dynamic contrast-enhanced (DCE) (FOV 180 mm, slice thickness 3 mm, 3D FLASH,
TE/TR=1.7/4.3ms, matrix 128x128, in plane resolution 1.4 x 1.4 x 3.0 mm, temporal resolution 5 s,
scan time 5 min during bolus infusion of 0.1mmol/kg of gadolinium- DTPA at 4cc/s followed by a

20 cc saline flush).

Subsequently a separate T2w MRI without ERC was performed in the treatment position
immediately before or after CT simulation. For radiation planning, target lesions were identified on
MP-MRI sequences and this information was combined with known histological diagnosis to
contour the GTV on T2w-ERC image set Multi-parametric images were registered to non-ERC T2w
and CT using interstitial points and fiducial markers for guidance. Localisation of GTV was
determined by reviewing T2, ADC and DCE images. On both non-ERC and ERC T2w images the
prostate was contoured and the GTV deformably registered onto the non-ERC T2w image set
using in house software (Morpheus research group). Morfeus, a biomechanical-based deformable
registration technique, has been previously described and validated for the prostate (Hensel et al.,
2007). Contours were manually adjusted if required based on CT and non-ERC T2w images to

ensure full coverage of target structures.

CTV76 was contoured on non-ERC T2w and included the entire prostate and a 5 mm uncertainty
margin beyond the GTV, trimmed off muscle, bladder and rectum. PTV(CTV) was formed by
expanding 5 mm anterior-posterior/superior-inferior and 3 mm left-right on CTV76. For VMAT boost
the sum of GTVs, if multiple targets present, was considered CTV95. This was expanded 5 mm
anterior-posterior/superior-inferior and 3 mm left-right to form PTV(VMAT-IB). For HDR-B the GTV
was expanded 2 mm from GTV, except 1 mm left and right, excluding urethra, bladder and rectum
and to a maximum of 1 mm beyond the CTV76 to form the PTV(HDR-B).

OAR contoured for planning were penile bulb, distal urethra, rectal wall, bladder wall and femoral
heads. The rectal wall was contoured as a 3 mm thick cylindrical structure extending 18 mm cranial
and caudal to the CTV76 volume. Bladder was contoured as a 3 mm thick structure contoured 18

mm superior to the CTV76.

Dose delivered via VMAT-IB or HDR-B was calculated to be biologically equivalent assuming o/

prostate = 1.5 Gy for dose equivalence calculations (Vogelius and Bentzen, 2013). All patients
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received EBRT to the whole prostate gland (CTV) of 76 Gy in 38 fractions marginally reduced from

our standard institutional practice of 78 Gy in 39 fractions. An equivalent 2 Gy per fraction (EQD?2)
dose of 109 Gy was then delivered to GTV using a VMAT-IB of 95 GY in 38 fractions or HDR-B of

10 Gy delivered in the week prior to EBRT. Dose constraints for EBRT treatment are shown in

Table 5-1.

Table 5-1: External beam radiotherapy dose constraints

Volume of interest Metric HDR-B (Gy) | VMAT-IB (Gy)
PTV(VMAT-IB) D99 - =92
Max (1cc) - <99.8
D99 2722 2722
PTV76
Max (1cc) <79.8
D50 <30 <30
Rectum Wall D30 <48 <48
Max (0.5cc) <90
D50 <30 <30
Bladder Wall D30 <48 <48
Max (0.5cc) <90
L/R Femur D5 <42 <42
Penile bulb D30 <54 <54
Urethra Max (0.1cc) - <99.8

5.4.3 Brachytherapy

Prior to brachytherapy patients received light propofol sedation and were immobilised in the dorsal

lithotomy position on the interventional MRI table (Hologic Inc). A sterile MRI-compatible perineal

template and endorectal coil (Hologic Inc) was positioned and immobilised against the perineum

(Figure 5-1).

BRSNS

NN~

Figure 5-1: Trans-perineal biopsy template and endorectal coil

5y —

MR images were acquired for device registration and catheter target sites identified in targeting

software (Aegis, Hologic Inc, ITA). MRI was obtained with catheters in position for treatment

101



planning and exported to treatment planning software (Oncentra, Nucletron). GTV and PTV(HDR-
B) contours were deformably registered onto this MRI (Morpheus) and edited by treating physician
as required. Patients were transferred to the HDR suite and verification x-rays were performed to
assess for catheter displacement before delivery of a single 10 Gy HDR treatment. Dose

constraints for HDR-B are shown in (Table 5-2).

Table 5-2: High dose rate brachytherapy organ at risk dose constraints

Volume Dose constraint
GTV V100 = 100%
PTV(HDR-B) V100 > 98%
Rectum D 0.5cc <8 Gy
Urethra D 0.5cc <12 Gy
Bladder D 0.5cc <12 Gy

5.4.4 Scoring of toxicity, end points, analysed variables

All patients were assessed at baseline, during and after completion of therapy using CTCAE v4.0
toxicity assessment (NICI, 2009). Follow up was scheduled at 1, 3, 6 months and 1, 2 and 3 years
after therapy. Any toxicity occurring within the first 6 months of follow up was considered an acute
toxicity. Any patient with follow-up greater than 6 months was assessed for late toxicity after this

time-point.

5.4.5 Dosimetric Analysis

For dosimetric analysis EBRT dose data was extracted from PINNACLE planning software and
converted to EQD2 equivalent assuming a conservative a/ 3 Gy for prostate and OAR, (Michalski

et al., 2010; Brenner et al., 2002). Conversion was performed using:
EQD2 = n*d*(d + a/B)/(2+ a/B)

Where n is number of fractions, d is dose per fraction. This allowed for uniform conversion of the
HDR_B dose matrix for treatment effect and late toxicity and summation in a single step with
converted EBRT.

The distance of treated disease from rectal wall was measured using Pinnacle software and
recorded as the minimum separation distance of any two points from each of the structures. For
patients receiving a HDR brachytherapy boost the presence of the endorectal coil at time of
brachytherapy delivery had the potential to cause rectal and prostate distortion, affecting dose
received by these structures. Applying the HDR-B dose-grid to the previously acquired CT SIM
would not account for this distortion. To prevent error being introduced by simple summation of
treatment doses the brachytherapy dosimetry was therefore converted to EQD2 equivalent and
deformably registered onto planning CT using MORPHEUS software. The brachytherapy
treatment MRI (primary image to be registered) and the prostate non-ERC T2w (secondary image)
were first bought closer together by point-based rigid registration. A guided surface projection was
performed to map the primary surface of the prostate and rectum onto the corresponding surface

generated from the secondary image. These surface displacements were applied as input to a
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finite element model resulting in a deformation vector field that mapped the 3D dose distribution

from brachytherapy treatment MR to non-ERC T2w.

The registration accuracy of deformable dose summation was measured as the signed error
between the MORFEUS-predicted displacement and observed displacement of 3D common points
(implanted markers or calcifications) within the prostate. Analysis was performed to assess for any
clinically significant effect from the use of deformable dose summation in comparison to rigid
summation. To account for the uncertain effect of ERC insertion a root mean squared analysis of
the difference in dose to various rectal volumes for all patients was performed to look for areas of

maximum discrepancy.

5.4.6 Endpoints

Comparative analysis of dosimetry for VMAT-IB and HDR-B and correlation with acute and late
toxicity. Dosimetry was compared in 10 Gy bins for targets and OAR. D,,, was considered at the

minimum dose to 99.9% of a given volume.

5.4.7 Statistical analysis

Non-Gaussian distribution of data was confirmed using the D’Agostino-Pearson omnibus K2 test.
The Wilcoxon signed-rank test was used to compare calculated rectal dose following rigid and
deformed dose summation of external beam radiotherapy and HDR-B. Patient characteristics,
target dosimetry and toxicity were compared using Mann Whitney U, Fishers Exact test and x2. For

multiple comparisons of dosimetry and toxicity a Bonferroni correction was made (Moye, 1998).

5.5 Results
From August 2012 to June 2015 VMAT-IB was delivered to 27 patients and HDR-B to 20 patients.

Median follow up was 11.9 months (range 0-35 months) and 17.7 months (range 2-35 months)
following VMAT-IB and HDR-B respectively. The characteristics of the two cohorts are shown in
Table 5-3. A median of 1 lesion (range 1- 3) was identified and boosted per patient. The mean
volume of delineated GTV per patient was 2.9 cm® (range 0.6 - 9.0 cm®) and 2.2 cm® (range 0.2 -
4.6 cm3) for VMAT and HDR treatment respectively. The location of disease treated in both arms is
shown in Figure 5-2.The median minimum distance of GTV targets to closest rectal wall was 11.5
mm (1-30 mm) and 4 mm (1-25 mm) (p = 0.01) for VMAT-IB and HDR-B respectively.

5.5.1 Effect of deformable dose registration

The mean (SD) signed error of common point registration was 0.3(1.5) mm, 0.8(2.3) mm and
0.5(2.5) mm in LR, AP, and SI respectively, over 63 markers for the 20 patients. In vector
magnitude, the average (SD) error was 3.4 (1.8) mm. The registration accuracy was comparable to

the largest dimension of the image resolution of 2 mm.

Comparison of mean DVH for rectal dose using deformable or rigid summation was performed for
18 of 20 patients receiving HDR-B. This did not identify a change in AUC with either approach
(Figure 5-3). In particular there was not, on average, a significant increase in dose received to

small volume of rectum following deformation (D2;igiq 88.5 Gy VS D2geformed 85.7 Gy (p = 0.686).
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Table 5-3: Patient characteristics

Characteristic VMAT HDR p-value
Number of patient 26 20 -
Mean age years (range) 70.8 (51-82) 67.0 (58-77) 0.07*
Tlc 16 12
T2a 7 5
Stage T2b 2 1 0.476"
T2c 0 2
T3a 1 0
Median PSA 6.7 8.0 0.84*
Median(range) target lesions 1(1-3) 1(1-3) 0.4*
Base 5 3
Location Mid 20 17 0.586"
Apex 5 6
Median sum GTV volume cm? (range) 2.9 (0.6-9.0) 2.2 (0.2-4.6) 0.31*

*Mann Whitney; A X° test; GTV, Gross tumour volume; HDR, High dose rate; PSA, Prostate specific

antigen; VMAT, volumetric arc therapy

VMAT-IB

Base

Apex

HDR-B

Figure 5-2: Disease location of patients undergoing Volumetric Arc Therapy Integrated
Boost (VMAT-IB) or High Dose Rate Boost (HDR-B)
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Figure 5-3: Dose volume histogram for rectum and deformed rectum

Further assessment of pre and post deformation structures in patients receiving HDR-B identified a
proportion in which the introduction of an ERC caused a movement of the GTV away from, and not
towards, the rectal wall. In this circumstance the rectal dose received from HDR would be
overestimated if this were applied to the non-deformed CT-SIM rectal contour. In contrast for others
the ERC pushed the rectal wall towards the GTV meaning the non-deformed rectal contour under-

estimated delivered dose (Figure 5-4). This variable effect meant on average the difference in pre

and post deformation dosimetry tended towards zero.

Figure 5-4: Prostate and rectum from original planning CT (red) and MRI taken at time of
HDR (blue) for two patients (A + B). GTV after rigid registration (light blue) and after
deformable registration (pink).

Root mean squared analysis of calculated rectal dose using deformed or rigid dose summation
showed there to be two spikes in variation in volume calculated to receive a given dose, one at low
dose and one from 75 - 110 Gy (Figure 5-5).
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Despite the variation in calculated dose following deformed or rigid dose summation a Pearson
correlation coefficient performed over the area of the DVH curve from 75 — 100 Gy using 1 Gy
increments for data from all HDR patients showed strong correlation between the dosimetry of rigid
or deformed summation (r = 0.889, p < 0.001). The dose received by 2% of rectal volume following
rigid dose summation (D24q4), ranged per patient from 75.3 — 136.5 Gy, within the area of
increased variation identified by RMS error analysis and therefore of particular interest. The upper
range of D244 Observed was greater than the EQD2 permissible if the maximum dose constraint to
0.5 cc for HDR and EBRT was met (max composite dose to 0.5cc 107 Gy). By contrast D2geformed
ranged from 76.2 — 99.5 Gy, representative of the expected dose given for each treatment
modality. The range in variation D24y VS D2geformeds Was -36% to 19% (Figure 5-6). As a
consequence of this variation seen at high dose the more plausible deformed HDR dosimetry was

used for all subsequent dosimetric analysis.
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Figure 5-5: Root mean square (RMS) error analysis for 18 patients of variation in percentage
volume receiving calculated dose to rectum following deformed or rigid dose summation of
external beam radiotherapy and HDR boost

30.0 -

20.0 -

10.0 -

0.0 -

1 2 3 45 6 7 8 9 101112 13 14
-10.0 - Patient

-20.0 -

two percent of rectum

Percentage variation in
calcualted dose received by

-30.0 -

-40.0 -

Figure 5-6: Per patient percentage change in calculated dose to two percent of rectal
volume following rigid or deformable dose summation
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5.5.2 Dosimetric outcome

All plans were prescribed within dose constraints. One patient did not complete EBRT following
HDR at their request due to fatigue. All other plans were completed as prescribed. Mean target
dosimetry for each treatment is shown in Table 5-4. A high dose tail with HDR therapy caused a
significant variation (p <0.0001) in D50 and D2 PTV(HDR-B) or PTV(VMAT-IB). The PTV(HDR-B)
Dnmin, Was significantly lower than PTV(VMAT-IB) (90.1 Gy SD +/- 5.4 Gy and 96.3 SD +/- 4.6 Gy (p

= 0.0004)).

Table 5-4: Comparison between VMAT and HDR dosimetry

Structure VMAT-IB Dose (Gy) HDR-B Dose (Gy) Mann Whitney U
(Median+/- SD) (Median+/- SD) (p)*
GTV Dmin 105.8 +/- 2.6 99.9 +/- 14.3 0.0085
GTV D98 106.5+/-2.3 106.5 +/- 16.2 0.908
GTV D50 109.5+/-1.4 159.4 +/- 28.4 < 0.0001
GTV D2 111.7+/-1.4 303.8 +/-41.4 < 0.0001
PTV(GTV) Dmin 96.3 +/- 4.6 90.1 +/-5.4 0.0004
PTV(GTV) D98 100.1 +/- 3.1 97.1+/-6.7 0.065
PTV(GTV) D50 107.3+/-1.4 146.4 +/-18.4 < 0.0001
PTV(GTV) D2 111.5+/-1.3 289.8 +/- 38.0 < 0.0001
PTV(CTV) Dmin 70.1+-1.4 70.1+/-2.3 0.56
PTV(CTV) D98 72.3+/-1.0 73.0 +/- 1.0 0.031
PTV(CTV) D50 80.6 +/- 2.9 80.6 +/- 2.3 0.77
PTV(CTV) D2 109.6 +/- 1.5 183.1 +/- 30.0 < 0.0001

Significant results after Bonferroni correction highlighted in bold;
GTV, Gross tumour volume; CTV, Clinical target volume; PTV, Planning target volume; D2,
Dose to 2% of volume; VMAT, Volumetric Arc Therapy; HDR, High dose rate

Median dose received by rectum, bladder and urethra with each treatment technique are shown in
Table 5-5. There was no significant difference in dose to 0.5 cc of bladder wall following HDR-B or
VMAT-IB, 77.5 Gy vs 77.2 Gy (p= 0.518). Rectal dose to 0.5 cc was increased, 82.4 Gy vs 78.8 Gy
(p =0.003), with HDR therapy. In addition rectal D10 —D30 was also significantly increased with
HDR-B, with D20 increasing on average by 5 Gy. For urethra and penile bulb there was no

significant difference at any dose level.

DVH curves for PTV(GTV), PTV(CTV), GTV, urethra, bladder and rectum are shown in Figure 7 7.
There was a significant variation in area under the curve of the DVH for PTV(HDR-B) and
PTV(VMAT-IB) (p < 0.0001) and GTV (p < 0.0001) for VMAT-IB and HDR-B due to the high dose
tail of HDR therapy, but not for PTV(CTV) or OAR structures.
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Table 5-5: Organ at Risk dosimetry

Rectal dose (Gy) (Median +/-

Bladder dose (Gy)

Urethral dose (Gy)

Penile Bulb dose (Gy)

SD) (Median+/- SD) (Median +/- SD) (Median +/- SD)
VAT  HDR P .| vmaT  HDR P .| vmar  wDR P | owmaT  HDR P
D0ScC | Lita  wao 0093 | Jhg  ubs 0818 | GUh 550 0042 | S0, o1, 0878
02 | Jer  aee 0011 | TG Ty 0137 | JBE Tos 0610 | 700 uiapa 0968
o0 | J%% s ooooa | PR OTET oser | J% Juse 09 | Y00 S0e 0520
p20 | %% Sae 0008 | o %% osas | ORL BPL 0785 | N0 Java 0365
D20 | % ey oooos | 0% SRS ome | 2% Brg ose | Ao M os
D40 +2/-33f6 +2/f15'{.30 0.029 +2/f13f4 +2/-15'§5 0.028 3?7?2 +/8-if. L0842 | o +/?1;.2 0.302
D50 +1/-52'f17 +1/-54i.31 0318 +1/f32'§9 +1/ii?4 0.03 3-57'2 iiiz.e 0571 +ﬁ'75.2 +/f31'é.9 0.296
D60 +1/?2'.70 +?-§.9 0.605 +1/f12'.27 +1/?é?5 0.042 3?7'.24 jig g 0705 +/?'253.3 +/5-§1.o 0251
D70 +/7-f2 +ﬁfs 0.77 +1/E)2'?3 +?-él.4 0.77 +/7-§§9 jg'c?. ;0219 +EéZ9 j-i?.g 0210
D80 +/5-i7.o +/5-f1 0.620 +/7-f.7 j—f? 0.186 +/7-Z'91.1 +7/?éf14 0278 +/3z'?f1.o +?-§.6 0.260
D90 +71—.O3.8 j-g’.s 0.844 +71-'19.o +;1-'14.3 0.844 +/7-3§1.2 +/7—51>£.8 0219 +/3z:22.2 +/3-f.1 0312
0% | o7 sos 87 | o7 uioe 9827 | J5ap  uors 0352 | g gy 0210

*Mann Whitney; *All significant values after bonferroni correction highlighted in bold
D2, dose to 2% of volume; Gy, Gray; VMAT, Volumetric Arc Therapy; HDR, High dose rate; SD, Standard deviation
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There was no significant difference in dose to 0.5 cc of bladder wall following HDR-B or VMAT-IB,
77.5 Gy vs 77.2 Gy (p= 0.518). Rectal dose to 0.5 cc was increased, 82.4 Gy vs 78.8 Gy (p
=0.003), with HDR therapy. In addition rectal D10 —D30 was also significantly increased with HDR-
B, with D20 increasing on average by 5 Gy. For urethra and penile bulb there was no significant

difference at any dose level.

DVH curves for PTV(GTV), PTV(CTV), GTV, urethra, bladder and rectum are shown in
Figure 5-7. There was a significant variation in area under the curve of the DVH for PTV(HDR-B)
and PTV(VMAT-IB) (p < 0.0001) and GTV (p < 0.0001) for VMAT-IB and HDR-B due to the high
dose tail of HDR therapy, but not for PTV(CTV) or OAR structures.

5.5.3 Toxicity and clinical outcome

Two patients received six months hormone therapy. No acute = G2 Gl or late

G3 Gl or GU toxicities were seen. Acute G2 GU toxicity was 30 % and 40% for IB-VMAT and
HDR-boost respectively (p = 0.76) (Table 5-6)

Table 5-6: Prevalence of acute gastrointestinal and genitourinary toxicity following HDR or
VMAT integrated boost

HDR (n = 20) VMAT (n = 27) Highest
none vs any grade
Acute toxicity toxicity toxicity per
(p value)™’
. 60% | 40% 0 93% 7% o
Rectal pain (12) ) 0% (25) ) 0% 0.011
BM 80% 20% 0 74% | 26% 0
Gl Frequency (16) @) 0% (20) 7 0% 0.74 0.186
90% 10% 0 89% 11% 0
Bleed (18) ) 0% (24) 3) 0% >0.99
Urinary 0 60% | 40% 30% | 37% | 33%
frequency | °° | @ | ® | ©® | @0 | 0.014
. 65% | 35% 74% | 22% | 4%
Dysuria 0% 0.535
Y (13 | @ ey | ©® | @ 0.564
GU . 0 0 0 96% 0 4% '
Retention 100% 0% 0% (26) 0% (1) >0.99
0, 0,
Haematuria ?fg/)" ?1/)" 0% | 100% | 0% | 0% 0.426
Erectile 50% | 40% | 10% 63% | 22% | 15%
funcion | (100 | ® | @ | an | ® | @ 0.551 0.414
*Fishers Exact test; * x2 test; + Significant values after Bonferonni correction shown in bold
BM, Bowel Motion; GI, Gastro-intestinal; GU, Genito-urinary; HDR, High dose rate; VMAT, Volumetric
Arc Therapy;
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Figure 5-7: Cumulative dose volume histograms for VMAT integrated boost and HDR with

95% confidence intervals

110



o
&
T -
E B = NMean HDR
E Upper O
3w
= Lower CI
]
E af -+ — hzan VAT
z
Upper O
1 Lower €I
10
10 +
o
a 50
100
a0+ ‘
80 +
70 1
5 GO | = Mean HDR
upper Cl
T 504
- Lower CI
E an - Mean VMAT
z
Upper C1
30 Lower C1
20
10
0 ¥
0 50 100 150 200 250 300 350
Dose (Gy)
PTV(GTV)
100
o0 ¢
BO +
70 4
_E 60 ean HDR
- Upper €1
& 50
E Lower Ol
Zz 40 - Mean VMAT
€1 Upperg
207 CI Lower
20 4
10
o
o 50 pluo) 150 200 250 300 350
Dasa (Gy)

Figure 6-7: Cumulative dose volume histograms for VMAT integrated boost and HDR with

95% confidence intervals (Continued)

111



Follow up of =2 6 months was available for 34 men (18 HDR-B and 16 VMAT-IB) who were
assessed for late toxicity (Table 5-7). The median follow up for this group following treatment was
20 months (range 6-35 months) for both HDR and VMAT groups. No significant difference was
identified between rates of individual toxicity or severity of Gl/GU/erectile toxicity. Nadir PSA for 25
patients with > 1 year follow up who did not receive HT was 0.69 ug/lI (0.12- 1.6) and 1.05 ug/I
(0.18-4.1) following IB-VMAT or HDR-boost (p = 0.92).

Table 5-7: Prevalence of late Gastrointestinal and Genitourinary toxicity

HDR (n = 18) VMAT (n = 16) None vs Highest grade
Late Toxicit any toxicit GI/GU toxicity
y GO | G1 | G2 | Go | G1 | G2 Yooy | per patient
(p value)
(p value)
. 94% 6% 0 100% 0 0 N
rectal pain (17) (1) 0% (16) 0% 0% >0.99
0, 0, 0,
BM frequency 100% 0% 0% 75% | 25% 0% 0.039*
(18) 12) | 4 A
Gl 0.354
Haemorrhoids 94% 6% 0% 100% 0% 0% > 0.99*
(17) 1) (16)
78% | 11% | 11% | 87% | 13%
Haemorrhage 0% 0.658*
Flay |l @ | @ ay ]| @ ’
Urinary 55% 6% | 39% | 62% | 13% | 25% N N
oy |_freauency | a0) | @) | @ | @o) | @ | @ | *™ 0-595
Erectile 50% | 28% | 22% | 38% | 31% | 31% 0.510% 07427
dysfunction (9) (5) (4) (6) (5) (5) ' '
*Fishers Exact test; A x° test; BM, Bowel Motion; GI, Gastro-intestinal; GU, Genito-urinary; HDR, High
dose rate; VMAT, Volumetric Arc Therapy;

5.6  Discussion

Analysis is presented of prospective comparative dosimetric and toxicity data for patients receiving
VMAT-EBRT with a HDR-B or VMAT-IB for prostate cancer. It has shown that both approaches
offer similar OAR radiation exposure and associated levels of acute and late toxicity consistent with

published literature, albeit with short follow up.

Previously meta-analysis showed that dose escalation is associated with a reduction in the risk of
biochemical failure of approximately 1.8 % per 1 Gy increase and that overall survival may also be
improved (Kalbasi et al., 2015; Viani et al., 2009). Randomised dose escalation studies of EBRT to
180 -200 Gy BED (assuming a/p 1.5 Gy for tumour) consistently show improved clinical outcome in
intermediate and high risk groups. The use of optimal image guidance and IMRT has been shown
to reduce toxicity associated with dose escalation but, despite this, further increases beyond these
levels are limited by OAR tolerance (Wortel et al., 2016). Alternative escalation strategies using a
form of a brachytherapy boost suggest that treating beyond 200 Gy BED may be associated with
further improvements in local control and reduced incidence of biochemical failure, although this
may not be identified with early follow-up (Zaorsky et al., 2015; Stone et al., 2010; Spratt et al.,
2014). Early results from the ASCENDE-RT study have shown a significant reduction in
biochemical failure when a whole gland low dose rate brachytherapy (LDR-BT) boost is
administered after 46 Gy EBRT compared with 78 Gy EBRT alone (Rodda et al.). This dose
escalation is however associated with a negative effect on health-related quality of life. The use of

EBRT in combination with a single HDR boost also appears to an effective method of achieving
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improved biochemical control in intermediate and high risk disease but is associated with around a
10% incidence of long term urethral stricture (Martinez et al., 2016; Grills et al., 2004; Denham et
al., 2015).

Due to these associated toxicity from combination whole gland treatment a focal dose escalation is
an attractive concept, allowing intensification of treatment for the area most likely to harbor
resistant disease while minimising toxicity to normal structures. Emerging evidence supports the
area of highest disease density within the prostate being the most likely site of recurrence and the
source of metastatic spread (Pucar et al., 2007; Karavitakis et al., 2011). By combining a boost to
this region with conventional therapy to the remaining prostate smaller multifocal satellite lesions,
which have been shown can occur a median of 1cm from the GTV, are also treated (Hollmann et
al., 2015). The volume of satellite lesions is generally small, however multiple dose escalated GTV

targets, as used in the current study, are possible for more significant multifocal disease burden.

The use a HDR-B has enabled a higher dose to be delivered to a proportion of the GTV while
maintaining OAR dose constraints. The median PTV(HDR-B) and PTV(VMAT-IB) D50 was 340 Gy
BED and 247 Gy BED respectively. Studies of HDR monotherapy have commonly achieved >250
Gy BED with excellent biochemical control (Yoshioka et al., 2014). If a continued benefit is seen
with dose escalation beyond 250 Gy BED the increased dose to PTV(HDR-B) may improve clinical

outcome with longer follow up.

The PTV(HDR-B) Dmi, was 6 Gy lower than PTV(VMAT-IB) Dnn (p = 0.0004). This is a
consequence of the use of a/f 3 Gy for prostate when converting the HDR and VMAT dose to
EQD2. The initial planning of the study used a/f 1.5 Gy to work out equivalent dosing for each arm;
using this value would increase the calculated EQD2 HDR dose by around 6 Gy, removing the
difference identified. Both values are theoretical, with data supporting an a/f of somewhere
between 1.5 — 3 Gy, although meta-analysis suggests an a/f < 2 Gy may be most accurate
(Brenner et al., 2002; Fowler et al., 2013). The Target study incorporates repeat targeted biopsy
three years after completion of therapy which may give an early indication of any difference in

outcome between HDR-B and VMAT-IB and will be the subject of future reporting.

Avoiding the use of whole gland HDR-B is intended to minimise treatment related toxicity.
Stricturing, a recognized complication of whole gland HDR treatment, has been shown most likely
to occur within the bulbo-membranous urethra, suggesting increased dose sensitivity in this region
(Hindson et al., 2013; Sullivan et al., 2009). By targeting a focal dose boost to a smaller GTV then
dose escalation to the bulbo-membranous urethra may be minimised. The dose to penile bulb is a
surrogate for this and in our series there was no significant difference in dose received following
VMAT-IB or HDR-B, although the HDR-B D2, D10 and D20 were approximately 7 -8 Gy higher.
Longer term follow up is needed to assess whether this ultimately translates into increased stricture

incidence.

Overall the acute toxicity identified in both arms of the current study are similar to that seen with
other reports of EBRT with an IMRT or HDR boost to GTV target, despite delivering a higher BED
(Table 5-8). The degree of GU toxicity we report is higher than has been found by other groups
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following optimal dose-escalated EBRT (Spratt et al., 2013). A partial explanation may be that the
majority of G2 toxicity seen was a result of patients continuing on medical therapy for frequency or
urgency which is then well controlled, and may over estimate toxicity in comparison to other
groups. The levels reported are consistent with historic incidence and suggest either VMAT or HDR
focal boost to a level of around 250 Gy BED may be safely achieved when performed

appropriately.

With a median follow up of 20 months, late toxicity data is limited but reassuringly does not as yet
show evidence of severe consequences of therapy. Toxicity between the two treatment arms is
similar, with no statistically significant difference identified. Dosimetric analysis demonstrates the
two treatment approaches to be well matched for OAR dose with the exception of high doses, D2-
D30, received by the rectum for the HDR-B cohort. Previously it has been demonstrated that doses
within this region may correlate with rectal bleeding and stool frequency (Peeters et al., 2006). An
11% incidence of G2 rectal bleeding occurred following HDR-B compared with no cases following

VMAT-B. Longer follow is required to establish if this difference becomes statistically significant.

Analysis of GTV position demonstrated that this was significantly closer to the rectal wall in those
receiving HDR-B than for those treated with VMAT-IB. Clinician selection bias, rather than any
property of either boost technique may therefore be the reason for the variation in rectal dose seen

and subsequent toxicity.

Dosimetric analysis in this report has employed a novel method of dose summation using
deformable registration of HDR and EBRT dose gradients to account for variation in rectal position
during brachytherapy delivery. Simple summation of HDR-B and EBRT generated composite doses
incompatible with the individual prescriptions and were not an accurate reflection of the true dose
delivered to rectal wall. By contrast the use of deformation generated plausible results and should
be considered in future work. The Morpheus deformable registration method used has previously
been validated for prostate deformation and other organs but not, as yet, for the rectum (Samavati
et al., 2015). We have demonstrated a limited validation but further work will look to consolidate
this although the lack of natural anatomical landmarks within the rectum makes a validation

process challenging.

This analysis has limitations. The non-random allocation of treatment means there is significant
variation in tumour location in the two treatment arms which will have affected OAR dosimetry,
independent of boost delivery technique. This must be considered when assessing comparative
analysis, which the study was not designed for. Despite this both cohorts represent real world
patients and give an indication of likely dosimetry and toxicity for patients receiving either
treatment. Toxicity assessment is limited by length of available follow up for assessment of late
effects; it is possible in the longer term that increased Gl complications related to increased rectal
doses may be experienced by patients treated with HDR-B. Finally longer term PSA behavior and
repeat targeted biopsy results are required to give some indication of the relative effectiveness of

each approach.
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Overall results are encouraging and provide preliminary evidence to support the use of focal dose
escalation to achieve an improvement in the therapeutic ratio in patients undergoing radiotherapy
for prostate cancer. Deformable dose summation of HDR and EBRT provides a plausible rectal
dosimetry not achievable with summation of dose matrixes. The use of an HDR-B allows for
increased dose delivery to GTV when compared to VMAT-IB without any variation in early toxicity

and may improve long term clinical outcome.
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Table 5-8: Studies reporting toxicity following an external beam or HDR GTV boost

(De

Prostate + 10 80/NS 74/NS o
Meerleer*et 15 MRI 4 2 GTV c/C 7 axial BED NA BED NA 87% NS Acute RTOG 20 47
al., 2005)
(Singh et al., Prostate+/- SV + 94.5/42 75.6/42
2007) 3 MP-MRI NS NS GTV+3 7 BED 245 BED 166 NS 3,6,18 Acute RTOG 0 66
(Fonteyne et 81-82/38  78/38 o
al., 2008)* 118 MRI/MRSI NS NS GTV + 8 Prostate + 4 BED 192 BED 185 78% 12 Acute RTOG 11 48
Prostate + SV 64/32 Acute RTOG 8 48
(Miralbell et 50 MP-MRI NS NS Involved +/- F.‘LN +10-16/2 64/32 66% 63
al., 2010b) lobe (expansionnot ~ BED 193- BED 149 Late RTOG 20 12
specified) 250
(2Vc\)/f1n)g etal, 111Ln- 82/42 — Acute RTOG 45 55
71 Capromab NS NS GTV Prostate + 6 BED 189 ’ 24% 66
SPECT BED 166 Late RTOG 21 44
) . 64/32 + Acute RTOG 0 0
(Schick et al., 20 MRI NS NS Hemi- Prostate +/- SV 12-16/2 64/32 65% 62
2011) prostate +/- PLN HDR-B Late RTOG 15 30
(Ippolito et 20 VIR NS NS GTV+15  Prostate + 10 80/40 72/40 100 15 Acute RTOG 20 325
al,, 2012) (13 post) (8 post) BED187  BED158 % Leite FITOIG 5 75
EORTC
“long term
Prostate + base
(Pinkawa et F-choline GTV+4 (3 80/38 76/38 o function did not
al,2012)  *® PET 4 NS post) S: :us i/z/ ac'::t* BED192  BED177  L/7° 19 EPID differ from
P P baseline”

911



Table 5-8 (continued)

GTV (or Acute
post/ RTOG = =
S T wewn 22w ST PO B TR
v :; o Late RTOG 4 29
seen)
37.5/15 + Acute
(Gomez- 18.75HDR CTCAE 13 20
Iturriaga BED 353 37.5/15 +
ot alg 14 MP-MRI 1.4 NS NS NS (possible in 15 HDR 29% 18
2016') P 14/15 BED 265 Late CTCAE 7
planned)
Acute
RTOG/LENT 20 45
(Sundahl
MP-MRI/ 82/38 78/38 o -SOMA
%?5')* 225 MR 6.6 NS GTV Prostate + 7 BED 198 BED 185 94% 72 Late
RTOG/LENT 8 29
-SOMA
Acute
0 41
6 w2 om o SIS Temers mEmlgm o, aoe
Current Late CTCAE 0 25
study GTV +2 P 76/38 + 10/1 76/38 Acute 0 40
20 MP-MRI 2.2 4 (1 L/T?) 5rr:(r11$t(ztf/;) BED+253 BED 177 >% 18 CTCAE
Late CTCAE 11 39

*Results from same centre of different reported patient cohorts

ADT, Androgen Deprivation Therapy; Ant, Anterior; BED, Biological Equivalent Dose (calculated for a/B= 1.5 Gy); C/C, Craniocaudal; CTCAE, Common Terminology Criteria for Adverse Events;
HDR-B, High Dose Rate Boost; GTV, Gross Tumour Volume; L, Left; MP-MRI, Multi-parametric Magnetic Resonance Imaging; MRI, Magnetic Resonance Imaging; PET, Positron Emission
Tomography; Post, Posterior; Pts, Patients; PLN, Pelvic lymph nodes; PTV, Planned Target Volume; R, Right; RTOG, Radiation Therapy Oncology Group; SPECT, Single Photon Emission
Computerised Tomography; Sup, Superior; SV, Seminal Vesicle
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Chapter 6: Changes in prostate ADC values and volume during a
course of EBRT after neo-adjuvant hormones in a cohort of

prostate cancer patients
McPartlin AJ, Kershaw LE, McWilliam A, Taylor B, van Herk M, Choudhury A

6.1 Background and contribution of authors

In the preceding chapter it was demonstrated that a focal boost can be delivered to an area of the
prostate within a realistic workflow and with an acceptable side effects profile. With limited late
follow up it was shown however that significant variation in late rectal bleeding, for example, may be
seen depending on boost technique used. This finding highlights that any treatment intensification
carries with it a risk of increased morbidity. In this final research chapter the possibility of using MRI
to identify those patients who might benefit most from treatment intensification, avoiding this

potential toxicity in those who will not benefit, is investigated.

The results of a 15 patient study of multi-parametric MRI changes during and after radiotherapy are
reported and analysed. | devised this study, developed its protocol, applied for and obtained ethical
approval and recruited the 15 patients investigated, ensuring imaging was performed at the
specified time points during treatment and supervising all interventions. The imaging sequences
used were selected by Lucy Kershaw, MR Physicist at Christie NHS Foundation Trust, who
performed subsequent analysis of image data to obtain desired parameters. | performed analysis of
the obtained information and carried out appropriate statistical tests with support from Lucy
Kershaw who generated figures 7.1-7.4. | wrote this chapter in its entirety including the discussion
of results and review of current literature. Lucy Kershaw and Ananya Choudhury provided

suggestions on improvements to its structure.
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6.2  Abstract
Background: Diffusion-weighted imaging (DWI) and Dynamic Contrast Enhancement (DCE) MRI

are functional imaging techniques allowing quantification of physiological properties during hormone
therapy (HT) or radiotherapy (RT). This study assessed changes following neo adjuvant (NA)-HT
during RT of biopsy proven prostate cancer and normal gland to investigate any variation in
response between the two. Volume changes during therapy were measured to inform margin

expansion.

Methods: Fifteen patients with biopsy proven intermediate or high risk prostate cancer, due to
receive NA-HT and subsequent four weeks of RT, were prospectively recruited. All underwent DWI
and DCE-MRI at three time points; pre-RT, in week 3 of RT and 8 weeks post-RT. Pre-HT MRI if
available was considered for volume analysis. Quantitative ADC analysis of normal prostate and
tumour was performed at 1.5 T with b values = 100, 400, 800 s/mm® and the adiabatic
approximation to the tissue homogeneity model applied on a voxel by voxel basis to calculate
plasma flow (Fp) and permeability surface area product (PS). Mann Whitney U, Wilcoxon signed

rank and tests and spearman correlation coefficient were applied.

Results: Pre-HT imaging was available for 12 patients, two patients did not complete all three study
scans. Pre-RT there was a significant difference between median tumour and normal gland ADC (p
< 0.05), which disappeared during and after RT. Tumour ADC values did not significantly alter
during RT. An increase in Fp and PS was seen early in treatment which reduced following treatment
but not did not reach pre-RT levels. There was a correlation between relative ADC and FP changes
between scan 1 and 2 (r = -0.74, p = 0.003). Volume changes during NA-HT inversely correlated

with volume change during RT (r -0.755, p=0.01).

Conclusions: No significant changes ADC during or after RT post NA-HT were shown but early
changes were found to correlate with variation in Fp. Further analysis with larger cohorts and
mature outcome data will further inform interpretation. Volume changes during NA-HT may have

implications for IGRT and margin rationalisation.
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6.3 Introduction

Dose-escalated radiotherapy has been shown to improve outcome for prostate cancer (Kalbasi et
al., 2015). This comes at the cost of increased treatment-associated toxicity (Kuban et al., 2003).
Early identification during treatment of those whose disease is poorly radio-responsive would allow
targeted treatment intensification through an adaptive radiotherapy approach. This would minimise
unnecessary side effects. Local changes within the treatment field identified on functional imaging

may provide a non-invasive method of obtaining this information.

Variation in tissue functional characteristics during radiotherapy can be quantified using multi-
parametric MRl (MP-MRI). Diffusion-weighted imaging (DWI) provides information on the random
motion of water molecules which is affected by cellular density and thus provides quantitative data
on variation in tumour micro-environment. The Apparent Diffusion Coefficient (ADC), derived from
DWI, has been shown to vary during and after radiotherapy in different sites such as liver, brain and
cervix and may predict for response (Eccles et al., 2009; Harry et al., 2008; Hamstra et al., 2008).
Changes during prostate radiotherapy have also been demonstrated but using this variation to

predict for ultimate outcome has not been shown (Decker et al., 2014).

Dynamic contrast-enhanced (DCE) MRI enables non-invasive characterisation of tissue
microvasculature. It has been shown to have a prognostic value for the response to radiotherapy of
some tumour types (Loncaster et al., 2002; Petrillo et al., 2015). It has emerged a component of
validated structured reporting scheme for the presence of prostate tumour using MP-MRI and DCE-
MRI guantitative parameters appear to correlate with tumour grade (Rothke et al., 2013; Vos et al.,
2013). DCE-MRI parameter changes pre- and post-radiotherapy have been demonstrated but have

not been shown to correlate with treatment response (Franiel et al., 2009).

trans

DCE-MRI is commonly analysed using a tracer kinetic model to estimate the transfer constant, K
(Tofts et al., 1999). This reflects a combination of perfusion and microvascular permeability. The
more complex adiabatic approximation to the tissue homogeneity (AATH) model permits these two
factors to be estimated separately (St Lawrence and Lee, 1998). Reproducibility of this model has
previously been demonstrated at our centre in a cohort of patients with benign prostatic hypertrophy
(Kershaw et al., 2009).

The use of pre-radiation hormone therapy (NA-HT) is standard of care for high risk and some
intermediate risk patients receiving radiotherapy (see Chapter 8: Appendix A); the groups which
might be expected to most benefit from the use of dose escalation. It is known that NA-HT induces
significant changes in DCE, DWI and associated ADC parameters but what subsequent effect this

has on tissue characteristics during radiotherapy is unclear (Barrett et al., 2012; Hotker et al., 2015).

Animal studies have suggested the combination of ADC, DCE, change in prostate tumour volume
and prostate specific antigen (PSA) may predict for response to hormone therapy and radiotherapy
allowing for identification of poor response to therapy (Roe et al., 2011). Comparative studies in

humans have not been reported.
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Radiation and hormone therapies induce changes in prostate volume through cell shrinkage and
apoptosis (Nichol et al., 2007; Whittington et al., 1999). The changes in prostate volume that occur
during radiotherapy after NA-HT are poorly described but may have implications for image guidance
and margin expansions- being able to predict the likely change in prostate volume during RT might

allow for margin reduction as treatment progresses, reducing dose to nearby normal structures.

We report outcomes from MP-MRI performed before, during and after a course of radical
radiotherapy following NA-HT. This work was designed as a feasibility study to quantify changes in
ADC, DCE and tumour volume as a potential early biomarker for prostate cancer response.
Additionally prostate volume changes during treatment were assessed for their potential

significance for future IGRT and margin planning.

6.4 Materials and methods

6.4.1 Patients

This prospective study received ethical approval with participants providing written informed
consent. Eligible patients were required to have biopsy-proven prostate cancer with at least clinical
T2c disease and to be receiving treatment with definitive radiotherapy plus three months NA-HT as
standard of care. A total HT duration from 6 months to two years at the treating clinician’s discretion
was allowed. Study protocol was for each patient to receive three multi-parametric (mp)-MRI scans;
in the week before EBRT commenced, in the third week of EBRT and eight weeks after its
completion. Exclusion criteria were performance status (PS) >1, contraindication to MRI or any
previous malignancy excluding skin cancer. PSA levels were monitored prior to commencing

hormones and at routine follow up after completion of EBRT as standard of care.

6.4.2 Radiotherapy

EBRT was delivered using volumetric arc therapy (VMAT) at 3 Gy per fraction in 20 fractions over
four weeks at 6 MV via a linear accelerator. Target volumes followed the previously described
CHHIP study protocol with treatment delivered using an integrated simultaneous boost technique to
a dose of 48 Gy to prostate and base or all of seminal vesicles plus a uniform 1 cm margin; a dose
of 57.6 Gy for prostate plus a 1 cm margin except 0.5 cm posteriorly; and 60 Gy to prostate plus a
0.5 cm margin except no expansion posteriorly (Dearnaley et al., 2012). No EBRT was given to the

pelvic nodes.

6.4.3 MR imaging protocol

Patients were imaged at 1.5 T (Achieva, Philips Medical Systems, Best, The Netherlands) using a
cardiac coil with a flat perspex table top (made in-house) to match the radiotherapy treatment
position. The MR examination began with high resolution T2w imaging (TSE, TR/TE=4800/120 ms,
matrix 560 x 560 x 20),then DWI (EPI with TR/TE 8000/70 ms, matrix 176x176x20, SENSE factor 2
LR, b =100, 400, 800 s/mmg?). All subsequent images were acquired with matrix 176x176x20 (over-
contiguous slices) and SENSE factor 2.5 in the PE (LR) direction. Inversion-recovery turbo field
echo (IRTFE) was used to measure T1 (TR/TE/a=2.38/0.77 ms/12°, shot interval 4 s, ETL=51, Tl =
64, 250, 1000, 2500, 3900 ms), and was followed by DCE-MRI images (turbo field echo TR/TE/a
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=2.47/0.86 ms/30°, temporal resolution 1.2 s for 260 time points) acquired during injection of 0.2

ml/kg gadoterate meglumine at 2 ml/s followed by a saline chaser.

6.4.4 Image analysis
ADC maps were processed offline (ADCmap ver. 1.6 for Osirix) using b-values 100, 400, 800. The

arterial input function was extracted from the external iliac artery at each visit, T1 was estimated
from fitting to the inversion recovery turbo field echo data, signal-intensity vs time curves were
converted to contrast agent concentration vs time curves and finally the AATH model was fitted on a
voxel-wise basis using in house software (Python 3.4)(St Lawrence and Lee, 1998). Haematocrit

was assumed to be 0.4.

ADC and DCE-MRI maps were registered to the high resolution T,w images using Worldmatch
software (van Herk et al., 2000). Regions of interest were contoured on high-resolution T,w images
using registered ADC maps and DCE-MRI to aid identification. Reference was made to MP-MRI
imaging acquired at referring centres before ADT commencement where available. The tumour,
peripheral zone (PZ) and central zone (CZ) were identified by a genito-urinary radiologist (BT) with
6 years’ experience of reporting MP-MRI and an oncologist with an interest in prostate MP-MRI
(AM). With reference to previous images where available to aid localisation, visible tumour was also
manually contoured at each time point by a radiologist (BT) on the T2w image set, using DCE-MRI
and ADC to inform contouring. When this was not possible tumour contours were manually copied
from pre-radiotherapy imaging to subsequent mid- and post-treatment data sets using local
anatomical landmarks to aid accuracy. PZ and CZ regions were outlined for each visit without
reference to other image sets. Volumes of regions of interest were generated from the 3-D
delineated structures on each image set.The median ADC value was then calculated along with the
microvascular parameters in each ROI after isotropic erosion by one pixel to minimise partial

voluming effect.

For patients with pre-HT MR imaging performed locally prior to recruitment, prostate volume
changes during RT were analysed with volume pre-HT, pre-RT and after three weeks of RT
assessed. These images were not used to assess pre-HT multi-parametric values since wide
variation in local imaging protocols and differing MR scanners employed made it impossible to
assess the changes induced by HT, rather than a consequence of differing image acquisition

techniques.

6.4.5 Statistical analysis

A power analysis for this study was performed based upon the pre-clinical study by Roe et al in 32
mice with human prostate xenografts treated with a combination of androgen deprivation and/or
radiotherapy (Roe et al., 2012). In that study DWI and DCE data was acquired pre-radiotherapy and

trans

on days one and nine following treatment with K and ADC recorded for tumour. Treatment

response was measured as tumour volume 30 days after completion of radiotherapy (v). A power

calculation for the combination of v, ADC and K""

was performed using the data from this study.
Using a 95% significance level and 80% power with three co-variates assuming R = 0.7 would

require a cohort group of 15 to identify the presence of a predictive model.
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In the current study ADC and DCE data were assessed using the Shapiro-Wilks test and found to
have a non-normal distribution. Comparison of DCE values and ADC values in malignant and
normal tissue at each time point was performed using the non-parametric Mann Whitney U-test
(GraphPad Prism software, version 6, La Jolla, California USA). The Wilcoxon-signed ranks test
was used to compare ADC and DCE parameter values for each structure at each time point and the

differences between regions were assessed with the Mann-Whitney U test.

Statistical analysis of prostate volume was performed using Spearman correlation, the Mann-
Whitney U test for comparison of volume response to RT after dichotomised response to NA-HT
and Wilcoxon signed-rank test for repeated testing of volumes during treatment. Due to multiple

testing for all tests a two tailed p-value of less than 0.01 was considered to indicate significance.

6.5 Results

Between September and December 2014, 15 patients met inclusion criteria and were enrolled in the
study (median age 68.3 years, range 57-78). Patient characteristics are show in Table 6-1. Median
Gleason score was 7 (6-9) and median PSA at diagnosis 14 (3-197) ng/ml. Median interval from
biopsy to first study MR scan was 116 (91- 449) days. Median period of HT prior to first study MR
scan was 96 (69 — 115) days.

Table 6-1: Patient characteristics

Patient | Age | Gleason Score | Stage | PSA pre hormones (ng/ml) | Dominant lesion size cm®
1 70 6 (3+3) T3a 12 0.39
2 78 8 (4+4) T4 21 1.40
3 71 9 (4+5) T2C 17 0.42
4 58 9 (4+5) T3b 16 5.46
5 68 7 (3+4) T2¢c 9 2.55
6 76 7 (3+4) T3a 18 0.72
7 76 7 (3+4) T2C 197 0.18
8 68 7 (3+4) T2¢c 6.1 0.54
9 60 9 (5+4) T2¢c 22 0.43
10 62 7 (3+4) T2c 7 0.14
11 65 7 (3+4) T3a 14 1.24
12 68 9 (4+5) T2¢c 3 15.48
13 72 7 (3+4) T2c 6.5 1.06
14 76 8 (4+4) T3a 10 1.5
15 57 7 (3+4) T3a 46 1.26

Median | 68 7 (3+4) T2C 14 1.06

Median follow up from the first day of radiotherapy is 13 months (range 7 — 18 months). One patient
has died from metastatic lung cancer eight months after completion of treatment and one patient
has developed metastatic disease six months after radiotherapy, likely a result of occult metastases
at time of treatment. For the remaining 13 patients, seven of who remain on adjuvant hormone
therapy, no biochemical failures have occurred with a median PSA at last review of < 0.1 ng/ml

(range <0.1 — 0.2 ng/ml).

6.5.1 ldentification of disease

Pre-HT MP-MRI was available for 12 patients to assist in tumour delineation with disease identified

in all cases. For the remaining three patients the likely site of disease was identified using post-
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hormone study imaging in combination with pathology reports, with it being impossible to confidently
identify disease in all three cases. Thirteen patients completed all MRI intended with one patient
withdrawn from the study after one scan due to identification of an undisclosed historic episode of
vasculitis and a second patient not attending their final imaging visit. One patient’s tumour burden
was such that normal values from the PZ and CZ could not be calculated. All patients received

radiotherapy and hormone treatment as prescribed.

Disease could not confidently be identified from benign prostate parenchyma on any repeat imaging
during or after completion of radiotherapy. Analysis of tumour volume changes was therefore not

possible.

6.5.2 Changesin ADC

Figure 6-1 shows box plots of ADC values for tumour, PZ and CZ at the three time points. After
NA-HT, during radiotherapy and post treatment the median tumour ADC was 1.19 X 10° mm?%s
(interquartile range ( x 10-3 mm?/s), 1.29 (IQR 0.18 x 10-3 mm?/s) then 1.31 x 10° mm?%s (IQR 0.16
x 10-3 mmzls) respectively. There was no significant change in tumour ADC between any time
points. Pre-RT median ADC in PZ and CG was 1.40 x 10-3 mm%s (IQR 0.26 x 10-3 mm?/s) and
1.34 x 10 mm?/s (IQR 0.19 x 10 mm?/s) respectively. There was a significant difference between
median tumour and PZ ADC (p=0.006) but not median tumour and CG ADC (p=0.029) at this time
point. This variation was not significant at later time points. The median ADC values of benign
tissue in the peripheral and central gland experienced no significant change during or after therapy,
with no significant difference between PZ and CG at any time point. Changes in ADC for the 14
identified tumours with repeat imaging during treatment are shown in Figure 6-2. Gleason score did

not correlate with ADC values.
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Figure 6-1: Box plots showing ADC values in tumour, central zone (CZ) and peripheral zone
(PZ) for the three visits: post androgen deprivation therapy (post-ADT), in the middle of
radiotherapy (mid-RT) and after radiotherapy (post-RT). Boxes show mean (dashed line),
median, lower quartile and upper quartiles. Whiskers show 1.5*interquartile range, outliers
shown by dots.
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Figure 6-2: Graph of changes in apparent diffusion coefficient (ADC) values in 14 prostate
cancers (1) before (post ADT), (2) after three weeks of radiotherapy (mid RT) and (3) eight
weeks after completion of radiotherapy (post RT)

6.5.3 Change in DCE-MRI parameters
Box plots for plasma flow (Fp) (

Figure 6-3) and permeability surface area product (PS) (Figure 6-4) are shown for tumour, CZ, and
Pz for each of the three scans. P-values for paired tests between visits and Mann-Whitney U tests
between regions at each visit are shown in Table 6-2 and Table 6-3. A significant rise then fall in Fp
of tumour was seen. The PS of tumour experienced a significant rise is the first three weeks of
radiotherapy but did not significantly alter after this time. Post treatment Fp, but not PS, values

remained significantly higher than pre-treatment. No correlation with Gleason score was identified.
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Figure 6-3: Box plot showing median, interquartile range and outliers for plasma flow (Fp)
measured in prostate tumour, central zone (CZ) and peripheral zone (PZ) before, in the third
of four weeks, and eight weeks after completion of radiotherapy with neo-adjuvant and
concurrent hormone therapy
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Figure 6-4: Box plot showing median, interquartile range and outliers for permeability
surface-area product (PS) measured in prostate tumour, central zone and peripheral zone
before, in the third of four weeks, and eight weeks after completion of radiotherapy with neo-
adjuvant and concurrent hormone therapy

Table 6-2: p-values for different parameters comparing regions between time point.

Wilcoxon signed ranks

Plasma Flow (Fp)

Visit Tumour Central zone Peripheral zone
lvs?2 0.001 <0.001 0.002
2vs3 0.001 0.03 0.06
1lvs3 0.001 0.004 0.03

Permeability surface area product (PS)
lvs2 <0.001 <0.001 <0.001
2vs3 0.07 0.2 0.01
1vs3 0.02 0.001 0.03

Visit 1, Pre-radiotherapy; Visit 2; In third of four weeks of radiotherapy; Visit 3, Eight weeks after
completion of radiotherapy

Table 6-3: p-values for different parameters comparing different regions at each time point.

Mann-Whitney U significance test

Plasma flow (Fp)

Region Visit 1 Visit 2 Visit 3
Tumour vs CZ 0.02 0.3 0.06
Tumour vs PZ 0.3 0.06 0.5

CZvs Pz 0.004 0.009 0.05
Permeability surface-area product (PS)

Tumour vs CZ 0.05 0.339 0.07

Tumour vs PZ 0.3 0.06 0.3

CZvs Pz 0.002 0.03 0.03

CZz, Central Zone; PZ, Peripheral Zone; Visit 1, Pre-radiotherapy; Visit 2; In third of four weeks of
radiotherapy; Visit 3, Eight weeks after completion of radiotherapy

6.5.4 Correlation of ADC and DCE

No correlation between baseline ADC, PS or Fp values were found after NA-HT. Both relative and
absolute ADC and Fp changes between scan 1 and 2 were found to be correlated, (r = -0.74, p =
0.0034)(Figure 6-5) and (r = -0.64, p = 0.016). No other correlation was identified.
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Figure 6-5: Scatterplot of percentage change in ADC plotted against percentage change in
Plasma Flow (Fp) between pre-radiotherapy and week three of treatment

6.5.5 Volumetric Analysis

Imaging to assess initial volume and subsequent changes during NA-HT and RT was available for
11 patients (Table 6-4). NA-HT induced a significant mean prostate volume reduction of 47% (range
-27% to -64%) (p = 0.001). The volume changes identified during NA-HT inversely correlated with
volume change during the first three weeks of RT (r -0.72, p=0.014) (Figure 6-6). Patients with =
50% vs < 50% reduction during NA-HT experienced significantly different responses to RT with
+29% vs -11% (p=0.01) mean volume changes respectively from pre-RT size by week three. On
average there was a mean increase of 7.5% in volume during RT. Absolute volume pre-NA-HT (r =
0.18, p = 0.604)) or pre-RT (r=-0.19, p = 0.57) did not correlate with subsequent relative volume

change. No correlation was seen between relative volume change and ADC characteristics.

Table 6-4: Prostate volume changes during neoadjuvant hormone therapy and radiotherapy

Pt Pt Pt Pt Pt Pt Pt Pt Pt Pt Pt

1| 2| 3| a|5s5 |6 | 7| 8| 9 | 10] 11 |Mean

Initialvolume(cm3) 254 | 308|418 | 139|412 | 278|339 |439 (573|149 |29.2 | 322

% volume change

: -27 | -28 -39 | 40 | 44 | 45 | -50 | -60 | 62 | .-63 | -64 -47
during hormone therapy

% volume change by

week 3 of radiotherapy -5 0 21 | -17 12 -33 0 38 25 36 48 7.5
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Figure 6-6: Scatterplot of changes in prostate volume during neoadjuvant hormone therapy
(NA-HT) plotted against subsequent prostate volume changes between week one and three
of radiotherapy (RT)

6.6 Discussion

This is the first study to report prospective data on changes of ADC and DCE in prostate tumour
during radiotherapy after NA-HT. This pilot study was intended to assess these changes in
combination with variation in tumor volume as a possible predictive tool for outcome following
combination therapy. At the time of analysis one treatment failure has occurred, likely due to occult

metastatic disease at the time of treatment, and one patient has died of unrelated causes.

The study has found that identification of disease in this cohort of patients was not possible after
three weeks of radiotherapy and previous NA-HT. Tumour volume changes could not therefore be

used an early surrogate for response in this cohort.

In this study at time point 1 after 3 months NA-HT tumour ADC was 12.5% lower than normal
peripheral zone (p < 0.01). No difference between structures was seen at later time points and no

significant change in ADC parameters during and after treatment was identified.

Variation in ADC values are a result of differences in diffusion restriction, thought to reflect relative
cellular density and therefore of interest in assessing tumour response to therapy. ADC has been
demonstrated to be lower in prostate cancer tissues than normal structures and to correlate with
tumour grade and density (Langer et al.,, 2008; Tamada et al., 2008). HT appears to have a
differential effect on ADC values in malignant and normal prostate tissue. Previous work has shown
that in the former it induces cell shrinkage, atrophy and apoptosis, with associated marked
reduction in tumour volume, density and capsule penetration which appears to cause overall ADC
values to remain static or rise (Bullock et al., 2002; Hotker et al., 2015; Barrett et al., 2012). In
contrast HT induces a significant reduction in the ADC values of normal prostatic structures,
possibly due to induced atrophy of acini with associated fibrosis, basal cell hyperplasia and reduced

gland volume causing increased diffusion restriction (Roznovanu et al., 2005; Patterson et al.,
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2008). The reduction in prostate volume and contrasting responses in ADC values between
malignant and normal tissue during NA-HT make tumour identification after its completion
challenging (Groenendaal et al., 2012b; Riches et al., 2014). In the current study this issue was
mitigated by having pre-hormone MP-MRI available to aid tumour delineation in most cases. In the
three cases where there was no pre-hormone MRI, areas of low ADC and previous biopsy results
were used to guide delineation. However benign BPH nodules have similar characteristics on

imaging making confident disease identification in this context challenging.

The differing responses of tumour and normal tissue to HT provide some explanation for the smaller
range of ADC values pre-radiotherapy presented here compared with previous work without NA-HT.
The differences at baseline between normal gland and tumour in previous studies assessing ADC
changes during EBRT without NA-ADT has ranged from 29.5%- 51.3% (Decker et al., 2014; Foltz et
al., 2013; Song et al., 2010; Takayama et al., 2008). One retrospective study has assessed ADC
after NA-HT of up to two years and found a difference of -29% persisting between tumour and
normal gland, higher than in the current study, but this is confounded by analysis only assessing
tumour visible after HT, which was present in 14 of 44 patients (Iraha et al., 2012). These were
likely to be of higher grade, which may have reduced the average malignant ADC value and
artificially increased the difference between tumour and normal tissue. In another study assessing
the effect of HT the relative difference in ADC fell from 41.2% to 28.6% following three months
treatment (Hotker et al., 2015). Patients in that study had on average a higher grade of disease at
diagnosis than in our study which may have contributed to the preservation of more marked
variation. Our results suggest that the use of HT reduces the difference in ADC between normal and

malignant prostate tissue.

Malignant and benign prostate tissue did not experience a significant change in median ADC value
during the first three weeks of RT. However a significant difference between the two present prior to
starting RT was not seen at subsequent time points and the study may have been underpowered to
detect subtle variations after NA-ADT. When imaging was performed eight weeks after completion
of treatment a significant rise in median tumour ADC was not seen, in contrast with the findings of
other groups. A possible mechanism for the rise that others have seen may be continuing cell
apoptosis and tumour necrosis as cells experience ongoing mitotic catastrophe in the weeks after
treatment as a consequence of irreversible RT-induced DNA damage (Endlich et al., 2000). It may

be that this tumour response after NA-ADT, as measured by ADC, is attentuated.

There was marked variation of ADC changes in different tumours. Four of thirteen evaluable
patients experienced an early and persistent decline in tumour ADC. Two of these were patients in
whom pre-HT MP-MRI was not available to guide tumour identification, raising the possibility of
inadvertent measuring of normal tissue attenuating the treatment response. Alternatively a decline
in prostate tumour ADC has been associated with poor outcome, with one study finding patients
who suffered subsequent local failure following RT did not experience a rise in tumour ADC after
completion of treatment (Liu et al., 2014a). It may be that the decline seen in some of our cohort
represents a similar poor response to therapy. With one year of follow up one patient in our cohort
has experienced biochemical failure with widespread metastasis, suggesting occult disease at

presentation rather than local failure. This patient did not experience a decline in ADC during
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therapy. One patient has died without biochemical failure and the remainder continue to experience
biochemical response. Further long term follow up may allow correlation of biochemical failures with

ADC changes seen during therapy.

Multiple small studies of prostate tumour ADC during and after radiotherapy have now
demonstrated a degree of uniformity in outcome despite wide variation in imaging protocols, timing,
treatment received and patient characteristics (Table 6-5,Figure 6-7) (Hotker et al., 2015; Park et
al., 2012c; Decker et al., 2014; Liu et al., 2014b; Iraha et al., 2012; Song et al., 2010; Takayama et
al., 2008; Barrett et al., 2012; Foltz et al., 2013). Due to the ADC being dependent on b-values
used, likely because low b-value DWI can be heavily contaminated by perfusion and high values by
increased signal noise, direct comparison between studies is not possible but trends may be
identified (Thérmer et al., 2012; Peng et al., 2014). In combination they raise the prospect that ADC
changes during treatment may predict for ultimate outcome but this has not yet been demonstrated.
If ADC rise within tumour is indeed a result of tumour necrosis then it is logical that patients
experiencing the most significant rise might be least likely to experience treatment failure. Recent
studies identifying a predictive variation in ADC following therapy in those ultimately destined to
suffer poor PSA response or biochemical failure are encouraging but would not guide treatment
intensification (Liu et al., 2014b; Qi et al., 2016).

Table 6-5: Summary of imaging protocol and scheduling for studies assessing effects of
hormone therapy and radiotherapy of prostate cancer ADC

MR Imaging timing

RT

Author No Imaging Length alll E;?' PRr_?_ EsrTIy '\’gﬁ LstTe ERan Post RT
(weeks)
3T, After 3
-values , - es es mths - - - -
1] (flar;%tig 23 b-values 100,200 Y Y h
" 500,800,1000 HT
15-3T* After 3
(Hotker et
] ,
[2 27  b-values 0,700 or - Yes  Yes mths - - - =
al., 2015) 1000 HT
3T
[3] aI(szJklgg) 8 b-values 7 No - Yes W‘ZEk - Wiek -
" 0,100,1000
1.5T
4] a(l':o%g) 17 b-values 8 No - Yes Wgek Wjek Wgek Wgek
" 0,600,1200
1-4
(Decker et 3T ) ) Week ) 3 mths
5] al., 2014) 13 b-values 0,50,800 7 No yes 4 ?)?5’ post
(Song et 3T ) ) ) } ) 1-5 mths
6l a,20100 “°  b-values 0,1000 U e Ve post
(Takayam NS )
[7] aetal, 9 b-vall}éssTO 700 (carbon  45% - Yes - - - - 3 9cr)2tths
2008) ' ion RT) P
1.5T After 3
[8] CSlJterent 15 b-values 4 Yes - mths - - W?fk - 2 rgtsr:s
Y 100,400,800 HT P
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(Liu et al., 3T . ) ) ) ) ) 1-5 mths
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*12 pts had pre/post imaging at different magnetic strengths
Mth, Month; RT, Radiotherapy; HT, Hormone Therapy;
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Figure 6-7: Summary of identified changes in Apparent Diffusion Co-efficient during
neoadjuvant hormone therapy and radiotherapy (studies referenced in Table 6-5)

The use of ADC in combination with other markers may allow for early response assessment. The
present study demonstrates that following NA-HT no significant difference can be identified between
tumour and normal gland Fp or PS at any of the three time points. This is consistent with previous
findings that HT induces a significant reduction in tumour DCE-MRI parameters making it
indistinguishable from normal tissue (Barrett et al., 2012; Hotker et al., 2015). During treatment
there was a significant rise in tumour Fp and PS. Eight weeks after treatment was completed the
Fp, but not PS, had experienced a significant decline. The Fp at this point remained significantly
higher than pre-radiotherapy. Other groups have also demonstrated a rise in tumour and normal
gland perfusion during radiotherapy followed by a subsequent continuing decline at three and
twelve months (Franiel et al., 2009; Harvey et al., 2001). This initial increase in perfusion appears
due to an acute hyperemic response to radiotherapy. Improved oxygenation of tumours may
improve radiosensitivity, reducing the radiation dose required to kill more hypoxic cells (Nahum et
al., 2003). There appears to be a correlation between DCE-MRI changes and PSA decline following

radiotherapy; it may therefore correspond with long term outcome (Low et al., 2011).

In the current study changes in Fp between the beginning of radiotherapy and at week three have
been show to negatively correlate with variation in ADC. The relationship of these two variables is

"2 in 34 treatment naive

not well described. ADC has been shown to weakly correlate with K
patients with squamous cell carcinoma of the head and neck but not in 21 treatment naive patients
with renal cell carcinoma (Han et al., 2015; Ahn et al., 2013). In addition in a study of eight patients
changes in Fp and PS did not correlate with change in ADC during chemo-radiotherapy for
squamous cell carcinoma of the head and neck (Subesinghe et al., 2015). A relationship between
the loss of cell density and reduced perfusion in a tumour responding to therapy would seem
possible. This might explain a correlation in the current study due to treatment induced necrosis

within the tumour reducing thevascular supply and cell density of this region of non-viable tissue. If
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this is the case then those tumours with reducing ADC and rising Fp during radiotherapy might be
most likely to have poor treatment response and to benefit from dose intensification. The use of the

two values in combination may improve sensitivity for early response identification.

Volumetric analysis of patients treated on the current study revealed a correlation between volume
changes during NA-HT and subsequent variation with RT. In this cohort an increase in prostate
volume during RT was seen in patients with > 50% prostate shrinkage due to NA-HT. Conversely
for patients with prostate shrinkage of < 50% on NA-HT a mean prostate volume decrease by week
three of RT was seen. This finding is consistent with other groups who have shown a variable
volume response to radiotherapy alone and also following NA-HT (Budiharto et al., 2009; Kasaova
et al., 2011; Frank et al., 2010). It is the first time to our knowledge that a possible predictive value
of response to NA-HT for subsequent volume changes during RT has been proposed. The
mechanism for this may relate to variable fibrosis and reductions in cellular volume during NA-HT
attenuating any subsequent volume response to RT. The changes seen in the current study during
RT would be equivalent to an increase of up to 4 mm for an initial diameter of 40mm. In case of
small treatment margins, an adjustment of expansions to account for these changes might be

necessary.

Given the challenges found in identification of disease and attenuation of changes in ADC values
during RT after NA-HT it is is likely predictive changes will be more easily identified in patients who
are not previously exposed to androgen deprivation. Unfortunately it is clear that for high risk
patients HT, even with dose escalation, has a significant benefit on disease control. Further for
intermediate risk disease recent data suggests that this group experiences benefit from HT
administration with dose escalated radiotherapy (See Chapter 8:Appendix A). The identification of

predictive MP-MR changes after NA-HT therefore remains a necessary objective.

Our study has several limitations. First the use of manual matching of tumour contours from initial
imaging to subsequent scans introduces potential error in ADC and DCE-MRI parameter
measurement in tumour and normal tissue, although anatomical landmarks were identified to inform
contouring and mitigate this effect. Second MRI at 1.5 T without an endorectal coil has a lower
signal to noise ratio than 3.0 T imaging and delineation accuracy may be further impaired by
reduced image resolution. Of note however a previous consensus statement has included 1.5 T
imaging as a reasonable method of tumour identification. It is possible with the use of an endorectal
coil or 3T scanner than identification of tumour at later time points to assess volume response
would have been possible. Third our study assessed response during and after a four week course
of hypo-fractionated radiotherapy and its findings may not be applicable to a longer course of
conventional fractionation. Given recent trial outcomes it is likely that the use of hypo-fractionated
therapy will remain a significant treatment option in future, and the results are therefore of interest
(Dearnaley, 2015). Fourth since patients did not undergo surgery we were unable to obtain
histopathological specimens to compare with MP-MRI findings. Fifth we did not have a control
group with repeat imaging to assess the repeatability of our method, although the general
repeatability of DWI values has been confirmed and we have previously demonstrated the
repeatability of the DCE method (Gibbs et al., 2007; Kershaw et al., 2009). Finally the follow up
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period is not long enough to assess any relationship between functional response and subsequent

disease relapse. Longer term follow up data will be collected and reported.

Due to multiple statistical tests being performed a lower p-value of <0.01 was chosen to be
considered significant. A bonferroni correction, sometimes applied in this context, would give a
lower p-value but tends to be overly conservative and may miss significant relationships (Bender
and Lange, 1999). Given this is an exploratory study designed to identify possible areas for future
work it was felt appropriate to be more generous when setting a level of significance whilst

acknowledging the risks of false positive results with multiple testing.

In conclusion this work has demonstrated that differences in ADC and DCE parameters of normal
and malignant tissue are attenuated by prior NA-HT. Despite this a significant change in Fp during
radiotherapy that negatively correlates with ADC variation has been shown. The predictive value of
this will be informed by longer clinical follow up. Changes in prostate volume during NA-HT in this
cohort predicted for subsequent changes during RT and may help inform highly conformal treatment

and individualised margin expansions in future work.
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Chapter 7: Discussion

The systemic treatment of cancer continues to evolve with recent promising developments in
targeted agents and modulation of the immune-response (Garon et al., 2015; Melero et al., 2015;
Chapman et al., 2011). For prostate cancer sufferers in particular in the last decade prolific
progress in the systemic treatment of advanced disease has occurred (Valenca et al., 2015).
During this period prostate cancer radiotherapy has also become increasingly sophisticated and its
use as a curative treatment option seems likely to persist for the foreseeable future (Baumann et
al.,, 2016). As a consequence novel methods to further improve outcome and reduce treatment
related toxicity through adaptive approaches are desired. The use of radiotherapy for prostate
cancer has evolved and diversified with research underpinning this progress; it is needed for future

improvements and MRI will be a crucial modality in these developments.

This thesis has quantified through a systematic review of the literature the dynamic motion and
deformation of the prostate as a consequence of the behaviour of nearby structures. MRI, with its
ability to differentiate soft tissue structures, has been shown to be highly effective at identifying this
behaviour, both during planning and delivery of RT. Already, using cobalt sources integrated with a
MR scanner, the use of online MR imaging to support adaptive RT has been demonstrated (Mutic
and Dempsey, 2014). With other commercial MR-Linac solutions due to become available in the
near future the use of this technology will grow, enabling margin reduction and further safe dose
escalation. Future research will have to investigate the safe integration of these developments into
every day practice, building on two decades of analysis of prostate behaviour and applying the data

in novel ways with innovative technology.

For effective use of MR and CT imaging in combination the images must be accurately registered
to one another. Chapter 3 has shown that registration of CT and MR images can be improved by
the use of interstitial points identified on CT imaging after an initial visual registration. With
continued refinement, such as the addition of a contrast medium previously discussed, this
technique may negate the need for fiducial markers to guide registration. It does not however
address the benefit fiducial markers currently offer for image guidance. Daily treatment set-up
using cone beam imaging is challenging due to poor identification of prostate boundaries. In the
absence of clearly visualised soft tissue structures fiducial markers have been shown to
significantly improve this process (Moseley et al.,, 2007). On treatment MRI will allow clear
identification of the prostate boundary and interstitium, ultimately removing this indication. A
commercial MR-Linac permits this and will consequently reduce uncertainty in image guidance and
treatment volumes. Quantifying this benefit and its clinical implications will need to be some of the

first studies performed with this technology, allowing for rationalised treatment decisions.

Registration of MR and CT imaging allows for identification of high density disease within the
prostate and has results in multiple studies delivering focal treatment boosts to these regions. The

findings of Chapter 4 suggest limited utility of in-bore MRI-guided biopsy of areas with concerning
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features on MP-MRI prior to focal dose escalation. The ongoing phase Il FLAME trial of focal dose
escalation does not mandate biopsy of the focal boost target and, as a consequence of the
analysis of Chapter 4, neither now does the TARGET study (Lips et al., 2011; Chung and Menard,
2016). Whilst sparing patients the morbidity of an additional interventional procedure, this has
implications for research. It is known that the genetic make-up of multi-focal disease within the
prostate is heterogeneous but it is less clear how variation occurs within individual dominant areas
of disease (Boutros et al., 2015). Analysis of the genetic signature of tumours receiving treatment
and correlation of this with patient outcomes will help inform an understanding of treatment
response and a move towards personalised patient therapy. Both the PIRADS and Gleason score
are imperfect systems to categorise disease, and tumours indistinguishable using these
classifications may have markedly different outcomes following identical treatment. The genetic
information provided by targeted biopsies therefore may have prognostic and predictive value,

even if a high PIRADS score alone appears able to confirm the presence of disease.

If a biopsy of a targeted lesion was felt necessary, then even using in-bore MR-guidance multiple
samples are likely to be required to obtain malignant tissue. Multiple positive samples may then be
needed to obtain representative tissue sampling of heterogeneity within the target lesion, if this is
indeed present. The use of robotic needle guidance trans-perineal biopsy device appears to
improve accuracy of sampling and may partially mitigate this issue (Tilak et al., 2015). A future
study using optimal technology to perform multiple samples per lesion with genetic sequencing of
each biopsy correlated with full mount histology following radical prostatectomy would inform focal

dose escalation studies.

Analysis of focal dose escalation demonstrates, reassuringly, that doses up to 250 Gy BED may be
delivered with either a VMAT-IB or HDR-B with acceptable toxicity. The dosimetric analysis of the
TARGET study performed in Chapter 5 however identified two findings which may have
implications for long term outcome. First HDR-B delivers a much higher dose to a large proportion
of the GTV than is achievable with VMAT-IB. Second, in the cohort analysed, a HDR-B results in a
significantly smaller PTV(GTV) minimum dose than VMAT-IB, with the median value some 6 Gy
lower, although this finding is influenced by the choice of a/f ratio used to combine dosimetry.
Which of these factors will have more significance for ultimate disease response is of interest.
Previously the importance of optimal HDR whole gland boost dosimetry for long term outcome has
been shown and it may be that a similar effect is seen with focal boosts (Hoskin et al., 2014).
Biopsies performed at three years post therapy will provide some information but if small areas of
viable tissue persist due to PTV under-dosing they may be missed and it is only with data on longer
term biochemical failure rates that a fuller picture will emerge. Given the strong evidence
supporting a benefit from dose escalation then this data supports the development of further
randomised phase Ill studies assessing the effectiveness and toxicity of these treatments in
comparison with standard of care EBRT and EBRT with whole gland HDR boost. The ongoing
FLAME study is currently recruiting 566 patients to investigate whether a 10% improvement in
biochemical control can be achieved from the addition of a 95 Gy focal boost to whole gland 77 Gy

EBRT. Data from other phase lll studies would help validate any findings.
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Even using a focal boost technique the associated toxicity remains of concern; a method of
delivering treatment intensification to those who benefit most is desirable. Unfortunately a
predictive radiomic signature for prostate cancer patients based on changes in functional
characteristics during radiotherapy remains challenging. Multiple studies have now been
performed, both in patients receiving RT alone, and now in those receiving combination RT with
HT, which all shown trends in the changes in ADC during treatment. However, even when
assessed sometime after completion of treatment, there remains a marked degree of overlap
between the individual ADC values of those destined to relapse or remain free from biochemical
failure after treatment; it therefore remains a crude predictive tool (Liu et al., 2014a). Chapter 6
again showed this variation during and after radiotherapy; longer clinical follow up is required to
correlate this with biochemical outcome in this group. DCE-MRI parameters have also been shown
to widely vary during radiotherapy, in both normal and malignant tissue, and for the first time a
correlation between ADC and Fp changes has been suggested. It may be that the use of these
sequences in combination with larger study cohorts and longer follow-up demonstrates a predictive
ability but additional factors could also inform response monitoring. Assessment of changes in
tumour volume, when performed at 1.5T without an endorectal coil, has not proved to be possible.
As an alternative information on the genetic make-up of an individual's disease in combination with
functional changes during treatment may improve predictive performance (Dewhirst and Chi,
2013). To allow for increased cohort size a consensus amongst members of the MR-Linac
consortium on a common imaging protocol, allowing comparison after calibration of results from
different centres, is being sought. A future study using a large pool of functional data in

combination with genetic information would be an informative next step.

7.1  The future

This thesis has assessed the future role of MRI in radical prostate radiotherapy and it seems
probable it will contribute to improvements in every stage of prostate treatment delivery, breaking

down into four broad areas.

Firstly MRI is likely to play an increasingly prominent role in the planning process of radiotherapy
delivery. As described in Chapter 2 its superb soft tissue imaging improves the accuracy and
consistency of prostate contouring and as treatment conformality improves this will increase in
importance. The challenges of registration of MR and CT images, discussed in detail in this thesis,
may ultimately be rendered irrelevant by the advent of MR planning. For MRI to be used in isolation
the information provided by CT must accounted for. MRI does not provide the direct measure of
electron density achieved by CT, which is required for calculation of radiation attenuation. It has
however been demonstrated that applying known bulk electron densities to tissue structures on
MRI allows for generation of radiotherapy plans with differences in dose distribution of < 2%
compared with conventional CT planning, removing the necessity for performing and registering
two image sets (Jonsson et al., 2010). For MRI to be used without CT other significant challenges
will also need to be overcome. These include performing MRI in the radiotherapy treatment position
which may compromise the acquisition of high quality images, and the risk of image distortion away
from the centre of the magnetic field. These problems potentially impair the accuracy of MRI

planning in comparison to the fidelity of CT anatomy but methods to mitigate them have been
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proposed. Resolution of these issues to allow the routine adoption of this technology into daily

practice will be the challenge for future work over the coming years (Greer et al., 2011).

Secondly the use of MRI for planning will allow for the identification of interstitial high density
disease to which a focal treatment boost may be targeted. The dosimetry and toxicity data reported
in Chapter 5 provide reassurance that this can be delivered safely to patients. The results of the
previously discussed FLAME and TARGET studies are awaited but if these do show a benefit in
biochemical control for focal dose escalation with an acceptable toxicity profile then its use is likely
to become routine for some patients. In particular the use of a VMAT integrated boost for patients
not suitable for a brachytherapy could be incorporated into a MRI planning protocol with minimal
disruption. This VMAT boost could be delivered with conventional fractionation to the prostate or as
part of a hypofractionated stereotactic treatment, minimising inconvenience and toxicity to the

patient while optimising outcome (Tree et al., 2013).

Thirdly the excellent soft tissue definition achieved with on treatment MRI will improve IGRT by
allowing for more accurate identification of prostate position, reducing residual set-up uncertainty.
The development of Linacs with integrated MR imaging capacity will, in the first instance, facilitate
a reduction in radiotherapy expansion margins required to account for inter-fraction motion
uncertainty (Lagendijk et al., 2014). In the longer term routine MR imaging during radiotherapy
delivery is achievable. This will allow for accurate assessment of individual intra-fraction motion
and over a course of conventionally fractionated radiotherapy would permit the generation of
personalised expansion margins (Boye et al., 2013). In addition confidence in the accuracy of
delivery of SBRT (shortened treatment courses of up to six fractions delivering large doses per
fraction) would be improved by MRI for tracking of set up and prostate motion. The use of real time
cine-MRI for gating, with treatment delivered only when the prostate is within the predefined target
field, or with the radiation beam dynamically shaped to trace prostate motion during treatment,
would allow for even larger reductions in PTV expansion margins (Yun et al., 2013). Although the
delivery of treatment within an magnetic field may have dosimetric effects, particularly on
secondary electrons, it appears that this can be compensated for in the planning process (Menten
et al., 2016). Ultimately it may even prove possible to use the presence of a magnetic field to
improve electron beam dose profiles opening up exciting opportunities for future research (Chen et
al., 2005).

Finally the use of MP-MRI may play a role in adaptive treatment and surveillance. Already it has
been demonstrated that ADC changes during and after treatment correspond with ultimate
treatment outcome (Liu et al., 2014b). This information would allow a rationalised follow schedule,
with repeat biopsy or MP-MRI in those at highest risk of relapse. It has not yet been shown that
predictive MP-MRI changes can in isolation be identified during treatment. It seems possible
however that the use of combinations of different MP-MRI sequences (ADC plus DCE for example
as discussed in Chapter 7, or Blood Oxygen Level Dependent (BOLD) sequences) or in
combination with other potential prognostic identifiers, such as radiomic, hypoxic or genomic
signatures, will overcome this hurdle (Gong et al., 2015; Hill et al., 2015; Stoyanova et al., 2016).

The development of a prognostic tool would allow the routine use of MP-MRI during treatment to
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inform the need for dose boosting of resistant disease, minimising treatment related toxicity while

maximising local control of disease.

In conclusion, MRI has an important and expanding role to play in future advancements in all
aspects of technical radiotherapy for prostate cancer. MRI has the potential to improve planning
and delivery through optimised IGRT and personalise treatment through predictive imaging and
targeted treatment intensification. MRI guided focal dose escalation shows promise in minimising
treatment related toxicity from treatment intensification while improving clinical outcome. The
adoption of these novel approaches will be dependent on effective integration of MRI into routine
prostate planning practice and the imminent arrival of the first commercial MR-Linacs will facilitate
this.
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Chapter 8: Appendix A: PMH 9907- Long term outcomes of
arandomized phase Il study of short term bicalutamide
hormonal therapy and dose escalated external beam

radiation therapy for localized prostate cancer
McPartlin AJ, Glicksman R, Pintilie M, Tsuji D, Mok G, Bayley A, Chung P, Bristow RG,

Gospodarowicz M, Catton C, Milosevic M, Warde P
8.1 Introduction and contribution of authors

As highlighted in chapter 5 the use of NA-HT has implications for the visibility of tumour on MP-
MRI. It is harder to confidently identify disease after this treatment and the variations in multi-
parametric values between normal and malignant tissue during radiotherapy appears attenuated.
The ability of MP-MRI to provide predictive information during radiotherapy may therefore be

impaired by the administration of NA-HT.

While it appears clear that NA-HT improves outcome for patients with high risk disease, its role in
those with intermediate risk with dose escalated radiotherapy is less clear. If its use could be
avoided in this group then creating a method for early identification of response to therapy may be
simplified. In this appendix | perform an analysis of a phase Ill study looking at the role of
bicalutamide, an anti-androgen therapy, with dose escalated radiotherapy in predominantly
intermediate risk disease. The original study was devised and led by Padraig Warde at Princess
Margaret Cancer Centre in the late 1990’s and prospective data subsequently collected by the
trials team there. For this chapter | verified the collected data and formatted it for analysis. | liaised
with the Melania Pintilie at the Princess Margaret statistical department who used this data for her
analysis. The unplanned post hoc analysis of intermediate risk divided into favourable and
unfavourable was my initiative as was assessing response by dose received as it varied over the

trial recruitment period.

| interpreted the statistical analysis and wrote the entire paper, excluding the description of
statistical methods employed. Major suggestions to revision of format were provided by Padraig
Warde. The other co-authors all provided minor revisions to the final manuscript. | submitted the
paper for publication, responded to amendments requested by reviewers. It was ultimately

accepted for publication in Cancer (McPartlin et al., 2016a).
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8.2 Abstract

Background: The role of hormone therapy (HT) with dose-escalated external beam radiotherapy
(DE-EBRT) in intermediate risk prostate cancer (IRPC) remains controversial. We report the long
term outcome of a phase Il study of DE-EBRT with or without HT for patients with localized

prostate cancer (LPC).

Methods: From 1999-2006 252 of an intended 338 patients with LPC were randomized to DE-
EBRT +/- five months neo-adjuvant and concurrent bicalutamide 150mg OD. The study was closed
early due to contemporary concerns surrounding bicalutamide. Primary outcome was biochemical
failure (BF) incidence with overall survival (OS), local control (LC) and quality of life (QoL) as
secondary endpoints. BF and OS rates were estimated using Cumulative Incidence Function and

Kaplan-Meier and compared with Gray’s test and log rank test.

Results: 11 patients were excluded from analysis. Characteristics were well balanced in each
treatment arm. 95% of patients had IRPC. Prescribed dose increased from 75.6Gy in 42 fractions
to 78Gy in 39 fractions over the period. At a median follow up of 9.1 years 98 BF have occurred
with no significant effect of HT vs none on BF, 40 vs 47% (p = 0.32), OS, 82 vs 86 % (p = 0.37),
LC, 52% vs 48 % (p=0.32) or QoL in the minority of patients completing questionnaires. Dose
escalation, 75.6Gy vs > 75.6Gy, reduced BF by 26% (p=0.004).

Conclusion: For predominantly IRPC patients the addition of HT to DE-EBRT did not significantly
affect BF, OS or LC. Bicalutamide appeared well tolerated. Conclusions are limited by incomplete

recruitment.
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8.3 Introduction

Prostate cancer is responsible globally for over 300000 deaths annually(2014). External beam
radiotherapy (EBRT) is an effective treatment modality but a significant proportion of men will
relapse. The addition of hormone therapy (HT) to EBRT has been shown in laboratory studies to
reduce the required lethal dose to prostate tumour and in clinical studies to increase overall
survival (Bolla et al., 2002; Zietman et al., 1997b).

The benefit of dual therapy is most clearly seen in high risk prostate cancer; its role in intermediate
risk disease is less certain. Two prospective clinical studies, treating predominantly intermediate
risk patients, have shown a significant disease specific survival benefit at five to ten years from the
addition of four to six months HT starting two months prior, versus EBRT alone (D'Amico et al.,
2008; Jones et al., 2011). Both of these studies administered HT with standard dose EBRT (66.6 —
70Gy) which has been shown to achieve inferior biochemical control to dose escalated (DE) EBRT
(Kalbasi et al., 2015). The evidence of benefit from its addition to DE-EBRT in intermediate risk
disease is mixed with recent prospective data supporting its efficacy (Nabid A, 2015; Dubray et al.,
2011b; Bolla et al., 2016).

PMH 9907 was devised in the late 1990's to assess the benefit of HT with DE-EBRT. At that time
the optimal form of HT to employ was unclear. It was known that luteinizing hormone releasing
hormone (LHRH) agonists were associated with significant loss of sexual function and bone density
(Decensi et al., 1993). Early data suggested that use of an androgen receptor blocker such as
bicalutamide might be as effective without such significant side effects; it was therefore chosen for
this study (Sieber et al., 2004; Iversen et al., 2000). Although subsequent evidence has implied the
relative clinical effectiveness may be inferior to LHRH agonists it has been suggested that 150mg
daily of bicalutamide improves overall survival compared to EBRT alone in locally advanced
disease (Kunath et al., 2014; See et al., 2006); its effectiveness with DE-EBRT is therefore of

interest

We report the mature outcome data of a randomized phase Ill study looking at the role of
bicalutamide with DE-EBRT for localized prostate cancer. Unplanned post hoc analysis has been
performed to assess sub-classification of intermediate risk disease into favourable and
unfavourable categories, and the effect of further dose escalation through the study period as local

practice evolved.

8.4 Materials and methods

8.4.1 Eligibility and study design

This study assessed the effect of bicalutamide 150mg OD with DE-EBRT of 75.6Gy to 79.8Gy in
42 fractions or 78Gy in 39 fractions for the treatment of localized prostate cancer. GUROC
consensus guidelines were published in 2001 and, as a result, stratification in the study allowed for
inclusion of disease which would not be considered intermediate risk by current standards (Lukka
et al., 2001). Eligible patients had T1b-T2, Gleason 6-8, and PSA <20ng/ml disease. Patients with
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clinical stage T1lb/T2a and Gleason 6 required a PSA of 10-20 ng/ml. Central review of all
pathology was performed. All patients with PSA >10 ng/ml had a negative bone scan within 12
months of study entry. CT staging was not required. No previous hormonal or cytotoxic therapy
was permitted prior to entry. All patients were ECOG performance status < 2, aged < 80 years and
without contraindication to DE-EBRT.

A stratified randomization was carried out according to initial PSA (< 10 ng/ml versus = 10 ng/ml),
Gleason score <7 versus 7 or 8, T1 versus T2 staging. Patients were randomized 1:1 to receive
radiotherapy with or without five months of neoadjuvant and adjuvant bicalutamide starting three

months prior to radiotherapy.

Ethical approval was obtained for the study and all patients gave informed signed consent prior to

enrolment.

8.4.2 Radiotherapy

The clinical target volume (CTV) was defined as the prostate, plus seminal vesicles if risk of
involvement was >15% by Partin table (Partin et al.,, 1997). The CTV was expanded 10 mm
isotropically except 7 mm posteriorly to form the planned target volume. Pelvic lymph nodes were
not treated. Patients were planned and treated with empty rectum and full bladder. Prior to therapy
all patients had fiducial markers inserted under trans-rectal ultrasound guidance. Radiotherapy was
given using six coplanar equally weighted 18 MV beams, or IMRT, with daily EPID imaging and set
up verification using fiducial markers. From 1999-2001 patients received 75.6Gy in 42 fractions
over 8.5 weeks. After this time the dose was increased up to 79.8Gy in 42 fractions then 78Gy in

39 fractions as experience with DE-EBRT increased.

8.4.3 Quality of life assessment

Quality of life (QoL) and treatment related toxicity was measured prospectively using QLQ-C30+3
and prostate cancer checklist, the International Index of Erectile Function (IIEF) and RTOG acute
and late toxicity scales (Aaronson NK, 1993; Cox et al., 1995; Rosen et al., 2002).

8.4.4 Study endpoints

The primary end point of the study was biochemical failure (BF), defined using the Phoenix criteria
of a rise = 2ng/ml above nadir PSA (Roach et al., 2006). Secondary endpoints were local tumour
control as assessed by repeat trans-rectal prostate biopsy two years after completion of RT, QoL

and OS of patients.

8.4.5 Statistical methods
The study assumed a 35% 5-year BF incidence for RT alone and was powered for a one-sided 5%
level test to detect a 15% decrease with 90% power. This required a sample size of 338 with 85

expected events

Due to inter-current deaths before BF this was analysed using competing risks specific techniques.
The probability of BF was calculated using cumulative incidence method and the effect of treatment

unadjusted or adjusted for other factors was tested using the Gray test and the Fine and Gray
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model, respectively (Fine and Gray, 1999; Gray, 1988; Kalbfleisch and Prentice, 2002). The time to
death was calculated from the date of randomization. The survival probabilities were calculated
using Kaplan-Meier technique and the effect of treatment was tested using the log rank test and
Cox proportional hazards model. The analyses for BF and OS were performed as intent to treat
analysis. Logistical regression was used to compare the findings of post-radiotherapy biopsies

between the treatment arms

For IIEF scores were categorized in 5 classes: Severe dysfunction, Moderate dysfunction, Mild-
moderate dysfunction, Mild dysfunction, No dysfunction. These were further dichotomized in
Severe/Moderate/Mild-Moderate vs. Mild/No dysfunction. For each time point the percentages of

patients in each category were calculated.

For the EORTC questionnaire the scores for all the functions and toxicity items were calculated as
averages of the relevant questions. The missing values were treated as recommended by the
EORTC guidelines (Fayers et al., 2001). If a patient answered = 50% of questions pertaining to an
item then then score was the average of the answered questions, otherwise the score for that
particular item was considered missing. The percentages ‘with problems’ were calculated at each

time point.

Comparison of outcome for increasing radiotherapy doses was complicated by differing follow up
as practice changed over time. To verify the robustness of comparison we generated a censoring
time for patients receiving 75.6Gy which was similar to the censoring time for those receiving
higher doses. An event was preserved in the low dose group only if the newly generated censoring
time was larger than the observed event. Otherwise the observation was considered censored at
the generated censored time. The observed times and events remained unchanged for the high
dose group. The comparison was performed with the outcome defined as described above. This

process was repeated 1000 times.

8.5 Results

A total of 252 patients were recruited from 1999-2006. The study was closed early after suspension
from 2005 due to concerns related to contemporary data showing a statistically insignificant trend
towards survival deficit from the addition of bicalutamide therapy to watchful waiting (McLeod et al.,
2006).

Median follow up for surviving patients was 9.1 years (range 0.1-14.8). Eleven patients were
excluded from analysis; eight were found to be ineligible after randomization following central
review of pathology, one withdrew and two had no follow up data after treatment (Figure 8-1).
Distribution of analysed patients by pre-treatment and prognostic factors was balanced between
the two arms (p>0.05) with the exception of pre-radiotherapy PSA (Table 8-1). There were 14
(5.8%) protocol violations. Due to patient choice six randomized to bicalutamide received
radiotherapy alone and one randomized to radiotherapy alone received bicalutamide. In addition a
total of 10 patients received doses of less than 75.6Gy. In three cases this was due to failure to
complete treatment, the remainder were prescribed a dose of between 66-72Gy due to concerns

about toxicity from large treatment volumes.
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A dose of 75.6Gy in 42 fractions was received by 76 patients and 79.8Gy in 42 fractions or 78 Gy

in 39 fractions by 155. Randomization between treatment arms was matched at each dose level.

252 were registered and underwent
randomization

J

123 were assignedtoshortterm 129 were assignedto radiotherapy
bicalutamide and radiotherapy alone
7 were ineligible

4 were ineligible .| 5 didnot meet inclusion criteria
3 did not meet inclusioncriteria “| 1 withdrew consent
1 had no followup 1 had no follow up

119were eligibleand available for 122 were eligible and available for

evaluation evaluation

8 did not complete intended therapy
4 did not receive bicalutamide
2 received < 75.6 Gy
2 did not receive bicalutamide and
received < 75.6 Gy

6 did not complete intended therapy
5 received < 75.6 Gy
1 received < 75.6 Gy and received
bicalutamide

111 completed treatment per 116 completed treatment per
protocol Protocol

40 received 75.6 Gy 36 received 75.6 Gy

71 received 78-79.8 Gy 80 received 78-79.8 Gy
Median followup by ITT 9.1 years Median followup by ITT9.1 years
(0.1-14.5) (0.4-14.8)

L———=| 47 biochemical relapses 51 biochemical relapses
23 deaths 18 deaths
16 without biochemical relapse 11 without biochemical relapse

Figure 8-1: Modified consort diagram

8.5.1 Outcomes

At the time of analysis 98 biochemical failures and 41 deaths have occurred. Men who received
bicalutamide had a non-statistically significant 7% reduction in BF rate at five years, 17% (95% ClI
11%-25%) vs 24% (95% CI 17%-33%) which remained at nine years follow up, 40% (95% CI 31% -
51%) vs 47% (95% CI 37% — 58%) (p = 0.32) (Figure 8-2). Overall survival was also not
significantly different in those who did or did not receive bicalutamide, 82% (95% CI 75% — 90%) vs
86% (95% CI 80% - 94%) (p = 0.37) at nine years (Figure 8-3). Biopsy results were available
within four years of completing treatment for 94 patients (38%), 50 following radiotherapy alone and
44 after combination therapy. At the time of biopsy 51 (54%) had experienced at least two
preceding consecutive rises in PSA and 11 (12%) had suffered BF. Biopsies identified malignant
disease in 58% after radiotherapy and 48% after combined treatment (p=0.32, OR = 0.66, 95% CI
0.29-1.49). Ultimately 68% of patients with positive biopsies and 42% with negative biopsies went
on to experience BF. Further HT had been received after relapse by 30 (63.8%) patients
randomized to dual treatment and 34 (66.6%) of the remainder. Five patients received local

salvage therapy and eight went on to palliative chemotherapy. Distant metastases were ultimately
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identified in 24 (51.0%) of patients failing after dual therapy and 35 (68.6%) failing after

radiotherapy alone.

Table 8-1: Patient characteristics

Radiotherapy plus Radiotherapy alone p-
bicalutamide (n=119) (n=122) value*
Age Median(range) 71.4(57.6-79.4) 70.9(55.3-79.5) 0.41%
3+3 13(10.9%) 17(13.9%) 0.51
3+4 67(56.3%) 71(58.2%)
Gleason score 4+3 34(28.6%) 26(21.3%)
345 1(0.8%) 2(1.6%)
4+4 4(3.4%) 5(4.1%)
5+3 0(0%) 1(0.8%)
Stage T1B-2A 96(80.7%) 91(74.6%) 0.28
g T2B-2C 23(19.3%) 31(25.4%)
Percent positive Median(range) 50(8-100) 50(7-100) 0.36%
cores Missing 6 5
PSA at
i - - 1
randomization Median(range) 8.3(1.2-19.6) 7.6(1.1-20) 0.49
PSA at . <
radiotherapy Median(range) 2.6(0.1-20.4) 7.6(0.4-22.3) 0.001t
. 75.6 Gy 40(33.6%) 36(29.5%) 0.587
Rad';’gzgrapy 78-79.8 Gy 75(63.0%) 80(66.4%)
< 75.6 Gy 4 (3.4%) 6(4.9%)
Unclassified o o
intermediate 1(0.8%) 3(2:5%)
Favourable o o #
Risk group - ermediate 29(24.4%) 28(23.0%) >0.99
Unfavourable 84(70.6%) 83(68.0%)
intermediate
High 5(4.2%) 8(6.5%)

ADT, androgen deprivation therapy; Gy, Gray; PSA, prostate specific antigen; RT, radiotherapy
* Fisher exact test unless otherwise indicated, T Mann-Whitney test, *75.6 Gy vs 78-79.8 Gy,

$
Favorable vs unfavorable

S
T — RT, n=122, 9y BF probability=47%
= =+ RT+B, n=119, 9y BF probability=40%
2 - Gray's p-value=0.32
RT+B vs. RT, HR=0.82, 95% CI: (0.55-1.21)
2> ©
= o 7
8
[
2
[3
a
(TR
o o
o
o
< |
o
T T T T T T T T
0 2 4 6 8 10 12 14
Numbers at risk Time since randomization(years)
RT 122 110 84 58 36 15 2
RT+B 119 108 90 66 47 15 3

Figure 8-2: Cumulative incidence of Biochemical Failure for those receiving bicalutamide

plus radiotherapy or radiotherapy alone. (RT = Radiotherapy, B = Bicalutamide, BF =

Biochemical Failure)
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Figure 8-3: Kaplan-Meier survival probability curve for those receiving bicalutamide plus
radiotherapy, or radiotherapy alone (RT = Radiotherapy, B = Bicalutamide)

8.5.2 Toxicity and Quality of life

Bicalutamide therapy was stopped prematurely in five patients (4.3%). In three cases this was due
to gynecomastia, once due to peri-orbital pain of unclear aetiology and once for unspecified
reasons. The addition of bicalutamide had no effect on acute or late genito-urinary (GU) and
gastro-intestinal (Gl) toxicity. Use of IMRT increase over time with none receiving 75.6 Gy and 57%
receiving 78-79.8 Gy treated with this method. When analysed by radiotherapy dose those
receiving 78-79.8Gy experienced higher acute grade = 2 GU toxicity, 38.7% vs 14.5% (p < 0.001),
and late grade 2 > Gl toxicity, 5.8% vs 0% (p = 0.033). No significant difference in QoL
assessment was found between dose levels. The erectile dysfunction (ED) and EORTC-30
guestionnaires were considered at various time points; baseline, baseline- 6m, 6m-1yr, 1-2yr, 2-4yr
and >4yr. A minority of patients completed questionnaires within each given time point from a
maximum of 79 responses at baseline. There was almost no long term change in erectile
dysfunction in either group although there were marked levels of impairment at baseline. There
was deterioration in intercourse satisfaction and sexual desire in both arms during follow up but no
clear change from baseline in overall satisfaction four years after treatment in either group (Figure
8-4).

Erectile dysfunction Intercourse satisfaction Sexual desire Overall satisfaction
100 m 100 -] N 100 100 .
1! - - H . H i3 " - 1} -
% . ; i ! 1 H i H " : i ! + i : ' N
g %7 \' A H Y S iloe® i : S I N - S
= i " H H i % t & 1 ' = i ! " = Y " HY h i "
w0 ! i il i . + 50 - i H s 50 i : : 04 1) i i i i
Euh7 N A% A ’\<7\ ik i I B '2<}\s<*
@ 70 ¥ H i " i 4+ @ 700 ' P M R H & 70 I I H @ 70 H I u i T
3 IH oo T . / " L [HE S O R
S 60! H i : i 2 et i ! B Bl 2 e ‘1\+/1; S 60! ! ! i B i
3 : i : i3 S : . oo B
; 50 - 2 00 i H ; 50 - | i 3 0+
= a0 2wl i = w0 ‘ H = w0
* RT * RT ! * RT +RT
30 4 RT+Bicalutamidg 304 + RT+Bicalutamide w0 i 4 RT+Bicalutamidd 30 4 RT+Bicalutamidg
BaselineB-6m 6m-1y 1-2y 24y >dy BaselineB-6m 6m-1y 12y 24y >dy BaselineB-6m 6m-1y 1.2y 24y >4y BaselineB-6m 6m-1y 1-2y 24y >dy
RT 34 15 27 34 26 20 33 15 24 33 23 19 32 15 24 33 23 20 28 14 24 31 21 18
RT+B 39 10 26 36 34 16 35 9 26 34 31 16 34 9 25 35 31 17 30 9 24 35 30 14

Figure 8-4: Sexual health at various time-points following treatment with bicalutamide plus
radiotherapy or radiotherapy alone (RT = Radiotherapy).
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Table 8-2: RTOG Acute and late toxicity for those receiving bicalutamide plus radiotherapy
or radiotherapy alone

Radiotherapy Treated  Treated

Toxicity Radiotherapy . plus . p- t075.6 to 78- p-value*
grade alone (n=122) bicalutamide value* G 798G
(n=119) ¥ © By
- G2 11 (9%) 11 (10%) 0.83 5(7%) 16(10%) 0.47
Acute Gl toxicity G3 0 0 0 0
Acute GU toxicit G2 38 (30%) 33(28.9%) >0.99 11(15%) 60(40%) 0.00027
¥ G3 0 2(1.8%) 1(1%) 1(1%)
Late Gl toxicit G2 6(5 %) 4(3.5%) 0.55 0 9(6%) 0.033
¥ G3 1(1%) 0 0 1(1%)
L. G2 7(6%) 11(10%) 0.41 5(7%) 13(8%) >0.99
late GUtoxicity 5 14(11%) 13(11%) o(12%)  15(10%)

ADT, androgen deprivation therapy; Gl, gastro-intestinal; GU, genito-urinary; Gy, Gray,
*Fisher exact test reflecting association between grade 2/3 vs 0/1 and treatment given (bicalutamide or
radiotherapy dose)

The EORTC-30 questionnaire similarly identified no marked effect of the addition of bicalutamide,

with stable overall quality of life in both groups through the treatment period.

8.5.3 Exploratory stratification of disease and dose received

Patient risk group was defined as proposed by Zumsteg et al, with unfavourable intermediate risk
including patients with at least one of predominant Gleason 4, =50% positive cores or =2
intermediate risk factors (Zumsteg et al., 2013a). Stratification of intermediate risk appeared
predictive with an 18% higher incidence of BF in unfavourable risk disease although this did reach
statistical significance (p = 0.052). There remained no statistically significant benefit from the

addition of HT following stratification.

Further dose escalation during this study from 75.6 Gy to 78 or 79.8 Gy had a significant effect on
the risk of BF with a reduction in incidence at 9 years, from 61% to 35%, for those receiving the
higher doses (HR 0.54, CI 0.36-0.8). Median follow up was 11.2 years (1.4-14.8) for those
receiving 75.6 Gy and 8.9 years (0.4-13.3) for those receiving 78-79.8 Gy. The p-value was
significant (<0.05) in 99.4% instances when repeat testing was performed to account for follow up
variation. There was no significant difference in any disease characteristic between patients
receiving the lower or higher doses (p > 0.2). There remained no significant reduction in BF from

the addition of bicalutamide when stratified by dose received.

Differences in outcome identified between study arms were maintained on multivariate analysis.

8.6 Discussion

This study reports mature prospective outcome data on the addition of HT to DE-EBRT in
intermediate risk prostate cancer. Bicalutamide has not been demonstrated to provide a significant
effect on BF at a median of 9.1 years follow-up for patients with intermediate risk prostate cancer,
the primary end point of this trial. There was however a trend towards benefit with a 7% decrease
in BF, from 47% to 40%, for those receiving HT. The study was not powered to detect this level of

difference, and failed to reach its accrual target, raising the possibility of a false negative
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conclusion. Previously a larger study of 1065 patients by the Early Prostate Cancer (EPC) Trialists’
Group demonstrated that ongoing bicalutamide 150mg in addition to median dose of 64Gy EBRT
made a significant difference to BF, but not OS, at a median follow up of 7.2 years in a group with
T1-2 NO disease (See et al., 2006). In that study BF decreased from 47.2% to 41.1% for patients
treated with bicalutamide; the current study has achieved a similar benefit despite higher
radiotherapy doses and shorter HT duration. Of note, the EPC study demonstrated in a further 305
patients with locally advanced disease that the addition of bicalutamide had a more pronounced
benefit on BF, reducing it from 59.7% to 41.0% (HR 0.56, 0.4-0.78), and also improved OS (HR
0.65, 0.44-0.95), consistent with the survival benefit seen from the addition of LHRH agonists in

high risk disease.

Although anti-androgen monotherapy may be inferior to medical castration in advanced disease its
relative merits with DE-EBRT in IRPC remain unclear(Kunath et al., 2014). By way of comparison
the EORTC 22991 study has reported outcome for 819 patients, 74.8% with intermediate risk
disease and 25.2% high risk, who received 70 — 78 Gy with or without 6 months of LHRH-agonist
therapy (Bolla et al., 2016). At a median f/u of 7.2 years the addition of HT reduced BF from 49.1%
to 28.8% (HR 0.52, Cl 0.41-0.66). The increased benefit seen in comparison the present study may
in part be due to the increased proportion of high risk disease and an increased efficacy of LHRH-

agonists.

It is known that intermediate risk prostate cancer represents a heterogeneous disease. The
Zumsteg et al proposed sub-categorization of unfavourable intermediate risk disease has been
suggested to be prognostic (Zumsteg et al., 2013a; Keane et al., 2014). Retrospective analysis by
other groups has identified that a benefit from HT with DE-EBRT may only be seen in unfavourable
intermediate patients, although the definition of this varied (Castle et al., 2013; Bian et al., 2012).
No significant effect on BF from the addition of HT in favourable or unfavourable intermediate risk

disease was seen in our current study.

The overall results achieved in both arms in our study are lower than those that have been
described elsewhere. The cause of this may be multifactorial. Firstly by sub-group analysis 76% of
patients in the current study had unfavourable-intermediate or high risk disease. These two risk
groups have been shown in the prostate cancer risk stratification (ProCaRS) project, classified as
unfavourable-intermediate risk if PSA >=10 and either T2b/2c or Gleason 7 disease, to have a
similar BF rate that is significantly worse than favourable-intermediate risk disease (Rodrigues et
al., 2013). Further, a subgroup analysis of DFCI 95096 looked at 206 patients with intermediate or
high risk disease who received 70Gy with or without six months HT at 14.3 years follow up. This
found that the risk of dying from prostate cancer was not significantly different, adjusting for
variables, for unfavourable-intermediate or high risk disease, 13 vs 17%. By contrast in those with

favourable-intermediate risk disease there was no disease specific mortality (Keane et al., 2014).

Secondly the degree of dose escalation employed in our study was initially modest due to evolving
experience. A dose of 75.6Gy at 1.8Gy per fraction, received by around a third of participants, has
an EQD2 of 72.6Gy, assuming an a/Bumor Of 3Gy, which would not be considered effective dose

escalation by current standards. With no difference in baseline disease characteristics the
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incidence of positive biopsy was reduced from 63% (29 of 46 biopsies) in those receiving 75.6Gy to
46% (21 of 46 biopsies) in those receiving 78-79.8Gy (p = 0.14). Patients who underwent biopsy,
regardless of finding, were more likely to experience BF than those who were not biopsied, 62% vs
40% (p = 0.001), suggesting a possible selection bias contributing to the high positive biopsy rate.
Of relevance an MSKCC retrospective review of patients who received RT with or without HT and
underwent repeat biopsies at two years identified a 18% reduction in positive findings, from 33% to
15%, with dose escalation from 75.6Gy to = 81 Gy (p = 0.05) (Zelefsky et al., 2008b).

Dose escalation during the study period was associated with a significant reduction in BF. This was
driven by a reduction from 63% to 39% (HR 0.53, Cl 0.33-0.84) at nine years in those with
unfavourable intermediate disease, compared with a decrease from 28% to 27% (HR 0.88, CI 0.33-
2.35) in favourable. Higher doses were also associated with a rise in acute G2 GU and late G2 Gl
toxicity, despite increasing IMRT use over time. These findings are consistent with published data
and highlight that ultimately more accurate predictive tools utilizing novel predictive genomic and
proteomic biomarkers are needed if dose escalation, with associated increased toxicity, is to be
targeted better at those who will benefit most (Bostrom et al., 2015; Shipitsin et al., 2014; Kuban et
al., 2003).

Bicalutamide therapy was found to be well tolerated with only 4.6% failing to complete therapy as
prescribed. Sexual function, assessed by the IIEF questionnaire, was not significantly different in
each of the five questionnaire categories in either treatment arm. There were an increased
proportion of patients in both arms who complained of more severe symptoms after treatment but
this was not worsened by the addition of bicalutamide, with the exception of sexual desire. Only
intercourse satisfaction and sexual desire experienced persistent worsening in both arms when
assessed more than four years after treatment. Conclusions are limited due to the numbers of
patients assessed within each time point, with possible selection bias, but the results suggest the
additive effects of bicalutamide with radiotherapy on sexual function are limited. Previous work has
shown patients taking bicalutamide 150mg OD are significantly more likely to retain sexual interest
than those undergoing medical castration and the benefit appears to be retained with radiotherapy

in this current study (Iversen et al., 2001).

8.7 Conclusion

This study has failed to show a significant benefit from the addition of bicalutamide to DE-EBRT for
a group of patients with predominantly intermediate risk prostate cancer. A trend towards a
reduction in BF following combination therapy was seen and conclusions are limited by failure to

complete accrual.

Bicalutamide was well tolerated and appeared in this cohort to have no significant adverse effect

on sexual function.
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