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Abstract

iv

Background
Prostate cancer is the commonest malignancy affecting men in the United Kingdom;
its incidence is set to rise globally. In the UK, approximately 18% of men will present
with metastatic disease at outset, metastatic hormone sensitive prostate cancer
(mHSPC). This is an incurable condition, for which the mainstay of treatment consists
of androgen deprivation therapy (ADT). Recently a number of treatments added to
ADT have been shown to extend survival in these patients including docetaxel and
abiraterone as well as external beam radiotherapy (EBRT) to prostate (in low volume
disease). We wished to test the novel combination of concurrent radium-223 + EBRT
to prostate and pelvic lymph nodes in mHSPC.

Hypothesis
The combination of ADT + radium-223 + radical prostate and pelvic EBRT in mHSPC
would prove feasible, safe, acceptable to patients, leading to a phase III randomised
trial.

Methods
We began by benchmarking our institutional rates of toxicity from EBRT to prostate
and pelvic nodes. Informed by that study, we designed a clinical trial testing the
combination ADT + concurrent radium-223 (at 55 kBq/kg q28 days for 6 cycles) +
EBRT to prostate and pelvic lymph nodes (74 Gy in 37 fractions to prostate + 60 Gy
in 37 fractions to pelvic lymph nodes). Primary endpoints were recruitment, toxicity
(CTCAE scoring), and quality of life (patient reported EPIC scoring). Secondary
endpoints were radiological response with whole body (wb)MRI, PSA/ALP response
v

and time to first symptomatic skeletal event (SSE). We tested a range of potential
biomarkers of prognosis, response to treatment and molecular dosimetry.

Results
The trial has successfully completed recruitment. Grade 2 diarrhoea occurred in 20%
of patients, there was no grade 3 GI toxicity. Grade 3 GU toxicity occurred in 3.3% of
patients, in keeping with prospective trials of EBRT to prostate and pelvis alone. Grade
3 leucopenia, neutropenia and thrombocytopenia occurred in 6.7%, 3.3% and 3.3% of
patients respectively. Both GI and GU domains of quality of life fell during the trial
treatments but each returned to baseline on completion. wbMRI scans of 26 evaluable
patients, between baseline and end of treatment showed complete response in 3
(11.5%), partial response in 14 (53.8%), stable disease in 4 (15.4%) and progressive
disease in 5 (19.2%). There is a significant reduction in ALP between screening and
final cycle of radium-223 (Median 90 IU/L screening to 55 IU/L p<0.01). Median
progression free survival is 21.7 months. Median SSE free survival not reached. 11 of
30 patients developed a fracture on trial, the majority were asymptomatic pathological
fractures. Three putative biomarkers have shown interesting initial signal warranting
further analysis in larger trials namely: DNA damage repair deficiency assay; rate of
complex DNA damage seen on MFISH in leucocytes and rate of gH2AX signal seen
on immunofluorescence in leucocytes as markers of bone marrow dosimetry.
Circulating tumour cells showed no signal of utility as a biomarker of response.

Conclusion
This treatment combination is safe and feasible with a signal to efficacy and warrants
phase III exploration.
vi
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1 Introduction and Literature Review
1.1 An old enemy
The impact of metastatic prostate cancer has been felt on human sufferers and their
families for millennia. In an extraordinary piece of work from 2007, Schultz et al.
made a histopathological diagnosis of metastatic prostate cancer in the 2700 year old
remains of a Scythian King who lived, ruled and died likely of his disease in the 7th
Century BC(1). He was buried in the lands he ruled, on the Eurasian Steppes, with
6000 golden objects that were found buried with him. This is remarkable from the
methodological perspective of being able to derive histopathological information from
tissue of this age. Moreover, it underlines that in ancient history, as today, this illness
had the ability to afflict relatively young men, regardless of geography or social class,
causing morbidity and ultimately death. And ancient families, as modern ones, had
cause to bury men struck down early by a devastating disease.

1.2 Progress marches
The intervening 2700 years have not been without progress, albeit concentrated in the
past 80 years. This chapter will describe the advances in the understanding of the
disease and developments in therapy over that period. This has been significant, such
that in the modern era, many years of life can be reasonably expected from diagnosis
to death from metastatic prostate cancer. However, a cure has remained elusive.
Prostate cancer as a whole disease entity exists over a broad spectrum of disease states.
Each disease state has well established therapies. As is described later some
considerable success has already been achieved by moving compounds normally
reserved for the late castration resistant state earlier, to treat hormone sensitive cancer.
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Also as discussed later, there is now randomised controlled trial (RCT) evidence that
ablative doses of radiotherapy directed to the prostate-primary and used with curative
intent in treating localised prostate cancer improves survival in the low volume
metastatic state.
These ideas underpin the work in this Thesis; firstly, that utilising systemic therapy
early in metastatic disease will maximise its benefit and secondly that adding primary
directed therapy to systemic therapy in metastatic disease will result in additional
benefit.

1.3 Prostate cancer
1.3.1

Pathology and natural history

90-95% of prostate carcinomas are acinar adenocarcinomas(2). Rarer histological
variants occur which have particular clinicopathological features, as summarised in
the recently updated World Health Organisation (WHO) classification of tumours of
the male genital tract(3). There are reports in the literature, from preclinical
experiments, of both basal and luminal cells being capable of giving rise to a mature
neoplasm(4–7). Most recently, Park et al. transduced primary human prostate basal
and luminal cells with lentiviruses expressing c-Myc and activated AKT1 to mimic
the MYC amplification and PTEN loss commonly detected in human prostate cancer.
Upon propagation as organoids and implantation into immunodeficient mice, each was
found to be capable of producing a neoplasm and each had individual
clinicopathological features(8). Prostate cancer is a heterogeneous illness, with
multiple clinicopathological variants and likely more than a single cell type as a
possible precursor. The majority of prostate cancers however are acinar
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adenocarcinomas characterised by atypical glands, strong androgen receptor signalling
and an absence of basal cells, likely derived from a luminal epithelial cell.
1.3.2

Grading and staging

The original Gleason scoring system was named eponymously based on the work of
Donald Gleason (and colleagues) in the 1960s and 1970s(9). The original system
described patterns of prostate cancer on a scale between 1-5, with 5 being most
aggressive. The dominant and secondary patterns were quoted leading to a score
between 2 and 10. Amendments to the original system were made in 2005 with the
aim of better stratifying patients to predict clinical outcomes(10). As a result, patterns
<3 were no longer reported, leading to the modern Gleason score options: 3+3=6,
3+4=7, 4+3=7, 4+4=8, 4+5=9, 5+4=9, 5+5=10.
A major revision proposed by Pierorazio et al. in 2013(11) was adopted by the WHO
in 2016. They examined the Johns Hopkins radical prostatectomy database and
proposed reporting a prognostic group along with the Gleason score, such that Gleason
score ≤6 (prognostic group I); Gleason score 3+4=7 (prognostic group II); Gleason
4+3 (prognostic group III); Gleason score 4+4=8 (prognostic group IV); Gleason score
9-10 (prognostic group V). A study by Epstein et al. published 2016 examined the
predictive capacity of this 5-group staging system. 20845 men having radical
prostatectomy and 5501 men having radical radiotherapy were followed for
biochemical recurrence. The system performed well, better in surgical cohort than in
radiotherapy cohort, HRs for biochemical failure post prostatectomy referenced to
Group I (Gleason ≤6) are: Group II = 2.54, Group III = 5.70, Group IV = 9.14, Group
V = 13.78(12). For the radiotherapy (RT) group, the analysis was complicated by use
and duration of (neo-) adjuvant hormone therapy. HRs for RT group without hormone
16

use are quoted referenced to Group I are: Group II = 1.32, Group III = 2.83, Group IV
= 2.87, Group V = 4.47.
This same 5-group staging system was further validated for death from prostate cancer
in a registry study of men treated conservatively. Three cancer registries in the UK
were interrogated and in total 988 biopsy cases were reviewed. Both overall and worst
prognostic group were statistically predictive, HRs for death by prostate cancer
referenced against Group I were Group II = 2.81, Group III 5.29, Group IV = 7.12,
Group V = 12.0(13). Prostate cancer is staged according to the 8th edition of the
American Joint Committee on Cancer staging manual(14).
1.3.3

Epidemiology

Prostate cancer has a complex profile of risk factors. The most impactful factor is
advancing age(15,16). Other factors include race, family history and obesity. A recent
UK study estimated the risk of both incidence and death from prostate cancer was
doubled in black British versus white British men(17). Much literature exists outlining
the increased risk of diagnosis in those with a family history of the condition; a recent
systematic review and meta-analysis confirmed this association and suggested that risk
is increased further if affected family members had young diagnoses or if an individual
has multiple affected family members(18). Obesity is a risk factor for numerous
cancers. The pathophysiology underpinning this is likely a complex milieu of
endocrine and immune factors, but that association does appear to hold true for
prostate cancer also, particularly for aggressive prostate cancer(19).
Unsurprisingly, given its multifactorial aetiology, prostate cancer incidence varies
significantly across the globe. As well as differences in risk factor profiles in different
populations, socio-economic factors such as health-seeking behaviours in men, access
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to primary and secondary health care and prevalence of Prostate Specific Antigen
(PSA) as a screening tool also have an impact. A recent analysis of epidemiological
data from 43 countries shows that the pattern of epidemiology around the world is
complex. 5 broad patterns of incidence trend over the past five years were identified,
into which these 43 countries’ data cluster: 1. continual increase, 2. step-wise increase,
3. slow rise then rapid increase, 4. moderate then slower increases, 5. rapid increase
then a pronounced peak; all of the patterns are associated with an underlying increase
in incidence(20). The implications of this are profound, particularly in low/middle
income countries. In developed nations there was a well-documented steep rise in
prostate cancer incidence as screening technologies, predominantly PSA testing,
became widely utilised. Their incidence is likely to plateau soonest, with perhaps a
slow rise matching overall population aging. In the developing world however, one
can only predict a huge rise in incidence is expected as technologies developed in the
west drift into use. This phenomenon will be compounded by the severe population
aging that many of these developed nations are predicted by the United Nations to
experience over the coming years(21). As a consequence, it is clear that prostate cancer
will become a major global health burden over the next forty years, with serious
implications for the cost of treatment.
Considering specifically the Northern Irish population, the 20 years from 1995 to 2015
saw a rapid increase in incidence of prostate cancer. Case numbers increased from 509
diagnoses in 1995 to 1033 in 2015. Mortality rates have however, fallen from a
European age-standardised mortality rate of 66.1 per 100000 in 1995 to 45.7 per
100000 in 2015. In the same period, the percentage of all cancer deaths due to prostate
cancer has been static from 11.8% in 1995 to 11.3% in 2015. In terms of population
relevant to this thesis, in the most recent period for which there is staging data 201118

2015, there were on average 266 cases of metastatic prostate cancer diagnosed
annually, representing 18.2% of all cases in the period(15).
1.3.4

Advanced prostate cancer and bone metastases

Having arisen in the prostate gland, prostate cancer (like other cancers) follows
predictable tropisms for sites of metastasis, this is reflected in the WHO staging
scheme for prostate cancer(3). Nodal metastases from prostate cancer tend to occur in
the draining lymph node bed following the vascular path from obturator to
internal/external/common iliac, to para-aortic. The commonest site for non-nodal
metastases is the skeleton. Once in the metastatic state, prostate cancer is often defined
in terms of its response to castration therapy (cf section 1.4.1 below) and will generally
progress through a stage of metastatic hormone sensitive prostate cancer (mHSPC)
into a stage of metastatic castration resistant prostate cancer (mCRPC).
How cancerous cells deposit and form metastases at skeleton sites and how they go on
to affect that surrounding native bone is the focus of intense global research. Recent
data suggests a complex pattern of bone resorption and formation are occurring within
bone metastases(22). A brief introduction is required to normal bone homeostasis and
its dysregulation in metastatic cancer. Several decades of work by various groups led
to the discovery of the RANK/RANKL/OPG [Receptor activator of nuclear factor
kappa-b(RANK); RANK-ligand (RANKL); Osteoprotegerin (OPG)] system
regulating osteoclast/osteoblast activity in mammals, expertly reviewed by Martin in
2004(23). In this system RANKL, expressed by osteoblasts and osteocytes interacts
with RANK receptor present on osteoclasts and their precursors, stimulating
recruitment, differentiation and activation. OPG is a cytokine produced by osteoblasts
that acts as a decoy receptor to RANKL, blocking the RANKL-RANK interaction and
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thus acting to diminish osteoclastogenesis. Therefore, the amount of net bone
formation or resorption occurring will be a function of the overall ratio of
RANKL/OPG in the bone microenvironment. Paget’s disease, osteoporosis and bone
metastases all disrupt this balance. Bone metastases interact in complex and as yet not
fully understood ways to alter normal RANK/RANKL/OPG balance, through a range
of cytokines derived from both tumour cells themselves and from infiltrating immune
cells. Cytokines include Parathyroid Hormone related Protein(24), Interleukin-8(25),
and Tumour necrosis factor-α, with in vivo models suggesting an additional role for
the latter in the initial invasion of metastatic cells into the bone matrix(26).

1.4 Systemic therapy for metastatic hormone sensitive prostate cancer
1.4.1

Castration therapy

The key link between endocrine signalling and progression of metastatic prostate
cancer was discovered in the early 1940s. In his Nobel Prize winning work, Huggins
first showed that androgens influenced the systemic behaviour of metastatic prostate
cancer. He did this by performing castration or administering oestrogen to patients
with metastatic prostate cancer and observing marked reductions in serum biomarkers
of the disease(27). Surgical castration became the mainstay of initial management of
mHSPC following this work and remained so until the development of medical
castration with oestrogen therapy in the 1960’s and Luteinising Hormone Releasing
Hormone agonists (LHRHa) in the 1980s. As the name suggests these agents are
agonists of the LHRH receptor, however when delivered exogenously at a constant
high level (rather than in pulsatile fashion as occurs endogenously) it leads to LHRH
receptor down-regulation and suppression of circulating levels of luteinising hormone
and therefore sex hormones(28). Having been shown to result in similar testosterone
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levels to surgical castration, LHRHa agents were licenced for use in mHSPC. They
have been extensively used for this indication over the past twenty years. Patients are
commenced on LHRHa at diagnosis and usually remain on therapy for life, often
combined with additional agents.
1.4.2

Chemotherapy in mHSPC

Docetaxel is a microtubule stabilising, anti-mitotic chemotherapy agent. It was
initially used in mCRPC where it was found to have a survival benefit over the
cytotoxic antibiotic mitoxantrone (29). It thus became standard of care for fit patients
on entering the mCRPC phase. More recently, in line with the exploration of the use
of systemic agents earlier in the disease course, trials have been conducted examining
the efficacy of docetaxel in mHSPC.
In the UK study STAMPEDE, 1184 patients with mHSPC were treated with androgen
deprivation therapy (ADT) alone versus 592 who were treated with ADT + docetaxel.
There was evidence of a large survival advantage for ADT + docetaxel with median
survival 60 months ADT + docetaxel (IQR 27–103) vs 45 months standard of care
(SOC) alone (HR 0·76, 95% CI 0·62–0·92; p=0·005)(30).
Two other contemporary studies addressing the same question were CHAARTED and
GETUG-AFU 15; these were smaller and may have been underpowered. CHAARTED
treated 393 men with ADT alone versus 397 with ADT plus a planned 6 cycles of
docetaxel at 75mg/m2 per cycle. 86% of patients completed all 6 cycles. The median
overall survival was 13.6 months longer with the addition of docetaxel to ADT
compared with ADT alone (57.6 months vs. 44.0 months; HR=0.61; 95% CI 0.47 to
0.80; P<0.001)(31). GETUG-AFU 15 was an RCT of ADT alone versus ADT plus
docetaxel in mHSPC. 193 patients received ADT alone and 192 ADT + Docetaxel.
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Docetaxel was delivered at a dose of 75mg/m2 for a maximum of 9 cycles; 48% of
patients received all 9 cycles, with the median being 8. At median follow up of 50
months median overall survival was 58.9 months (95% CI 50.8–69.1) in the group
given ADT plus docetaxel and 54.2 months (42.2–not reached) in that given ADT
alone (hazard ratio 1.01, 95% CI 0·75–1·36)(32). These data have led to the adoption
across the UK of the use of early docetaxel chemotherapy in mHSPC.
The newer taxane cabazitaxel has been proven to extend overall survival (OS) in
mCRPC, previously treated with docetaxel(33), at median follow up of 12.8mo, HR
for death =0.7. It has no proven role in mHSPC.
1.4.3

Novel hormonal therapy in mHSPC

Abiraterone acetate is an androgen synthesis inhibitor which acts via binding to
CYP17. In combination with prednisolone it is known to extend survival when used
in mCRPC, both pre and post docetaxel chemotherapy(34,35). In the LATITUDE
clinical trial, it’s efficacy in mHSPC alongside ADT was examined. 1199 men were
randomised to receive ADT + placebo or ADT + abiraterone + prednisolone. At
median follow up of 30.4 months, HR for death was 0.62 in favour of combination,
p<0.001(36) These results were confirmed by the STAMPEDE trial, where ADT +
Abiraterone + prednisolone improved OS and progression free survival (PFS)
compared to ADT alone in both mHSPC and in locally advanced M0 HSPCa. In this
arm of STAMPEDE 1917 patients were randomised to either SOC ADT or
ADT+Abiraterone at the outset of treatment. Patients were eligible if they had high
risk localised, node positive or metastatic disease. At median follow-up of 40mo,
adjusted HR of death was 0.61 for SOC+abi vs SOC in metastatic group(37).
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Similarly enzalutamide was trialled first in mCRPC, where it was found to extend OS
versus SOC both pre and post docetaxel chemotherapy (38,39). The ENZAMET(40)
and ARCHES(41) trials have examined its use in mHSPC. ENZAMET randomised
1125 men in 1:1 ratio to receive open-label ADT + non-steroidal anti-androgen, or
ADT + Enzalutamide. At median follow up of 34 months, OS was significantly
improved by enzalutamide HR 0.67 (0.52-0.86) (40). Adverse Events (AEs) were more
frequent but clinically acceptable in the enzalutamide group. ARCHES trial has not
yet reported.
Apalutamide is another novel androgen receptor (AR) inhibitor recently trialled in
mHSPC. 1052 men with mHSPC were randomised 1:1 to ADT + Apalutamide or ADT
+ placebo. At 24 months, OS and rPFS were improved by Apalutamide, HRs 0.67
(0.51-0.89) and 0.49 (0.4-0.61) respectively(42).

1.5 Radiotherapy
1.5.1

Radioactivity and forms of radiation

1.5.1.1

Sub-atomic structure and stability

A fundamental concept of atomic physics is that there is an optimal ratio of protons
and neutrons in the nuclei of an element and the isotope with this ratio will exist as the
stable form of this element. Deviations from this optimal ratio leads to the formation
of unstable isotopes. These unstable isotopes can convert to a more stable form by
altering their nuclear configuration of neutrons and protons; the process by which they
do this is radioactive decay. The decay of radioactive nuclei results in the release of
energy by one or a combination of the following forms of radiation: alpha, beta, and
gamma. Detailed analysis of the physics underlying these processes are beyond the
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scope of this chapter but are readily available in the literature(43–45). An appreciation
of some fundamental principles of radiation and radiobiology is, however, required;
basic concepts reviewed here are the types of radiation, DNA damage, half-life, dose
and linear energy transfer (LET).
1.5.1.2

Types of ionising radiation

Alpha particles are energetic particles consisting of 2 protons and 2 neutrons. They are
relatively massive in atomic terms (4 Atomic Mass Units [AMU]) and are charged
(2+). Alpha particles are released when an unstable atomic nucleus shifts into a more
stable form by ejecting 2 protons and 2 neutrons accompanied by kinetic energy.
Beta particles are high-energy electrons (or more rarely positrons but for the purposes
of this work, beta emission refers to electron emission). They have significantly less
mass than alpha particles (1/2000 AMU) and carry charge (-1 electron). They are
released when an unstable nucleus shifts to a more stable configuration in a change
that involves a neutron converting into a proton and ejecting an electron.
Both alpha and beta radiation occur when a decaying nucleus releases energy in the
form of a high-energy particle. Gamma radiation involves an unstable nucleus
releasing energy as a photon, part of the electromagnetic (EM) spectrum and thus
without any mass or charge. Gamma radiation as a process in itself doesn’t involve
any change in atomic or mass number, however it usually accompanies either alpha or
beta decay. EM radiation identical to gamma radiation can be generated by processes
other than the decay of radioactive nuclei. As they are not produced by radioactive
decay these are not referred to as gamma radiation but rather as X-rays. It is megavoltage X-rays which are predominantly utilised for the clinical delivery of external
beam radiotherapy (EBRT) in prostate cancer.
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In terms of their origin it should be clear that related, although quite distinct processes
result in the generation of alpha, beta, gamma and X-ray radiation respectively. They
differ in terms of mass and charge and origin. In terms of biological effect however,
they all share a characteristic property: their ability to create ions in material with
which they interact. It is this ionising ability that confers upon them their unique and
profound biological actions, namely mutagenesis and cytotoxicity.
1.5.2

DNA damage

There is a large body of evidence(46) supporting the hypothesis that the key process
by which any form of ionising radiation generates its biological actions is DNA
damage. This DNA damage can occur either directly (by radiation directly ionising
DNA) or indirectly (by radiation creating reactive free radicals in water which
secondarily ionise DNA). Both direct and indirect ionisation of DNA can result in a
range of different types of damage including single (ssb) or double strand (dsb) DNA
breakage. The cell has mechanisms for repair of these, however if sufficient DNA
damage, particularly DNA dsb, is induced it is beyond the limits of correct repair and
cell death ensues(46).
1.5.3

Half life

The SI unit of radioactivity is the Becquerel, where 1 Becquerel is defined as the
amount of radiation resulting from 1 nucleus decaying per second. In any given sample
of material there are a fixed number of nuclei available to decay and release radiation.
The decay of unstable nuclei and corresponding release of radiation is a random
process. If all nuclei present have an equal probability of decay, then the overall rate
of decay will be greatest at some initial time point. Later, relative to that initial point
in time, there will be fewer undecayed nuclei remaining and therefore a reduced rate
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of overall decay. This is therefore a system in exponential decay, with a quantity
decreasing at a rate proportional to its current value. The half-life is the time taken for
the radioactivity present to reduce to a half of its current value. Half-lives are constant
for a given radionuclide but vary considerably between different radionuclides from
fractions of seconds to thousands of years. This has important implications for the
choice of any radionuclide used clinically. Radionuclides with extremely short halflives will prove difficult to manufacture and administer to a patient before their
radioactivity has dropped to a sub-therapeutic level. Conversely, radionuclides with
longer half-lives will pose significant radiation protection issues for both the patient
and wider society, as they will remain radioactive for years after administration to a
patient.
1.5.4

Dose and Linear Energy Transfer (LET)

The SI unit of radiation dose delivered is the Gray (Gy) where 1 Gy = 1 joule of energy
absorbed per kilogram matter irradiated. This is purely a physical measure of the net
energy transfer arising from exposure and takes no account of the biological effects of
this irradiation. Irradiation with 1 Gy of each of the different forms of radiation will
have significantly different consequences. For both alpha and beta particles, the
amount of energy carried varies depending upon the energy with which they are
released from their parent radionuclide. Similarly, gamma photons and X-rays can
carry a range of energies within the X-ray portion of the EM spectrum. A final
important characteristic used to describe any of these forms of radiation and that in
part explains their different biological actions is linear energy transfer (LET). LET is
a measure of amount of energy deposited per unit length travelled, by the tracks of
radiation, in matter and is reported in units of keV per micron. It varies considerably
across different forms of radiation. Alpha particles, being relatively massive and
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highly charged, interact readily with matter through which they travel. This results in
energy being readily given up along their path of travel and therefore a high LET
(typically ~ 100 keV/µm). Beta particles, being significantly lower in mass and charge
than alpha particles, stand a much lower chance of interacting with their surrounding
atoms per unit length travelled and thus release their energy over a relatively longer
path. Further along this spectrum of LET is gamma irradiation. Lacking any mass and
charge, it is less likely again to interact with surrounding atoms per unit length
travelled and thus generally has the lowest LET of all the three forms (~0.2 keV/µm)
(46).
If we take this understanding of LET and apply it to the biological situation of radiation
interacting with DNA, we can say that alpha particles will travel over a relatively short
range but deposit very large amounts of energy along their path, therefore if this path
traverses cell nuclei alpha particles stand a relatively high chance of causing
significant DNA damage. Conversely, relative to alpha radiation, gamma radiation
will travel further but a given dose in Gy will tend to result in less DNA damage along
the path taken by its constituent photons. Beta radiation exists somewhere between
these two extremes, moderately penetrating and with LET typically between that of
alpha or gamma irradiation.

1.6 Pelvic external beam radiotherapy for prostate cancer
EBRT is utilised in a wide variety of circumstances in prostate cancer. Two major
anatomical targets for EBRT exist within the pelvis, the prostate gland with adjacent
seminal vesicles (considered together) and the pelvic lymph nodes. This section
examines the evidence base for pelvic EBRT in different stages of prostate cancer.
EBRT refers to external beam radiotherapy generally. Prostate only radiotherapy
27

(PORT) and whole pelvic radiotherapy (WPRT) are discussed specifically where
appropriate.
1.6.1

Evidence base for EBRT in locally advanced prostate cancer

1.6.1.1

SPCG-7

SPCG-7 compared outcomes in patients with locally advanced prostate cancer treated
with either ADT alone or ADT on combination with EBRT to prostate(47). Locally
advanced disease was defined as being either T1b-T2 N0 M0 WHO grade 2-3 or T3
N0 M0 any WHO grade 1-3. Notably, patients with PSA >11 had pelvic lymph node
dissection and pN1 status excluded from study. Hormonal therapy consisted of 3
months maximum androgen blockade (MAB) followed by cessation of LHRHa and
continuation of the nonsteroidal antiandrogen Flutamide. Radiotherapy was delivered
by 3D conformal technique to a dose of 50 Gy to prostate and vesicles plus a boost of
20 Gy to prostate only. The key finding showed 10-year cumulative incidence for
prostate-cancer-specific mortality was 23.9% in the ADT alone group and 11.9% in
the ADT + EBRT group, giving a relative risk of 0.44 (95% CI: 0.30-0.66 p<0.0001).
1.6.1.2

PR07

The PR07(48,49) RCT compared outcomes in patients with locally advanced prostate
cancer treated with either ADT alone or ADT + EBRT to prostate or prostate + pelvis.
Locally advanced disease was defined as being either T3-4 NX-0 M0 or T2 PSA>40
any Gleason or T2 PSA 20-40 Gleason 8-10. ADT was achieved with either bilateral
orchidectomy or LHRHa. EBRT was delivered by a four-field box technique to a dose
of 40 Gy in 25 fractions to whole pelvis, with an addition 20-24 Gy in 10-12 fractions
as prostate boost. Prostate only radiotherapy was allowed although 72% of patients in
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the ADT + EBRT arm received radiotherapy to whole pelvis (WPRT). 1205 patients
were randomised; at median follow up of 8 years, the addition of EBRT led to a 30%
reduction in risk of death (HR 0.70, CI 0.57 to 0.85; P<0.001)(48). Using the Phoenix
definition(50) of biochemical failure, the 10-year biochemical failure-free rate was
27% (95%CI 23%-32%) for patients treated with ADT alone versus 63% (95% CI
57%-68%) for patients receiving ADT+EBRT. Toxicity is modest with 3+ late
gastrointestinal (GI) toxicity occurring in 10 patients (1%).
1.6.2

The evidence base and toxicity profile of pelvic nodal irradiation.

The two trials above demonstrate that the combination of ADT + EBRT is a potent
tumoricidal combination in comparison to ADT alone, and is associated with a higher
chance of cure in locally advanced disease. Therefore, the combination ADT and
radiotherapy has been proven to be efficacious, but the optimal radiotherapy target had
yet to be determined. It is clear that comparison was required between the efficacy and
toxicity of WPRT versus PORT. Relevant trials are discussed below and table 1-1
summarises toxicity data.
1.6.2.1

Doses to multiple GI structures are important determinants

of toxicity following pelvic radiotherapy.
In their recent extensive systematic review, Jadon et al. reviewed dose-volume
predictors and constraints for late bowel toxicity following pelvic radiotherapy(51).
101 studies were screened and 30 met inclusion criteria. Primary tumour site in the
studies were prostate, bladder, gynaecological or pancreas; prostate cancer
predominated with 21 studies, of these 7 studies involved the use solely of intensity
modulated radiotherapy (IMRT). In multiple studies there were correlations between
late bowel toxicity and increasing dose/volume to a range of structures including
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peritoneal cavity, bowel loops, small bowel, duodenum, large bowel, sigmoid colon,
and anal canal. The most consistent dose/volume-toxicity constraints were those
relating to anal canal. There was a lack of consistency between studies for parameters
found in relation to other structures listed. The authors present reasons for this
including differences in anatomical definition of the structures, or differences in the
endpoint studied. What is clear is that late bowel toxicity is related to dose/volume
relationships in a number of pelvic structures and for the purposes of pelvic
radiotherapy as low as reasonably practicable (ALARP) principles should apply to
organs at risk (OARs).
1.6.2.2

RTOG 94-13

RTOG 94-13(52) assessed 1323 men with localized prostate cancer and an estimated
risk of lymph node involvement (Roach formula (53)) of >15%. It compared PORT to
WPRT, delivered by conventional 4-field box technique. With 5-year median followup, WPRT was associated with a 4-year progression-free survival rate of 54% (95%
CI: 50-59) compared with 47% (95% CI: 42-52) in patients treated with PORT
(p=0.02). GI toxicity in WPRT arm was low, grade 3+ being 2% acutely and 1.7% at
2 years. Interpretation of this trial is difficult as it was designed as a 2x2 factorial trial
examining not only the question of PORT versus WPRT but also the timing of
hormone therapy (neo-adjuvant versus adjuvant) and it lacked power to compare each
of the four arms against each other. In a 2007 updated analysis(54) no statistically
significant difference was found between the outcomes of PORT vs WPRT. There may
be complex interactions occurring in this study between radiotherapy field size and
timing of radiotherapy, data collection and analysis are ongoing.
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1.6.2.3

IMRT has been used to safely escalate dose delivered to

PLN
One criticism frequently levelled at these trials is their modest pelvic nodal dose
delivered by conventional 4 field box technique. Since they were conceived,
radiotherapy practice has greatly advanced namely with the development of IMRT
allowing dose to be delivered in a much more conformal fashion, sparing OARs and
allowing dose escalation. A dose escalation study was performed at the Royal Marsden
hospital(55–57) culminating in the multicentre PIVOTAL trial(58). In the Marsden
dose escalation study, patients with high-risk or node positive prostate cancer were
treated using ADT and radiotherapy to prostate and pelvic lymph nodes. All patients
received conventional (2 Gy/fraction) radiotherapy to prostate to a dose of 70-74 Gy.
There were three sequentially escalated cohorts of pelvic nodal dose: 50 Gy, 55 Gy
and 60 Gy. (Two additional cohorts examined hypofractionated schedules, not
considered in detail here). Toxicity levels were acceptable, peak acute grade 2+ bowel
toxicity was highest in 55 Gy cohort at 56%, and peak late grade 2+ bowel toxicity
was highest in 60 Gy cohort at 13.2%(57). Full toxicity results are in table 1-1 below.
The encouraging results from this dose escalation trial led to the phase II multicentre
trial PIVOTAL(58). This randomised 124 patients with locally advanced, high-risk,
N0 prostate cancer to receive either PORT (74 Gy in 37#) or WPRT (60 Gy in 37# to
pelvic nodes, 74 Gy in 37# to prostate), both delivered by IMRT. The aim was to
establish prospectively the toxicity profile of high dose pelvic lymph node IMRT and
whether it could safely be delivered per protocol at multiple centres. Patients were
randomised 1:1 and median follow up was 37.6 months. Toxicity in the WPRT group
was modest. Acute toxicity peaked at week 6 when grade 2+ toxicity was experienced
by 26% of patients in the WPRT group. During that week, toxicity in the PORT group
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was 7%; this was the week during which the greatest difference between the 2 groups
was observed. At 2 years, cumulative grade 2+ GI toxicity was 16.9% (CI90% = 8.930.9) for PORT and 24% (CI90% = 8.4-57.9) for WPRT. The authors estimate that,
based on an a/b ratio of 3 Gy, their fractionation regime delivered an equivalent pelvic
nodal dose of EQD2 55.4 Gy; this is significantly higher than doses delivered in
previous trials. This trial established the safety of this regime; efficacy is yet to be
determined.
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62

62

WPRT

138

60 Gy

PORT

70

25

50 Gy

55 Gy

643

WPRT

60 Gy

-

60 Gy

55 Gy

50 Gy

50.4 Gy

-

45 Gy

Pelvic dose

1.62 Gy

-

1.62 Gy

1.49 Gy

1.35 Gy

1.8 Gy

-

1.8 Gy

Pelvic Dose / #

IMRT

-

IMRT

IMRT

IMRT

4 field
conventional

-

4 field
conventional

Grade 2+ = 26%*

Grade 2+ = 7%*

Grade 2+ = 54%

Grade 2+ = 56%

Grade 2+ = 40%

Grade 3+ = 2%

Grade 3+ = 1%

-

Method of Pelvic Acute GI toxicity
Irradiation
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Grade 2+ = 24%

Grade 2+ = 16.9%

Grade 2+ = 13.2%

Grade 2+ = 8.9%

Grade 2+ = 8.3%

Grade 3+ = 1.7%

Grade 3+ = 0.6%

Grade 3+ = 10pts

Late GI toxicity

*Reported as week 6 toxicity, the week with peak grade 2+ toxicity (26%) and week with greatest difference between PORT and WPRT.

PIVOTAL(58)

RMH Dose
escalation(57)

RTOG 9413(52)

640

603 (72%
WPRT)

PR07(49)

PORT

N

Trial

Table 1-1 Summary of toxicity data from WPRT trials. This summarises toxicity rates found in recent trials utilising radiotherapy to pelvic nodes in the treatment of prostate
cancer. Included are conformally planned trials PR07 and RTOG9413 as well as more recent IMRT planned trials from RMH and most recently multi centre IMRT trial
PIVOTAL.

Table 1-1 shows three key findings. Firstly, WPRT is associated with acceptable GI
toxicity. Secondly, this toxicity is greater than that seen with PORT, this increased
toxicity must be offset by an increased efficacy, trials to determine this definitively are
ongoing (c.f. section 1.6.2.4 below). Finally, IMRT has allowed safe dose escalation both acute and late toxicity rates in PIVOTAL WPRT cohort were lower than that seen
with the lower doses delivered by 4 field conventional technique in GETUG 01 WPRT
cohort. This is important and this theme is returned to in chapter 3.
1.6.2.4

Future studies

With a view to finally establishing the role of modern pelvic nodal radiotherapy in
prostate cancer, the results of three trials are awaited. RTOG 0924 is a national cancer
institute (NCI) sponsored phase III randomised trial comparing neoadjuvant ADT +
prostate and seminal vesicle radiotherapy + boost to prostate and proximal seminal
vesicles with neoadjuvant ADT + whole pelvis radiotherapy + boost to prostate and
seminal vesicles. Recruitment continues with a target of n = 2580(59). The second
study is a UK Institute of Cancer Research (ICR) led study PIVOTAL-BOOST which
opened in 2018. This trial seeks to evaluate both utility of pelvic nodal irradiation and
also utility of focal or whole gland boost. The trial has 4 arms, prostate IMRT, prostate
and pelvis IMRT, prostate IMRT + boost, prostate and pelvis IMRT + boost(60).
Finally, GETUG AFU23 seeks to examine the impact of neo-adjuvant cabazitaxel and
WPRT as additions to ADT and PORT in a 2x2 factorial design and continues to
recruit(61).
1.6.3

Evidence base for radiotherapy in N1 disease

The STAMPEDE trial, current protocol version 19.0 June 2019 (62), is a multistage,
multiarm randomised controlled trial examining a range of treatment options versus
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SOC in both high-risk M0 and M1 disease. The M0 standard of care arm were treated
with LHRHa with radiotherapy being optional at discretion of treating physician for
those staged N1; for those staged N0M0 radiotherapy was optional at trial opening,
however following publication of PR07 and SPCG-7, radiotherapy for this group
became mandatory in 2011. For the N0M0 group, analysis was confined to those
randomised before radiotherapy was mandated. This trial therefore allows comparison
of four cohorts:
1) Newly diagnosed N0M0 given LHRHa alone
2) Newly diagnosed N0M0 given LHRHa plus radiotherapy
3) Newly diagnosed N1M0 given LHRHa alone
4) Newly diagnosed N1M0 given LHRHa plus radiotherapy.
Although this was not a dedicated radiotherapy trial and treatment technique was at
the treating physician’s discretion (albeit with guidelines in trial protocol) it is still a
unique, prospectively followed group of patients in whom the impact of radiotherapy
can be studied. A total of 721 men were randomised and the trial found that failure
free survival outcomes favoured planned use of RT for patients with both N0M0 (HR,
0.33 [95%CI, 0.18-0.61]) and N1M0 disease (HR, 0.48 [95% CI, 0.29-0.79])(63). In
the patients in whom radiotherapy treatment data were reported, 82% of those with
N1M0 disease received radiotherapy to both prostate and pelvis; in those with N0M0
disease, 43% received radiotherapy to both prostate and pelvis.
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1.6.4

Evidence base for radiotherapy in M1 disease.

The role of primary directed treatments in metastatic malignancy was first explored in
renal cell carcinoma. Here, systemic therapy plus nephrectomy showed an overall
survival benefit of 13.6 months vs 7.8 months for systemic agent alone(64). The
implication of these data is that cytoreduction of the primary site of a cancer has an
ameliorating effect on activity of the overall disease, thus prolonging survival. The
pathophysiological mechanisms underpinning this effect have yet to be elucidated. In
these trials the systemic therapy was interferon. More recently, in the era of TKIs, the
CARMENA trial has found sunitinib alone to be non-inferior to nephrectomy followed
by sunitinib(65).
In the setting of prostate cancer, radiotherapy has been studied as a cytoreductive agent
more than surgery. In a large retrospective series, Rusthoven et al. examined outcomes
for men with metastatic prostate cancer treated with radiotherapy in addition to their
standard of care LHRHa(66). 6382 men with mCRPC were identified including 538
(8.4%) who had received prostate radiotherapy. Median follow up was 5.1 years. At
that point, propensity score analysis with matched baseline characteristics
demonstrated superior median (55 v 37 months) and 5-year OS (49% vs 33%) with
prostate RT plus ADT vs ADT alone (P<0.001). Subset analysis also showed
prostatectomy + ADT to be superior to ADT alone, suggesting the impact on survival
is related to cytoreduction rather than treatment modality i.e. a radiotherapy abscopal
effect. This has been explored prospectively in the HORRAD trial and STAMPEDE
trial. In HORRAD, 432 men with metastatic prostate cancer were randomised to
receive ADT or ADT + radiotherapy to prostate (70 Gy in 35# over 7 weeks or 57.76
Gy in 19# three times per week). No difference in OS was seen, at 45 months in ADT
alone group and 43 months in RT group HR=0.9 (0.7-1.14). However, there was a
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possible signal towards OS benefit in low volume (<5 metastases) disease with
HR=0.68 (0.42-1.10)(67).
In arm H of STAMPEDE, the use of prostate radiotherapy +ADT in M1 disease was
compared to lifelong ADT; docetaxel use was allowed after 2015 and patients were
stratified according to planned docetaxel use. 2061 men were randomised. 2
radiotherapy schedules were permitted, either 55 Gy in 20# over 4 weeks or 36 Gy in
6# over 6 weeks. Prespecified subgroup analyses tested effect of radiotherapy by
volume of metastatic burden and by radiotherapy regime. Median follow up was 37
months and there was no OS benefit for all patients HR=0.92 (0.8-1.06) but there was
a failure free survival (FFS) benefit HR=0.76(0.68-0.84). In subgroup analysis by level
of metastatic burden, for those with low volume metastatic disease, there was an OS
benefit HR=0.68(0.52-0.9), 3 year survival 81% vs 73%(68).
The STOPCAP meta-analysis(69) combined data from HORRAD and STAMPEDE
arm H. There was no evidence of a benefit in OS for the whole group of combined
patients from both trials, HR = 0.92 (0.81-1.04). There was a significant benefit in
terms of biochemical progression free survival HR = 0.74 (0.67-0.82) and failure free
survival HR = 0.76 (0.69-0.84). For the subgroup of patients with fewer than 5 bone
metastases, there was an overall survival benefit HR = 0.73 (0.58-0.92), equating to
an improvement in survival at 3 years of 77% versus 70%, similar to the STAMPEDE
arm H data.
Therefore, radiation to the primary disease, in combination with ADT, has been shown
to be beneficial in high-risk localised, locally advanced and, most recently, metastatic
prostate cancer. In mHSPC, the greatest margin of benefit is seen in those with low
volume metastatic disease.
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1.7 Radionuclide therapy for mCRPC
Ionising radiation is utilised in a variety of situations in the management of prostate
cancer, including EBRT as discussed above. This section focuses on the place of
radionuclide therapy in the management of metastatic prostate cancer. If they have
affinity for a particular anatomical site, radionuclides can be used to deliver a
molecularly targeted dose of radiotherapy. Such affinity can be native or acquired by
virtue of chelation with an appropriate “targeting” moiety.
1.7.1

Bone-seeking compounds

Bone metastases have been discussed in section 1.3.4. The major mineral constituent
of bone is hydroxyapatite, largely composed of calcium and phosphate with chemical
formula Ca10(PO4)6(OH)2. In sclerotic regions of metastases, an excess of
hydroxyapatite is laid down(70). It is by “hijacking” the pathways that lead to
hydroxyapatite formation that allows sequestration of bone-seeking radionuclides
within sclerotic metastases. Therefore “bone-targeting” is achieved by using elements
or compounds that will be processed in a manner analogous to calcium or phosphate.
Radioactive isotopes of calcium itself are not used clinically but radioisotopes of other
metals from group II of the periodic table including strontium and radium are used.
Given their chemical resemblance to calcium it is hypothesised that they are
incorporated into developing bone as radium/strontium hydroxyapatite salts.
Phosphorous can be used directly in a radioactive form or used as a carrier – with
stable phosphate groups providing “bone-targeting” and an attached radioactive
moiety delivering dose. The phosphate carriers that have been utilised clinically are
ethylenediaminetetramethylenephosphonate

(EDTMP)

and

hydroxyethylidene

diphosphonate (HEDP).
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1.7.2

Overview of clinically used radionuclides

Detailed discussion on the use of radionuclides in prostate cancer is available in a book
chapter by Turner and O’Sullivan in Bone Metastases from Prostate Cancer: Biology,
Diagnosis and Management (71) (cf appendix 8). The early radionuclide compounds
used in the modern era were beta emitters. More recently the alpha emitter radium-223
has been used clinically, this compound is the focus of the following discussion.
Table 1-2 below compares these radionuclides
Table 1-2 Summary of clinical radionuclides utilised in bone metastases

Therapy

Targeting
mechanism

T1/2
(days)

Beta
Energy
(MeV)

Alpha Energy
(MeV)

Maximum
Range
(mm)

32P

As phosphate

14.3

1.71

N/a

8

89Sr

Calcium
mimetic

50.5

1.46

N/a

7

188Re

Via chelation 0.7
with HEDP

2.1

N/a

11

186Re

Via chelation 3.7
with HEDP

1.08

N/a

4.5

153Sm

Via chelation 1.9
with EDTMP

0.81

N/a

2.5

223Ra

Calcium
mimetic

Negligible

27.78
predicted

11.4

5.78 Mean

1.7.2.1

Max
<0.1
(Effective)

Beta emitters as single agents

Radioactive phosphorous and strontium have been used to treat metastatic bone
disease since the 1950s(72) but are rarely used now. There are limited small studies
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demonstrating some palliative benefit(73–76). Rhenium-188 HEDP and 186 HEDP
have been attached to phosphate containing moieties for clinical use. Again, small
studies suggest palliative efficacy(77). Higher activities have been used with
autologous blood cell transplantation to abrogate bone marrow suppression and
showed some palliative and PSA modifying effect(78,79). The most robust Phase III
RCT evidence for single agent beta emitters exists for Sm-153 EDTMP. Two relatively
recent placebo controlled RCTs have been conducted showing analgesic benefit of
Sm-153 over placebo, the latter also showing PSA reduction in treatment
group(80,81).
1.7.3

Alpha emitter: radium-223

It was hypothesised that alpha emitters might deliver advantages over beta-emitters as
radionuclide therapeutics for two main reasons; firstly, that the intense dose deposition
over a very short range might concentrate dose within immediate microenvironment
of metastases with minimal crossfire into bone marrow compartment, thus limiting
myelosuppression. Secondly, it is known from basic radiobiological studies that highLET radiation offers a number of tumoricidal advantages over low LET radiation in
terms of increased radiobiological effectiveness (RBE) and reduced oxygen
enhancement ratio (OER). These concepts are more thoroughly reviewed
elsewhere(46,82). Radium-223 is a group II metal therefore possessing innate boneseeking tendency. Its half-life of 11.4 days makes it long enough lived to be practical
to generate and transport to sites of clinical use but not so long as to cause radiation
protection concerns.
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1.7.3.1

Preclinical

Early preclinical animal work by Henriksen et al.(83) delivered radium-223 by
intravenous injection to mice, and calculated activity in a range of tissues with animals
sacrificed at various times post injection. This confirmed that radium-223
preferentially and quickly concentrated within the skeleton of mice and was retained
there. The post-sacrifice tissue activity data were then used to calculate absorbed dose
estimates for a range of tissues again showing strong preferential dose delivery to the
skeleton.
1.7.3.2

Phase I

A phase I trial utilising radium-223 in metastatic cancer patients was conducted by
Nilsson et al.(84). 15 prostate and 10 breast cancer patients were treated with a single
IV injection of radium-223. 5 activity levels were examined with 5 patients per activity
level: 46, 93, 163, 213, 250 kBq/kg. Maximum Common Toxicity Criteria for Adverse
Events (CTCAE) grade for haematological toxicity was grade 2 anaemia and grade 1
thrombocytopenia, 2 patients experienced grade 3 neutropenia. Also, 10 of 25 patients
experienced transient diarrhoea. Pharmacokinetic studies showed that blood
radioactivity dropped to <1% initial at 24hrs post infusion and in 6 patients who had
gamma scintigraphy performed, the small amount of gamma radiation released by
daughter nuclides showed that the parent radium-223 was accumulating preferentially
at sites of metastasis as identified previously in 99m-Tc scans. Finally, all patients
showed a decline in alkaline phosphatase (ALP) after radium-223 infusion. A detailed
phase I pharmacokinetic and biodistribution trial was conducted by Carrasquillo et
al.(85). This treated 3 patients at 50kBq/kg, 3 at 100kBq/kg and 4 at 200kBq/kg. The
drug was well tolerated at all activity levels with no maximum tolerated activity being
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reached. Leucopenia and diarrhoea were the commonest adverse events with 30% of
patients experiencing grade 3-4 leucopenia and 60% of patients experiencing grade 13 diarrhoea. A drop in PSA was seen in 50% of patients treated, with a trend to an
activity-response relationship; ALP decreased in all treated patients. Dosimetry data
are discussed in more detail in section 1.7.3.5.
1.7.3.3

Phase II

These encouraging phase I data led to 3 phase II studies with radium-223 all in
mCRPC. These, along with the phase III registration trial discussed in section 1.7.3.4
are summarised in table 1-3 taken from Turner et al.(82).
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Table 1-3 Summary of phase II and III evidence of radium-223 in mCRPC
Name

Phase

Method

Number

Outcomes

BC-102(86)

2

-4 injections 223Ra of
55kBq/kg
(or
placebo) at 4 week
intervals

N=33 223Ra

-Significant delay in PSA progression
and fall in ALP in 223Ra group

N=31 Placebo
-Tendency to reduced rate of skeletal
related events (SRE) and improved
survival in 223Ra group

-Vs placebo

-Well tolerated
BC-103 (87)

2

-Single
223
Ra

injection

5,
25,
50
100kBq/kg

N=26@5kBq/kg

-Activity dependent improvement in pain

N=25@25kBq/kg

-Well tolerated all activity levels

or
N=25@50kBq/kg
N=24@100kBq/kg

BC-104 (88)

ALSYMPCA(89)

2

3

-3 injections 223Ra per
subject at 6 week
intervals,

N=37@25kBq/kg

-Activity dependent fall in PSA and ALP

N=36@50kBq/kg

-Well tolerated all activity levels

-Either 25,50 or
80kBq/kg (no activity
escalation
within
groups)

N=39@80kBq/kg

-6 injections of 223Ra
55kBq/kg
(or
placebo) at 4 week
intervals

N= 614 223Ra

-Vs placebo
- Plus best standard of
care

(These N are those treated per
protocol and analysed in
efficacy calculations. In each
group respectively 4, 3 and 3
additional patients received 1
or 2 injections and are
analysed as part of safety
population.)

N= 307 Placebo

- 223Ra associated with significant
improvement in OS (14.9 Vs 11.3 months
p<0.001)
- 223Ra associated with significant delay
to first symptomatic skeletal event (SSE)
(15.6 Vs 9.8 months p<0.001)
- Number of patients experiencing
adverse events lower in 223Ra group (all
grades)
- Signal to increased (low grade)
diarrhoea in 223Ra group
- Signal to increased (low grade)
myelosuppression in 223Ra group
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In an initial activity-response trial 100 patients with mCRPC were treated with a single
infusion of radium-223 at 1 of 4 activity levels: 5, 25, 50 or 100kBq/kg(87). The drug
was well tolerated at all activity levels and an activity dependent improvement in pain
was seen. Haematological toxicity was acceptable with grade 3-4 anaemia,
neutropenia and thrombocytopenia in 8%, 3% and 6% of treated patients respectively
and a slight trend to reduced platelet, white cell and neutrophil counts in the 2 highest
activity levels. GI toxicity was more common overall with 43%, 24% and 22% of
patients experiencing nausea, vomiting and diarrhoea respectively and no differences
between activity-groups. A randomised, double blind phase II trial was undertaken by
Parker et al.(88). 122 patients with mCRPC were randomised to receive 3 infusions of
radium-223 at 6-week intervals at an activity per infusion of 25kBq/kg or 55kBq/kg
or 80kBq/kg. The primary end point was PSA response and a statistically significant
activity-response was demonstrated with >50% PSA reduction for 0% patients in the
25kBq/kg group, 6% patients in the 55kBq/kg group and 13% patients in the 80kBq/kg
group. The commonest toxicities were GI and haematological with 21% of patients
experiencing diarrhoea and 16% experiencing nausea. Grade 3/4 haematological
toxicity was seen in 2 of 41 patients in 25kBq/kg group, 6 of 39 in the 55kBq/kg group
and 7 of 42 in the 80kBq/kg group. There was no significance difference in
haematological toxicity between activity groups. Finally in a randomised multi-centre
placebo controlled trial, mCRPC patients undergoing EBRT for pain control were
randomised to receive either 4 injections of radium-223 at 55kBq/kg given four weekly
or placebo(86). 33 patients were assigned EBRT and radium-223, and 31 to EBRT and
placebo. As in other trials, radium-223 treatment was well tolerated with the only
significant toxicity difference in groups being increased constipation in the treatment
group. In the treatment group, constipation was mild to moderate in 11 patients and
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severe in 1. Median time to PSA progression was 26 weeks (95% CI 16–39) for
radium-223 compared with 8 weeks (95% CI 4–12) for placebo (p=0.048) and a
significant reduction in ALP was also observed. There was a trend to improved OS in
the treatment group which led to support for a phase III registration trial.
1.7.3.4

Phase III

Following the positive phase I and II data in relation to radium, a large, multicentre,
placebo controlled, double blinded RCT was performed. Men with mCRPC were
randomised in a 2:1 fashion to receive either radium-223 at 50 kBq/kg given 4 weekly
for 6 cycles or placebo given on same time schedule. Overall survival was improved
in the radium-223 treatment group (14.9mo vs. 11.3mo HR 0.7 p<0.001 figure 1.1
below)(89). The main secondary endpoint was time to first symptomatic skeletal event.
These were defined as any of: i) the first use of external-beam radiation therapy to
relieve skeletal symptoms, ii) new symptomatic pathologic (malignant) vertebral or
non-vertebral bone fractures, iii) spinal cord compression, iv) tumour-related
orthopaedic surgical intervention. Time to first symptomatic skeletal event was
prolonged in the radium-223 treatment group (15.6mo vs. 9.8mo p<0.001 figure 1.1
below).
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Figure 1.1 Kaplan Meier survival curves taken from New England Journal of Medicine (89) phase
III registration trial of radium-223 in prostate cancer – ALSYMPCA
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A subsequent detailed analysis of different types of skeletal events in ALSYMPCA
revealed the risk of requiring EBRT and of developing spinal cord compression to be
reduced in radium-223 groups, whilst no significant reduction in the risk of
symptomatic pathological bone fracture of need for tumour related orthopaedic
intervention was observed(90). Time to PSA and ALP increase were both significantly
prolonged by radium-223(89). The total number of patients experiencing adverse
events was lower in the radium-223 group and this was true for AE all grades, AE
grade 3/4, serious AE and drug discontinuation due to AE. Rates of haematological
toxicity were similar between groups with anaemia rates of 31% in radium-223 treated
patients vs. 31% placebo, thrombocytopenia 12% in radium-223 vs. 6% placebo and
neutropenia 5% in radium-223 vs. 1% placebo. Increased, low-grade diarrhoea
occurred in 25% of radium-223 treated patients vs. 15% placebo experiencing
diarrhoea in all grades, 2% in each group experiencing grade 3 diarrhoea and none in
either group experiencing grades 4 or 5(89). In a further, prespecified subgroup
analysis of the trial both the improvement in OS as well as the improvement in
secondary efficacy endpoints were present in radium-223 group irrespective of
previous docetaxel use(91).
1.7.3.5

Molecular dosimetry

Modern dosimetry techniques in radiotherapy have largely been developed for EBRT.
An entirely different and more complex modelling approach is required for dosimetry
at the molecular level and this is an area of intense research currently. A method
described above and suitable in preclinical animal experiments involves sacrificing the
exposed mice and performing direct activity analysis on tissue(83). This is obviously
not feasible in the therapeutic setting. A further method that has been attempted is
utilising the very small (1.1%) amount of radium-223 decay that occurs with the
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release of gamma photons; these penetrate extracorporeally and can be imaged using
a gamma camera, however acquisition times are long and resolution poor. This was
performed by Nilsson et al. in the first human trials of radium-223 in the modern
era(84). This work was qualitative only and allowed the general conclusions to be
drawn that radium-223 accumulated preferentially at sites of metastasis and that
clearance was predominantly by the GI tract. Carrasquillo et al. extended this work
(85) by acquiring whole body gamma camera images they demonstrated faecal
clearance as being the major method of elimination of radium-223. They quantified
gastrointestinal clearance estimating that by day 6-8, a median of 76% of administered
radium-223 had been excreted. No activity was visualised within the bladder. These
investigators also acquired serial blood samples post radium-223 infusion and assayed
for radioactivity. Clearance was rapid and bi-exponential: the total radium-223 activity
had decreased to 0.55% of infused activity by 24 hours, the half-lives of the fast and
slow elimination components were 0.8 and 19 hours respectively.
These data concentrate on pharmacokinetics of radium-223, rather than actual
biodosimetry. Chittenden and colleagues have recently published estimates of organ
level dosimetry(92). 6 patients received 2 injections of radium-223 at 100kBq/kg given
6 weeks apart. Dosimetry estimates were made for bone surfaces, red marrow, kidneys
and gut. Their biodistribution measurements were in keeping with previous studies
showing administered activity cleared rapidly from blood (1.1% remaining at 24hrs)
and most of the administered activity was rapidly sequestered within bone (61% at 4
hours). Estimates of dose delivered to bone surfaces from alpha particles were 233113118 mGy/MBq; doses delivered to red marrow were estimated to be 177-994 and 15 mGy/MBq from activity on bone surfaces and activity in blood respectively. In
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keeping with International Commission on Radiological Protection (ICRP) 100 the
contribution of alpha emission to the gut wall was taken to be 0 cf section 2.4.1.1(93).
1.7.4

Combination therapy

As has been discussed previously there is significant evidence pointing toward the
benefit of radionuclide therapy, EBRT and chemotherapy as single agents in metastatic
prostate cancer. Therefore the literature was reviewed with regard to combinations of
radionuclides and both EBRT and cytotoxics in prostate cancer and data presented
here.
1.7.4.1

Radionuclides and external beam radiotherapy

Medline searches limited to past 5 years using terms ‘prostatic neoplasms’,
‘radiopharmaceuticals’ and ‘radiotherapy’ yielded no results related to alpha emitting
therapy with concurrent EBRT. A phase II study randomised patients post EBRT for
bone pain to either radium-223 or placebo and results are discussed above in section
1.7.3.3 (86).
Beta-emitters have been studied in combination with EBRT as a combination to target
a site of painful bone metastasis. This found an EBRT dose of either 8 Gy or 30 Gy in
10# given concurrently with either placebo or 150MBq of Sr-89 was safe, maximal
haematological toxicity being ≤ grade 2 (94). No difference in rates of clinical
progression were observed.
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1.7.4.2
1.7.4.2.1

Radium-223 and systemic anticancer therapies

Radium-223 and cytotoxic chemotherapy

The optimal sequencing of all novel agents in the management of metastatic prostate
cancer is much debated in the literature, and there is data examining the safety of both
radium-223 following docetaxel and of docetaxel following radium.
The phase III ALSYMPCA trial that led to the registration of radium-223, included
patients with mCRPC and who had received prior docetaxel or who were
chemotherapy naïve in the proportions 57% prior docetaxel 43% chemo naïve; both
groups experienced benefit from treatment, HR for death being 0.71 in prior docetaxel
group and 0.74 in naïve group.
Hoskin et al. performed a prespecified subgroup analysis of the ALSYMPCA
population comparing those who had received pre-study docetaxel to those who had
not. Looking specifically at haematological toxicity, the overall incidence of grade 34 haematological toxicity was low. A higher incidence of grade 3-4 thrombocytopenia
was seen in patients who had received prior docetaxel than in those who had not (9%
vs 3%); incidence of anaemia and neutropenia were similar regardless of prior
docetaxel use. No clinically meaningful differences in in the incidence of nonhaematological adverse events were identified in the subgroups(91).
Vogelzang et al. performed post-hoc analysis, in an attempt to identify factors
predicting haematological toxicity. Prior docetaxel use was associated with increased
risk of grade 2-4 thrombocytopenia (HR by multivariate analysis 2.16 [1.06-4.42;
p=0.035])(95).
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Sartor et al. conducting a prospective observational study investigating the effect of
chemotherapy post radium-223 in the ALSYMPCA population. They identified 142
patients from the radium-223 group and 64 patients from the placebo group who
received chemotherapy following trial. The majority of patients (61% radium-223 and
58% placebo) had already received docetaxel prior to trial. The most commonly used
agents post trial were docetaxel (70% radium-223, 72% placebo) and mitoxantrone
(16% radium-223, 20% placebo). Supporting the disease modifying nature of radium223, the time from randomisation to start of chemotherapy was longer in the radium223 then in the placebo groups (9.1mo versus 7.5mo). The median time from last dose
of study drug to commencement of chemotherapy was 3.8 months for radium-223 and
2.6 months for placebo. The key finding of this study was that no statistically
significant differences in rates of CTCAE grade 3-4 anaemia, neutropenia, and
thrombocytopenia were seen during treatment with chemotherapy between patients
who had received radium-223 during ALSYMPCA versus those who had received
placebo. This suggests that chemotherapy post radium-223 is no more toxic than
chemotherapy at the same stage of disease in a radium-223 naïve population(96).
Morris et al. conducted a phase I/IIa trial using concurrent radium-223 and docetaxel.
17 patients were treated within the phase I activity escalation trial and three activity
levels were tested. The RP2D was determined as 55kBq/kg radium-223q6w x5 and
60mg/m2 docetaxel q3w x10. In phase II patients were assigned to either this regime
(n=33) or SOC docetaxel 75mg/m2 q3w x10 (n=13). The combination regime
appeared no more toxic than SOC docetaxel, 2 episodes of neutropenic sepsis occurred
in docetaxel alone and none in the combination arm. There was a trend to reduced PFS
with combination of 12mo vs 9.3mo(97).

51

In summary, observational studies in the ALSYMPCA population suggest that
radium-223 following docetaxel is safe, although may increase the risk of
thrombocytopenia; radium-223 is efficacious in both docetaxel pre-treated and
docetaxel naïve patients. Further observational studies in the ALSYMPCA population
suggest that docetaxel used subsequent to radium-223 is no more toxic than docetaxel
used subsequent to placebo; there is also a signal towards radium-223 prolonging time
to subsequent chemotherapy use. Small early phase experience of radium-223 used
with docetaxel has been well tolerated.
1.7.4.2.2

Radium-223 and novel hormone agents

Abiraterone has been shown to be an effective, OS prolonging agent both in mCRPC
pre and post docetaxel(34,35) and in mHSPC(36). Given the non-overlapping toxicity
profile of abiraterone and radium-223, it was hypothesised their concurrent use would
be efficacious and well tolerated. This was tested in the phase III trial ERA-223(98).
This was a randomised, double blind, placebo-controlled trial; 806 patients were
randomised to receive either abiraterone + radium-223 or abiraterone + placebo. This
trial was unblinded prematurely after an excess of fractures and deaths was noted in
the abiraterone + radium-223 group. This trial is considered in detail in section 1.8.3.2
below.
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1.8 Bone health in metastatic prostate cancer
1.8.1

Bone metastases are common and have important clinical

consequences
As described earlier, prostate cancer metastases are strongly bone-tropic. Also, the use
of EBRT and systemic agents can result in changes to diseased and healthy bone. Thus
it is unsurprising that metastatic prostate cancer and its treatments exert a profound
influence on skeletal health, with serious clinical implications for patients. It is well
established that despite prostate cancer metastases typically having a sclerotic
appearance on clinical imaging, there is biochemical evidence of increased bone
turnover at sites of metastasis; this increased turnover results in a myriad of clinical
complications as described in detail by Coleman(99). These can be considered in the
broad terms: skeletal complications (pain, fracture, cord compression) and systemic
complications (hypercalcaemia, bone marrow failure). Rates of skeletal complications
even in hormone sensitive prostate cancer are high. STAMPEDE investigated the
impact of docetaxel and zoledronic acid versus ADT alone in newly diagnosed
metastatic prostate cancer and in the ADT alone group, 28% of patients reported 1
skeletal related event at median follow up 43mo(30). So metastatic prostate cancer,
even in its early hormone sensitive form, is a disease with a high risk of potentially
life-changing skeletal consequences.
1.8.2

Prostate cancer treatment can negatively impact skeletal health

Furthermore, it is well established that ADT has a deleterious impact on healthy bone.
Even in patients with non-metastatic prostate cancer, receiving ADT as part of a
radical treatment pathway, there is evidence that bone mineral density (BMD)
decreases as length of time on ADT accumulates(100). As one would expect therefore,
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the risk of osteoporosis increases with length of time spent on ADT. For patients with
metastatic prostate cancer, ADT is continued for life. Therefore, whilst the benefits of
ADT in terms of tumour control are clear, their impact on skeletal health is more
complicated, possibly improving bone health at sites of disease, but diminishing bone
density in the remaining healthy skeleton.
A recognised late complication of pelvic radiation treatment is reduced bone mineral
density predisposing to pelvic insufficiency fractures; the majority of evidence base in
this area has been derived from studies of female patients undergoing treatment for
gynaecological malignancy, but similar mechanisms probably occur in prostate cancer
patients(101). Indeed, one study retrospectively assessed the 5-year cumulative
incidence of symptomatic pelvic insufficiency fracture in men previously treated with
WPRT for high risk localised or N1 prostate cancer. The incidence was 6.8% at a
median time of 20 month after completion of radiotherapy. Notably 86% received
ADT for a median of 24 months; all radiotherapy was by 3D conformal fields(102)
So in summary ADT has a systemic effect on reduction in BMD and pelvic
radiotherapy is a risk factor for insufficiency fracture within the pelvic skeleton.
1.8.3

Systemic therapies can improve skeletal health and reduce the risk

of SSEs.
As discussed previously in this chapter, the past decade has seen a range of new
therapies become available for metastatic prostate cancer and as well as prolonging
overall survival, several of these have been shown to have a positive impact on skeletal
effects of the disease.
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1.8.3.1

Antiresorptive agents +/- docetaxel

Section 1.3.4 outlined the physiological mechanisms maintaining bone density. Two
major classes of drugs have been developed to act on this system, reducing the amount
of bone resorption occurring and therefore increasing bone density – the antiresorptive agents. The first of these are bisphosphonates. This class of drug has been
found to cause senescence and apoptosis of osteoclast cells, thereby reducing net
osteoclast resorption and increasing bone density(103). Oral and intravenous (IV)
versions of bisphosphonates have been used in prostate cancer alone and in
combination with docetaxel. Saad et al. first demonstrated the efficacy of the
bisphosphonate zoledronic acid in mCRPC. They undertook a blinded RCT allocating
643 men with mCRPC to receive either 4mg, 8mg of zoledronic acid or placebo every
3 weeks. The 8mg group was abandoned after finding increased creatinine levels in
those patients. In their per-protocol analysis, at 24 months there was an 11% difference
in incidence of SSEs in favour of the 4mg treatment group (49% versus 38% p=0.28).
Time to first symptomatic skeletal event (SSE) was 488d in 4mg group versus 321d in
placebo group, HR 0.677 p=0.009(104).
In mHSPC, there is evidence from 2 phase III trials. STAMPEDE randomised 2962
men with newly diagnosed prostate cancer, starting hormone therapy, in 2:1:1:1 to the
groups ADT, ADT + zoledronic acid (ZA), ADT + docetaxel and ADT + ZA
+Docetaxel. ZA alone appeared to have no effect on time to skeletal event, although
both docetaxel alone and docetaxel + ZA appeared to extend skeletal event free
survival, HRs 0.6 (0.48-0.74) and 0.55 (0.44-0.69) respectively(30). Smith et al.
randomised 645 patients with newly diagnosed mHSPC 1:1 to ADT + placebo or ADT
+ ZA. There was no difference in time to first SSE, HR = 0.97 (0-1.17)(105).
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A newer anti-resorptive agent is the RANKL inhibitor denosumab. Inhibition of
RANKL results in a reduction of osteoclast mediated bone resorption and an increase
in bone density(106). Denosumab was compared head to head with zoledronic acid in
a phase III, blinded RCT(107). 1904 patients with mCRPC were randomised 1 to 1
receive each agent and primary endpoint was first SSE. Time to first SSE was 20.7
month with denosumab vs 17.1 month with zoledronic acid, HR 0.82 (0.71-0.95).
Rates of AEs and SAEs were similar for both, although hypocalcaemia was more
frequent in the denosumab group (13% vs 6%). This benefit led to denosumab
receiving its licence in Europe for the prevention of SSEs in adult patients with solid
organ metastases, however it is currently not recommended by National Institute of
Health and Care Excellence (NICE) as a treatment option for mCRPC based on their
cost-effectiveness analysis(108).
1.8.3.2

Radium-223 alone and in combination

The bone targeted nature of radium-223 led investigators to hypothesise that its use
would have a positive benefit on skeletal health in mCRPC. In ALSYMPCA (89), the
secondary endpoints of time to symptomatic skeletal event and time to increase in ALP
were examined. Radium-223 significantly prolonged time to SSE - 15.6mo vs 9.8mo
HR 0.66 (0.52-0.83). It also prolonged the time to rise in ALP - 7.4mo vs 3.8mo HR
0.17 (0.13-0.22).
As a result of this study, radium-223 received its licence in both the USA and Europe.
Before it was licensed, a prospective, open label, phase IIIb trial was conducted as part
of an expanded access programme. This prospectively examined the use of radium223 in a “real-world” setting. Crucially, combinations of drugs were allowed in the
study. Like ALSYMPCA, all patients had mCRPC with at least 2 bone metastases and
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no visceral metastases and performance status (PS) 0-2. Patients received up to 6 doses
of radium-223 and concomitant abiraterone, enzalutamide, denosumab and zoledronic
acid were allowed; thus allowing exploratory analyses of combination treatment in the
phase IIIb study setting. A post-hoc exploratory analysis was performed to examine
the impact of concurrent radium-223 + novel hormone agent on OS. Although an
exploratory analysis, and median follow up was short at 7.5mo, an OS benefit in favour
of combination radium-223 with abiraterone, enzalutamide or both versus radium-223
treatment alone was observed. There was a similar finding related to radium-223 in
combination with denosumab. The toxicity profile in drug combinations did not
suggest any unexpected synergistic toxicity(109)
These hypothesis generating data led to RCTs. The ERA-223 study was a double blind,
phase III RCT which reported in 2019(98). This randomised 806 men with
chemotherapy naïve, mCRPC and PS 0-1 to receive abiraterone plus either 6 cycles of
radium-223 or placebo. All patients had at least 2 bone metastases and no visceral
disease. The trial included central, masked review of all fracture data by CoPIs and a
member of trial steering committee to ensure consistency of diagnosis of pathological
and non-pathological fractures. The primary endpoint was SSE-free survival defined
as time from randomisation to first SSE, secondary endpoints included OS and
radiological PFS. The safety population (received at least 1 dose) comprised 392 in
the radium-223 group and 394 in the placebo group. The trial was unblinded
prematurely after an unplanned ad hoc analysis showed no improvement in SSE-free
survival and an unexpectedly high rate of fractures in the treatment group compared
with placebo. This early analysis showed median SSE free survival was 22.3 months
in the radium-223 group and 26 months in the placebo group, HR 1.122 (0.917-1.374).
Surprisingly 29% of patients in the active treatment group had experienced fractures
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versus 11% in the placebo group. 39% of patients in the radium-223 group had died
versus 35% in the placebo group, median OS being 30.7mo and 33.3mo respectively,
HR 1.195 (0.95-1.505). The reason for the excess deaths in the treatment group is
currently unexplained. It is recognised that fracture is a risk factor for death in a
number of clinical settings however the authors reported that most patients who died
in both groups had not experienced a prior fracture.
The commonest type of fracture experienced in the radium-223 group was osteoporotic
(49% of all fractures in this group) whilst in placebo it was traumatic (57% of all
fractures in this group). The use of bisphosphonate or denosumab reduced the fracture
risk; in patients receiving an anti-resorptive agent the fracture frequency was 15% and
7% in radium-223 and placebo groups respectively, in patients receiving no bone
protection the frequencies were 37% and 15% respectively. Therefore these data
suggest that the combination results in an increase in fragility fractures, an effect which
can be partly abrogated by anti-resorptive agents.
Enzalutamide is an alternative novel hormonal agent which, like abiraterone, has been
shown to extend survival in metastatic prostate cancer as discussed earlier. In similar
rationale to ERA-223, the concurrent combination enzalutamide + radium-223 has
been used in a phase III clinical trial; PEACE-III has reported interim safety data in
abstract form(110). The trial compares enzalutamide alone to combination
enzalutamide and radium-223 in mCRPC. After the unblinding of ERA-223, the
PEACE-III trial was amended to mandate bone-protection agents however prior to this
amendment they were optional. In the first 146 patients treated prior to mandated bone
protection agent (BPA) 54.2% of patients in enza/Ra223 arm and 51.4% of the enza
arm did not receive BPA. Fracture rates in this cohort were presented at ASCO 2019
and are summarised in table 1-4 below
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Table 1-4 Interim data on fracture rate from PEACE-III trial

Bone
Fracture

Enza+Ra223 Enza
no BPA
no BPA
n=39
n=38

Enza+Ra223 Enza
with BPA
with BPA
n=33
n=36

Total

N

13

5

1

0

19

%

33%

13%

3%

-

13%

95% CI

19-50%

4-28%

0-16%

-

8-20%

Two striking features are clear; firstly, there is a significantly higher risk of fracture
when radium-223 is added to enzalutamide. This demonstrates that the increased
fracture risk seen in ERA-223 with abiraterone + radium-223, is not specific to
abiraterone and radium-223 but is a generalisable class effect with novel hormone
agents + radium-223. Secondly and crucially, this increased fracture risk is abrogated
by treatment with BPA. So the final results of PEACE-III will be fascinating. If the
now mandated BPA offsets increased fracture, an underlying benefit of this
combination in terms of disease control could still be demonstrated.
1.8.4

Summary of skeletal health

Skeletal health in prostate cancer is a complex phenomenon. The skeleton is a dynamic
organ, undergoing constant remodelling as a result of the system driven by
RANK/RANKL/OPG and their downstream effector cells osteoclasts and osteoblasts.
In metastatic prostate cancer, this system is further complicated by the presence of
metastases

developing

within

an

otherwise

healthy

bone

matrix.

This

osteoblast/osteoclast disruption may result in lytic/sclerotic or mixed metastases but
crucially, regardless of radiological appearance these are at increased risk of pain,
59

fracture and, if in the spinal column, being a cause of malignant cord compression. A
further level of complexity is added to this system from the on-target and off-target
actions our treatments may have on the skeleton. The on-target effects may be
beneficial – there is strong evidence supporting the reduction in SSEs seen with many
treatments, including bisphosphonates, denosumab, novel hormonal agents, docetaxel
and radium-223. The place of EBRT as a palliative treatment of bone pain is also well
established. However, off-target effects of treatments may cause significant skeletal
toxicity, including loss of bone mineral density following ADT and within radiation
fields. Particularly concerning are the ERA223 data demonstrating a significant
increase in osteoporotic fracture risk in combination treatment with abiraterone and
radium-223. It would appear this effect can be partly abrogated with anti-resorptive
agents, however the licence of radium-223 has already been amended as a result of
this trial to contra-indicate its use in combination with abiraterone and studies are
ongoing to better understand the effects of radium-223 on native bone at a molecular
and cellular level.

1.9 Translational studies
1.9.1

Introduction

When considering clinical trial design within the Belfast Health and Social Care Trust
(BHSCT) and Queen’s University Belfast (QUB) environment, careful consideration
was given to identify translational questions which both trial design and available
expertise could hope to answer. This section summarises the evidence base underlying
the translational questions considered in this thesis. More information on the design of
the translational endpoints of the trial and the results obtained are contained in chapter
6.
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1.9.2

DNA damage repair deficiency

As well as being a consequence of therapeutic ionising radiation, DNA damage is a
physiological phenomenon, happening regularly as a consequence of environmental,
chemical, background radiation and normal oxidative metabolism. Mammalian (and
lower) cells have therefore evolved complex biochemical pathways to detect and repair
such DNA lesions allowing high-fidelity maintenance and duplication of DNA from
one generation of cells to the next. The linear quadratic model of cellular response to
radiation factors in the phenomenon of repair of sub-lethal DNA damage. That is, a
fraction of cells irradiated to a given dose may over time show some recovery; the
cellular machinery of DNA repair is capable of mending the sub-lethal lesions caused.
Where these lesions prove to be irreparable, cell death results.(46). It is clear, therefore
that one factor influencing the outcome of a cell’s exposure to radiation is that cells
own intrinsic ability to repair DNA lesions. It follows from this that the DNA damage
repair capacity of an individual tumour may be a biomarker predicting response to
DNA damaging agents. These ideas were tested by Mulligan et al. in breast cancer.
They hypothesised that deficiencies in the Fanconi Anaemia(FA)/Breast Cancer
gene(BRCA) DNA Damage Response pathway might predict response to DNA
damaging chemotherapy(111). The FA/BRCA pathway is necessary for the
identification and repair of DNA crosslinks(112). As well as being a germline disorder,
the FA/BRCA pathway can also be lost by somatic mutations. A 44 gene micro-array
based assay was developed which identifies deficiency within the pathway (the DNA
damage repair deficiency assay DDRD). Positivity for this assay was found to predict
complete pathological response versus residual disease after neo-adjuvant DNA
damaging chemotherapy in breast cancer with an odds ratio of 3.96, p=0.002; this
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result was validated in an independent cohort and further, a positive assay predicted 5
year relapse-free survival with a hazard ratio of 0.37 (p=0.03)(111).
More recently there has been further work published relating to this theme of DNA
damage repair deficiencies influencing susceptibility to radium-223 treatment. Velho
et al. performed a retrospective study examining the medical records of mCRPC
patients for whom germline and/or somatic DNA sequence data were available. ALP
response and time to ALP progression were primary endpoints, secondary endpoints
included PSA response and OS. 10 of 28 patients (35.7%) had a mutation involving
genes responsible for homologous repair (deemed HRD – homologous repair
deficient). Those with HRD showed significantly longer time to ALP progression
(10.4mo vs 5.8mo p=0.005) and a trend to longer OS (36.9mo vs 19mo p=0.11)(113).
Given that the therapeutic effect of EBRT is dependent upon DNA damage, it is
plausible that DDRD would also predispose to enhanced efficacy of that treatment
modality, but this is as yet unknown.
1.9.3

DNA damage assay in lymphocytes and haematopoietic stem cells

The dose limiting toxicity associated with radium-223 (and other bone-seeking
radionuclides used in the past) is bone marrow toxicity. As discussed previously, given
the unsealed, molecular nature of radium-223 dichloride as a source, modelling bone
marrow dosimetry has many challenges. Biological markers that might serve as proxy
measures of bone marrow dosimetry may add vital information. This type of in vivo
dosimetry involves collecting a patient sample from which some read out can be made
that is proportional to bone marrow dose received. In 2015, Anderson et al. suggested
a potential method for detecting past or ongoing bone marrow exposure to high-LET
radiation(114). Their method utilises multiplex in situ hybridisation (MFISH). They
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found that when haematopoietic stem cells survived exposure to high-LET alpha
particles and underwent extra-thymic in vitro maturation into T cells, MFISH analysis
showed stable, complex chromosome aberrations, induced by original alpha particle
exposure and heritable down the daughter cell lineage. Further, newly arising de novo
chromosomal aberrations occurred in these daughter cells, suggesting ongoing
chromosomal instability. It is unknown if DNA damage detected in daughter T cells
could be utilised as proxy marker of dose delivered to bone marrow and therefore as a
dosimetric biomarker.
In addition to complex chromosomal damage as discussed above, individual DNA
breaks can be detected. In response to double strand DNA breaks, an early event in the
DNA damage response is the phosphorylation of the histone protein H2AX to gH2AX;
therefore gH2AX foci can be used to estimate the number of double stranded DNA
(dsDNA) breaks which is proportional to radiation dose received(115). Schumann et
al. have conducted ex vivo experiments demonstrating gH2AX

foci in human

lymphocytes mixed with radium-223 ex vivo(116). It is unknown if this type of DNA
damage is seen after in vivo irradiation with radium-223 and if its intensity varies with
dose delivered.
1.9.4

Circulating /disseminated tumour cells

Circulating tumour cells (CTC) are cells from a primary tumour that can be identified
surviving free of the primary site within the circulation of the host. They were first
identified in 1955(117), however it was only relatively recently that assays for their
analysis have advanced sufficiently to allow them to be detected and quantified for
study or clinical utility. It has been shown in metastatic, castration resistant prostate
cancer that levels of CTCs are strongly predictive of OS(118). Their behaviour in the
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hormone sensitive period is less well characterised although small studies suggest that
initial CTC levels may predict both OS and duration of response to LHRHa treatment
in metastatic, hormone naïve prostate cancer(119–121). Given these findings, one
might expect CTC numbers to decrease when any effective disease-controlling
treatments are established. However Martin et al. reported a substantial increase in
CTC numbers found during radical radiotherapy for non-small cell lung cancer(122).
The clinical implications of this, and whether it is observed in other tumour sites, are
unknown. This is interesting for a number of reasons. Firstly, if it is assumed that this
is a radiation dependent phenomenon, then does radiation quality matter? Would using
high-RBE, alpha particle dose, result in greater CTC release than was the case in the
Martin et al. study utilising only EBRT? Secondly, if radiation treatment releases
CTCs, it is possible that CTCs harvested from the peripheral circulation may yield
some insights into what biological processes are occurring at sites of disease from
where these CTCs originate? As laid out in section 1.7.3.4 the evidence for the clinical
efficacy of radium-223 has gone beyond our pre-clinical understanding of its
mechanism of action. If CTCs are released from sites of metastases and can be
extracted from peripheral blood these can potentially be examined using assays
quantifying radiation exposure, perhaps offering insights into dosimetry at the
molecular level.
Three previous studies were identified which examined CTC levels in mHSPC(119–
121). Although one of these papers concentrates on pre-ADT CTC levels as being of
possible prognostic significance, the two other papers do analyse CTC levels during
ADT treatment for mHSPC with some success, indeed Okegawa et al.(121) found that
35% of patients had high levels of CTCs (>5CTCs per 7.5mls blood) at all points
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during treatment for mHSPC. It was therefore envisaged that in this heavily metastatic
subgroup, it was feasible to expect to be able to detect a CTC signal.
In terms of method of CTC analysis, multiple approaches have been described. The
method utilised most extensively in the literature, including the validated method used
by de Bono et al.(118) resulting in US Food and Drug Administration (FDA) approval
as a biomarker in mCRPC, was the Cellsearch® platform. An initial enrichment step
relies on a ferrofluid and magnetic field to concentrate cells bearing epithelial origin
cell-surface markers; then immunofluorescent monoclonal antibodies to cytokeratin
and CD45 are added to positively identify both epithelial cells and contaminating
leucocytes; finally, cells are analysed and counts of CTCs made. This system is
automated. The full method has been described elsewhere(123), it has been validated
in a range of tumour types, however it has the disadvantage of requiring an expensive
patented platform, technical training in operation of platform and interpretation of
results, and relatively expensive ongoing costs for consumables. In their paper, Martin
et al.(122) utilised both the Cellsearch® platform and a method more easily adopted
by standard clinical trials laboratories lacking the Cellsearch® platform. This method
involved ficoll-paque separation of mononuclear cells from whole blood, yielding a
mixed population of cells containing both mononuclear blood cells and any circulating
tumour cells present. Immunofluorescence labels were then used to identify cells by
lineage. As a result, prepared slides ultimately contain a mix of leucocytes and CTCs.
Disseminated tumour cells (DTCs) are cancer cells detected within the bone marrow
of an affected individual. They are another possible source of metastases and may
therefore be critical in the development of the fatal forms of prostate cancer. Their
presence post radical prostatectomy has been found to predict biochemical
recurrence(124). In translational studies involving original tumour tissue, it may be
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advantageous to have tissue from sites of metastases to compare to primary tumour
tissue, it being recognised the clones responsible for metastatic seeding may be a
genetically distinct population from primary tumour cells(125). The gold standard
approach for obtaining metastatic tissue is radiologically guided biopsy(ies) from sites
of metastasis. Where patient or resource factors prohibit this approach, alternatives
may be sought. In patients with multiple areas of bone metastases, an alternative option
may be obtaining DTCs by blind bone marrow biopsy. Literature search was
performed to determine if it had already been established what the pick-up rate might
be from blind biopsies in a heavily metastatic population however no clear results were
located. It is therefore an interesting question, to what extent might blind biopsy yield
DTCs in this population and if harvested, could they be utilised to compare genetic
signature between metastatic and primary clones?
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Figure 1.2 Summary of treatment options in metastatic prostate cancer

Legend
Phase III trial evidence supports
Trials in progress
Unknown
Not recommended

Docetaxel STAMPEDE/CHAARTED
Cabazitaxel
Abiraterone STAMPEDE/LATITUDE
Enzalutamide ENZAMET
Apalutamide TITAN
Radium 223
Prostate radiotherapy STAMPEDE/STOPCAP

mHSPC
Docetaxel TAX327
Cabazitaxel TROPIC
Abiraterone COUAA 301/302
Enzalutamide AFFIRM/PREVAIL
Apalutamide
Radium 223 ALSYMPCA
Prostate radiotherapy
Radium 223 + Abiraterone ERA223
Radium 223 + Enzalutamide PEACE III
Radium 223 + Docetaxel NCT03574571

mCRPC
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1.10

Summary chapter 1

Prostate cancer is a common illness and its prevalence is set to rise. In its metastatic
form it is lethal. Figure 1.2 above summarises the current treatment landscape. In
recent years, a number of therapies have been shown to improve OS in mCRPC,
including radium-223. Emerging evidence has shown several of these compounds to
possess similar or greater benefit when used in mHSPC. EBRT + ADT prolongs OS
in patients with high risk localised disease (some of whom likely have micrometastatic
disease at outset) and in patients with low volume, metastatic prostate cancer. In
advanced prostate cancer WPRT can be used to increase the volume of disease treated
by radiotherapy with acceptable toxicity and is optimally delivered by IMRT.
The hypothesis for this work was:
The combination of ADT (defined as LHRHa as licenced in metastatic prostate
cancer) plus radium-223 (defined as per licence in mCRPC) plus radical prostate
and pelvic radiotherapy (defined as our institutional standard for high risk,
locally advanced prostate cancer) would prove to be feasible, safe and acceptable
to patients with mHSPC and would lead to a phase III trial.
In order to asses this we elected to perform a phase I/II combination study in patients
with mHSPC, the ADRRAD trial. The aims and design of this clinical trial are
considered in chapter 2. As trial design progressed, it became clear it was essential to
determine our own institutional rates of toxicity associated with WPRT. Therefore, a
retrospective, observational study was designed and undertaken to provide these data;
this work is described in chapter 3. The primary endpoints of the ADRRAD trial are
then presented in chapter 4 i.e. toxicity and Patient Reported Outcome Measures
(PROMs) data. Appropriate secondary endpoints of the trial were selected to assess
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for signals of efficacy and inform future phase III trial design, these results are
presented in chapter 5. Given the novelty of the combination, appropriate translational
endpoints were selected in an attempt to advance the scientific understanding of the
processes underpinning any therapeutic and/or toxic effect observed and to identify
biomarkers that merit further testing in larger RCTs; these are presented in chapter 6.
The contribution of this work to the field of prostate cancer research and further
questions it raises for future research are discussed in chapter 7.
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2 Hypothesis and Design of the Clinical Trial
2.1 Aims of the clinical trial
In 2014 as the ADRRAD trial was first being conceived, the treatment paradigm for
mHSPC in the UK consisted of ADT until progression. Our group was keen to explore
a combination approach to deliver early radium-223 treatment coupled to
cytoreductive WPRT. As outlined in the hypothesis in chapter 1, the broad aim was to
design and run a phase I/II clinical trial that would determine
1. the feasibility of combining such agents
2. the safety profile of such a combination
3. early insights into any signal of efficacy that could be seen in a small group of
patients.

Figure 2.1 Design aims of ADRRAD trial

Feasibility

Safety

Efficacy
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2.2 Rationale behind the choice of treatments
2.2.1

Androgen deprivation therapy

Given the data presented in section 1.4.1 this was and remains standard of care
for men newly diagnosed with mHSPC.
2.2.2

The upfront use of radium-223.

There were a number of reasons why radium-223 was selected as a systemic agent.
Various groups, ours included, were testing whether increased benefit could be seen if
systemic agents generally were used earlier in the disease course when men were
relatively less symptomatic, and their tumours had developed less genetic diversity.
Trials involving the earlier use of docetaxel, abiraterone and enzalutamide were
already underway, although none in combination with radiotherapy. These have
subsequently produced practice changing results (30,31,37)..
There was a strong biological rationale for combining these agents as outlined in
section 1.6 which sets out the evidence that prostate cancer is a radio-sensitive disease.
Primary disease is curable with EBRT and dose escalation studies have shown this is
a dose dependent phenomenon; node positive and metastatic disease is modifiable with
EBRT; advanced metastatic disease is modifiable with radionuclide therapy. WPRT
and radium-223 could enable delivery of maximal radiation dose to maximal tumour
volume in the metastatic setting by targeting both pelvic and skeletal harbours of the
disease. When compared to other therapies, radium-223 did have the disadvantage of
purely targeting bone disease. This meant any disease volume out with the pelvis and
skeleton would be treated solely with ADT and receive no other systemic therapy or
radiation dose. It was felt this represented a valid approach because the natural history
71

of prostate cancer suggests bone metastases occur earlier than visceral disease,
therefore there is a potential window in many patients where disease is confined to
both pelvis and skeleton. An early decision was therefore made to mandate computer
tomography (CT) staging and exclude patients with visceral metastases.
In 2014 a review of the literature, clinical trials repositories and planned clinical trials
confirmed there were no trials planned or underway utilising radium-223 in mHSPC.
In summary, the use of radium-223 + WPRT made biological sense, offered academic
novelty and was deliverable at our centre.
2.2.3

External beam radiotherapy to prostate and pelvic nodes

EBRT to prostate and pelvic lymph nodes was combined with radium-223 to enable
delivery of maximal radiation dose to maximal tumour volume in the metastatic
setting. Although the inclusion of EBRT was agreed, further work was required to
inform the choice of target, activity and scheduling with radium-223. This is discussed
in detail in section 2.4.1.

2.3 Trial design overview
2.3.1

Trial design team and trial funding

Trial design was led by co-investigator Dr Turner, supervised by co-investigator Dr
Jain and CI Prof O’Sullivan. The trial was co-funded by Bayer UK ltd, Prostate Cancer
UK and The Movember Foundation. After initial hypothesis generation outlined in
section 2.1, it became clear significant additional financial support, human resource
and expertise would be required to open the trial. A successful application was made
to Friends of the Cancer Centre to additionally fund a clinical research position,
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allowing Dr Turner to work full time on the trial starting August 2014. Concurrent
activity was underway securing the backing of Bayer pharmaceuticals with regard to
radium-223 supplies. In mid 2014 the firm agreed to consider supporting an
investigator-initiated trial involving concurrent radiotherapy and radium-223 in
mHSPC, subject to the ultimate clinical trial protocol being approved through their
investigator-initiated trial process. By way of clinical trial support, two options were
available in Belfast: adoption by the Clinical Trials Unit (CTU) or adoption by the NI
Cancer Trials Network (NICTN). Although a larger unit with greater support in terms
of data processing, the CTU were actually less experienced in the running of
radiotherapy trials. The majority of Belfast radiotherapy trials, and all the radium-223
studies had been run by NICTN. Budgetary factors were also strongly in favour of
utilising NICTN. Also, given by this time funding was secured for a dedicated clinical
fellow to work full time on protocol development and ultimately data analysis, it was
felt that NICTN represented the best option.

2.4 Trial design elements
2.4.1

Trial format – treatments, scheduling and dose/activity levels

Having arrived at the hypothesis outlined above, we began exploring clinical trial
methods allowing it to be tested. A number of primary questions had to be resolved:
1. Combination or sequential treatment?
2. Activity of radium-223 and dose of EBRT and use of cohorts?
3. Target of EBRT and method of radiotherapy planning?
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There were competing benefits and risks to using sequential versus concurrent EBRT
and radium-223. Sequential treatment negated any risk of synergistic toxicity.
However, this would not enable delivery of treatments to the various sites of disease
as close to diagnosis as possible, when ADT sensitivity was maximal and, potentially,
fewer resistant clones may have been selected for. Offering EBRT upfront followed
by radium-223 would delay radium-223 for (depending on the radiotherapy schedule
used) 8-12 weeks, to account for treatment planning and delivery. Offering radium223 upfront on its licenced schedule would have delayed EBRT for 6 months. It was
considered that combination treatment was preferable provided we could identify:
1. basic science or modelling data supporting dose to GI tissues from radium-223
was low.
2. that the trial design mandated stringent toxicity review including external
toxicity review and clear stopping criteria in the event of unacceptable toxicity.
2.4.1.1

Bowel dose considerations with radium-223

A detailed review of potential bowel toxicity was performed. Normal tissue
complication probability is proportional to dose delivered and can therefore be
estimated if dose delivered to a particular organ is known. Radium-223 is known to be
excreted via the gut(84,85). This will lead to an accumulation of radium-223 within
the bowel over a timescale determined by its biological pharmacokinetics. This
radium-223 will continue to decay at a rate determined by its physical half-life.
Therefore, GI excretion of radium-223 will result in a radioactive dose absorbed by
the bowel wall that will be a function of:
1. initial activity delivered
2. biological half-life, a complex product of the pharmacodynamic factors: rate
of accumulation within GI tract from blood; and rate of elimination from GI
tract
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3. physical half-life of radium-223
This becomes further complicated when the accepted approach of converting activity
delivered into an equivalent, then effective dose using appropriate radiation and tissue
weighting factors are considered(126). With radium-223 decay, the majority of
exposure will be from alpha particles (95.3%) but quantities of beta and gamma
radiation will also contribute (3.6% and 1.1% of decay respectively), so the weighting
factor for equivalent dose is uncertain. Finally, this equivalent dose would be
converted into effective dose by means of a tissue weighting factor to account for
sensitivity of tissue type being irradiated(126), but this varies depending upon cell type
being considered for exposure. Given the uncertainties in this type of modelling and
the number of factors to account for, it was impossible to generate with any accuracy
an estimate of bowel dose from radium-223 to apply to a normal tissue complication
probability (NTCP) model. The ICRP expand on these concepts in their 2006 report
“Human alimentary tract model for radiological protection”(93). They argue that, for
the outcome of secondary cancer from exposure, the target tissue is the stem cell lying
at the base of the crypts within the luminal mucosa of the large intestine. Between the
lumen of intestine and these cells lies first a layer of mucous on average 20 µm thick,
followed by a layer of cells 130-150 µm deep. Thus a total depth of between 150-170
µm. It was argued this allows the dose to these cells from luminal decay to be
considered negligible in the case of pure alpha emitters due to short range of alpha
particles in tissue (average energy of radium-223 alpha particles 5.78MeV, distance in
tissue <100 µm). This approach was taken in the radium-223 modelling paper by
Chittenden and colleagues(92). This models the physical situation for the end point of
second cancer; in this situation the stem cell of interest is buried deep within the crypts.
However, that is not to say that there is negligible exposure of all cell types and
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therefore no impact on any radiation related endpoint. In particular, superficial cells of
the epithelium will likely receive radiation dose. In the ALSYMPCA trial, there was a
signal of increased low-grade lower GI toxicity specifically diarrhoea in the radium223 treated group versus placebo as summarised in table 2-1.
Table 2-1 Summarising GI toxicity in the ALSYMPCA trial(89)

Radium-223
Toxicity

Placebo

All
Grade Grade Grade All
Grade Grade Grade
Grades 3
4
5
Grades 3
4
5

Constipation 18%

1%

0%

0%

21%

1%

0%

0%

Diarrhoea

25%

2%

0%

0%

15%

2%

0%

0%

Nausea

36%

2%

0%

0%

35%

2%

0%

0%

Vomiting

18%

2%

0%

0%

14%

2%

0%

0%

This signal towards increased diarrhoea in the radium-223 cohort would be expected
from some exposure of large bowel epithelium; the toxicity was predominantly low
grade but did occur in 27% of patients. However, there is evidence from early phase
radium-223 studies that the 55kBq/kg activity level chosen in ALSYMPCA is well
below MTD. BC103(87) and BC104(88) both treated with higher activity levels
without reaching DLT.
So, in summary after careful review, it was impossible to find existing modelling data
for dose to bowel from radium-223 with regard to acute toxicity. It became clear the
reason for this is that existing knowledge and technologies make such modelling
impossible due to a multitude of unknown variables. Given however, the vast majority
of radium-223 emission is via alpha-particle emission travelling < 100 µm in tissue
and given also the anatomy of the gut lining, the magnitude of this bowel dose is likely
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to be extremely small as supported by the favourable toxicity profile reported in
ALSYMPCA and earlier, smaller trials which used higher activities of radium-223.
2.4.1.2

Bowel dose considerations with EBRT

The literature was also reviewed for evidence of the risk of GI toxicity associated with
WPRT. Available toxicity data in relation to WPRT have already been presented in
table 1-1.
Whilst these data were reassuring there are institutional factors that may impact on
radiotherapy outcomes. Treating a given volume to a prescribed dose may be achieved
in multiple ways. Differences in set up, planning technique/algorithm and treatment
delivery technique may all impact on toxicity, even if planning target volume (PTV)
and prescribed dose are the same. Such differences are discussed further in chapter 3.
Therefore, it was not possible to assume favourable toxicity found in WPRT dose
escalation trials in Royal Marsden Hospital(57) would be recapitulated when a similar
but not identical system of pelvic IMRT was introduced in Belfast. Despite reassuring
prospective results from RMH, it was essential to determine WPRT toxicity rates in
Belfast, prior to embarking on a complex combination trial. Two main methods to do
this were considered. The first was a retrospective observational study of toxicity rates
of patients as described in their clinical annotations at the time of treatment. The
alternative was to run a prospective toxicity study, with study-specific,
contemporaneous recording of radiotherapy toxicity +/- (patient related outcome
measures) PROMS data. The latter would provide a much more accurate estimate of
toxicity; retrospective data, especially toxicity data, are often poorly recorded.
Conversely, the retrospective approach would be quicker and more straightforward,
no ethical approval or additional study documentation would be required. After
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options were considered, the decision was taken to run a detailed retrospective toxicity
study to supplement the available data from previously published dose escalation
trials, cf section 3.1 for further discussion.
The results were reassuring and allowed ongoing planning of a concurrent radium223/WPRT trial.
2.4.1.3

Decision on trial format and dose levels and schedule

The next decision to be taken related to dose levels and scheduling. The BC104 trial
(88) showed that decreases in PSA and ALP were dependent on the radium-223
activity used. So the underlying science predicts we should be aiming to reach a point
of using maximal radiotherapy doses both via EBRT and radionuclide treatment.
Several options were considered to explore dose/activity levels. Traditional 3+3 design
(rules based) would involve keeping either EBRT dose or radium-223 activity fixed
and escalating the other in a Fibonacci sequence to determine a dose limiting toxicity
(DLT) (or in this case up to maximal doses used of each treatment individually). This
would generally be considered a safe method but is slow and must be followed by a
dedicated phase II trial to explore toxicity at the RP2D identified. An alternative was
a model-based design involving continual reassessment methodology(127). This has
the advantage of accelerating recruitment and minimising the time to find DLT and a
recommended phase 2 dose (RP2D). It posed a major problem in our context however
given the need to describe the toxicity curve mathematically, requiring dedicated
Phase I statistical expertise that was unavailable. Furthermore, model-based Phase I
clinical trials had not been widely used at the time this radiation combination study
was conceived. The final decision was to proceed with a combination phase I/II trial
design, treating patients with a licensed licensed of radium-223 and a concurrent
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“radical” dose of WPRT, with multiple safety features in place to identify early any
emerging unexpected toxicity.
1. Weekly clinical review by trial investigator during concurrent treatment.
2. Protocol mandated trial management group review of safety after 3, 5, 10, 15,
20, 25 and 30 patients reached cycle 5 of radium-223 treatment.
3. Ongoing external safety review by data monitoring committee (DMC)
In scheduling treatments, it was recognised that radium-223 treatment would be
delivered over 24 weeks and WPRT over 7.5 weeks. It was recognised that the
cumulative toxicity from repeated cycles of radium-223 could potentially develop in
later cycles, particularly with regard to bone marrow toxicity. Therefore, in scheduling
the two agents it was elected to run the concurrent phase of treatment with the first two
cycles of radium-223, the aim being to minimise toxicity. WPRT would then finish,
allowing radium-223 to continue alone.
2.4.1.4

WPRT treatment technique

The whole pelvis radiotherapy treatment technique adopted was that of the institutional
protocol at the time, which was itself largely drawn from the PIVOTAL clinical
trial(128). Patients were scanned supine with comfortably full bladder and rectum
empty by means of micro-enema pre-scan (and pre-treatment). Scansets were acquired
from top of L4 to 1cm below pubic rami, slice thickness was 2.5mm. Prostate and
seminal vesicles were contoured and expanded 7mm posterior and 10mm in all other
directions to obtain PTVprostate. A vascular expansion and bowel avoidance method
was used to delineate pelvic nodal PTV. Iliac vessels were contoured from sacral
promontory; external iliac vessel contours stopped at top of femoral heads. Iliac vessel
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contours were expanded by 7mm anterior-posterior (AP) and lateral to create clinical
target volume – lymph nodes (CTVlymph_node). Lateral CTVlymph_node structures
were joined by a 12mm rollerball along anterior sacral surface from promontory to
S3/4; an 18mm rollerball was used to join internal and external iliac vessels, running
along bone or muscle at lateral pelvic sidewall. CTVlymph_node was edited to remove
the following: bone, muscle, bladder, rectum, bowel+3mm expansion; it was then
expanded uniformly by 5mm to create PTVlymph_node.
Organs at risk (OARs) contoured were bowel, rectum, bladder, femoral heads and
urethral bulb. Bowel was contoured from L4/5 interspace or 1cm above all PTV
structures whichever was more superior, down to rectosigmoid junction. Rectum was
contoured from rectosigmoid junction down to anal canal or 1 cm below most inferior
PTV slice, whichever was most inferior. External margin of whole bladder was
contoured.
The dose-volume constraints for planning are included in table 2-2 below.
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Table 2-2 OAR Planning objectives. Volumes given are mandatory constraints, with optimal
constraints in brackets.

OAR

Dose limit for 2 Gy/#

OAR Volume

Rectum

50 Gy

60% (50%)

60 Gy

50% (35%)

70 Gy

15%

74 Gy

5% (3%)

50 Gy

50%

60 Gy

50% (25%)

70 Gy

35% (5%)

74 Gy

15% (5%)

50 Gy

110cc (17cc)

60 Gy

6cc (0.5cc)

65 Gy

0cc

Bladder

Bowel

Planning was performed on Eclipse™ treatment planning software and delivered using
Truebeam™ radiotherapy system (Varian medical systems, Palo Alto CA USA).
2.4.1.5

Radium-223 treatment

Radium-223 was delivered at its licensed activity in mCRPC of 55kBq/kg given
intravenously once every 28 days for 6 cycles. Day 1 cycle 1 of radium-223 coincided
with day 1 of WPRT treatment.
2.4.2

Patient population selection

The study considered a population of men with de novo metastatic prostate cancer
involving skeleton. Safety criteria relating to baseline haematological, renal and liver
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function parameters were included. The population was limited to those with PS of 01. Recognising the physical effort and time commitment associated with patients
receiving 37 fractions of radiotherapy, it was predicted that PS>1 patients may find
this too burdensome. Three or more bone metastases, visible on a bone scan, were also
required. Mandating 3 lesions was a pragmatic compromise between selecting those
patients likely to experience greatest benefit and yet still making the trial
representative of and generalisable to a broader range of patients. This was all
obviously before any data had been published relating to the relative benefit of
radiotherapy in low versus high volume metastatic populations (cf section1.6.4).
Other significant comorbidities or therapies that increased the risk of significant
toxicity were excluded. This included uncontrolled concomitant disease, active
infections, immunosuppression, bone marrow dysplasia, bone marrow transplant and
previous >25% bone marrow irradiated or previous radionuclide treatment (concern of
increased risk of bone marrow toxicity). Similarly, patients whose haematological
function had been boosted by growth factors e.g. granulocyte colony stimulating factor
(GCSF) were excluded until the effect of the growth factor had diminished, to ensure
native, unstimulated bone marrow function was adequate. Several exclusions were
added with specific regard to the faecal route of excretion of radium-223:
inflammatory bowel disease, diverticulitis and faecal incontinence. The first two were
included due to concern of bowel wall dose aggravating the underlying condition;
faecal incontinence was included with regard to radiation protection concerns so as to
minimise potential population exposures. History of another malignancy (except basal
skin cancer) in previous five years and treatment with another investigational agent in
the past 4 weeks or during the study were exclusion criteria in common with most
oncological trials. The presence of visceral metastases were excluded as the trial was
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designed for use in the bone-only metastatic setting; this still represents the majority
of patients with mHSPC (visceral metastases tending to occur later in the disease
course) thus making the study and its conclusions valid to a broad population of
patients. The trial was conceived and the first versions of protocol written prior to
upfront docetaxel becoming standard of care for these patients(129). As a consequence
of these results, the trial was amended to allow entry after upfront treatment with
docetaxel. Patients were required to have a minimum of 6 weeks between final
docetaxel and the initial trial radiation treatments. See section 2.4.9 for full discussion
on amendments.
2.4.2.1

Inclusion criteria

1. Written informed consent obtained prior to any study-related
procedures
2. Histologically confirmed prostate cancer stage T1-4 N0-1, M1b
3. Patients with >3 bone metastases showing uptake at bone
scintigraphy
4. WHO performance status 0 or 1.
5. Life expectancy of at least 12 months.
6. Age ³ 18years.
7. Absolute neutrophil count (ANC) ≥ 1.5 x109/L
8. Platelet count ≥ 100 x109/L
9. Haemoglobin ≥10.0 g/dL (100 g/L; 6.2 mmol/L)
10. Total bilirubin level ≤ 1.5 x institutional upper limit of normal (ULN)
11. Aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) ≤ 2.5 x ULN
12. Creatinine ≤ 1.5 x ULN
13. Albumin > 25 g/L
14. Patients, even if surgically sterilized (i.e. status post-vasectomy), who:
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-

will abstain from intercourse

-

or must agree to use barrier contraception during and for 6 months
after discontinuation of study treatment. If patient impregnates a
woman while on treatment or within 3 months of discontinuing
treatment, he should inform his treating physician immediately.

15. Absence of any psychological, familial, sociological or geographical
condition potentially hampering compliance with the study protocol
and follow-up schedule; those conditions should be discussed with the
patient before registration in the trial
16. Willing and able to comply with the protocol, including follow-up visits
and examinations
2.4.2.2

Exclusion criteria

1. Active uncontrolled bacterial, viral or fungal infection.
2. History of another malignancy within the last five years except
adequately treated basal cell carcinoma of skin.
3. History of organ allografts requiring immunosuppressive therapy.
4. Serious uncontrolled concomitant disease.
5. Treatment with an investigational drug within previous 4 weeks, or
planned during the treatment period or follow-up
6. Received previous radiotherapy to > 25% of bone marrow, including
hemibody radiation
7. Received systemic therapy with radionuclides (e.g., Strontium-89,
Samarium-153, Rhenium-186, or Rhenium-188, or Radium-223
chloride) for the treatment of bony metastases
8. Visceral metastases as assessed by chest, abdominal and pelvic
computed tomography (CT)
9. Imminent or history of spinal cord compression based on clinical
findings and/or magnetic resonance imaging (MRI)
10. Any other serious illness or medical condition, such as, but not limited
to:
i) Any infection ≥ National Cancer Institute Common Terminology
Criteria for Adverse Events (NCI-CTCAE) version 4.03 Grade 2
ii) Cardiac failure New York Heart Association (NYHA) III or IV
iii) Crohn’s disease or ulcerative colitis
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iv) Bone marrow dysplasia
v) Faecal incontinence
vi) History of diverticulitis
11. Autologous bone marrow transplant or stem cell rescue within 4
months of study entry
12. Use of biologic response modifiers, such as G-CSF, within 3 week of
study entry. [G-CSF and other hematopoietic growth factors may be
used in the management of acute toxicity when clinically indicated or
at the discretion of the investigator; however they may not be
substituted for a required dose reduction.] [Patients taking chronic
erythropoietin are permitted provided no dose adjustment is
undertaken within 2 months prior to the study entry or during the
study]
13. Cytotoxic chemotherapy received within 6 weeks of starting cycle 1
day 1 radium-223

2.4.3

Patient number, statistical considerations and sites.

The principal aim was to determine the safety profile with a view to progressing to a
larger randomised trial. Therefore, a stop/go threshold had to be set which would
define “acceptable” toxicity to proceed to phase III. This was set at a rate of grade 3+
toxicity ³ 20%. Given this was to be a single arm study, with no dose escalation and
requiring descriptive statistics only, sample size was determined pragmatically, with
n=30 being chosen.
We anticipated a recruitment rate of 2 per month, based on clinical experience in
Belfast, therefore requiring 15-20 months for complete trial enrolment. This initial
study involved a single site (Belfast Trust). The benefits of a multi-site trial were
recognised, namely allowing input from a greater number of researchers and
optimising the rate of patient accrual. Discussions were undertaken with a second
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academic site, however, the WPRT treatment, mandated by the trial, was not
deliverable at that site and trial opening was not possible.
The key aspects of the study are summarised in table 2-3 below
Table 2-3 Overview details of ADRRAD clinical trial.

Full Title of study:

Neo-adjuvant Androgen Deprivation Therapy, Pelvic
Radiotherapy
and
RADium-223
for
new
presentationT1-4 N0/1 M1B adenocarcinoma of
prostate (ADRRAD Trial)

Trial Acronym:

ADRRAD

Objectives:

Feasibility and Safety of radium-223 combined with ADT
and pelvic IMRT in new diagnosis M1b prostate cancer.

Primary Endpoint: Feasibility and Toxicity
Secondary
Endpoints:

Radiological response, PSA response (as defined by
Prostate Cancer Working Group-2), time to ALP
progression, time to first Symptomatic Skeletal Event

Study Design:

Phase I/II open label.

Patient Numbers:

30

Target
Population:

Newly diagnosed T1-4N0-1M1b prostate cancer.
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2.4.4

Objectives and endpoints

Table 2-4 Objectives and endpoints taken from protocol version 2.4
Primary Objectives:

Primary Endpoints:

1. To demonstrate the safety, toxicity and feasibility
of the combination of ADT + radium-223 + IMRT
in men with castration sensitive, M1b metastatic
prostate cancer with a view to larger future
randomised trials.

1. Adequate recruitment rate (30 patients in 24 months)
2. Acute GI and GU toxicity of multimodality treatment
(as assessed by CTCAE v4.03 during treatment and until
8 weeks post final radium-223 infusion).
3. Quality of life during and after treatment (as assessed
by EPIC scores until 6 months after final radium-223
infusion).

Secondary Objective:

Secondary Endpoints

1. To assess efficacy of ADT + radium-223 + IMRT
1. 1. Radiological Response – time to radiological
in this population
progression (whole body MRI)

2.

2. PSA response and time to PSA progression (as defined
by Prostate cancer working Group II)
3. Time to ALP progression
4. Time to first Symptomatic Skeletal Event

Exploratory Objectives:

Exploratory Endpoints

1. To explore correlation between DNA damage
repair deficiency gene signature and response to
treatment.

1. DNA damage repair deficiency (DDRD) assay on
original tumour blocks to allow correlation with measures
of progression (from consenting patients)

2a. To explore the change in CTC concentration at
different phases of multimodality treatment.
2b. To quantify foci of phosphorylated H2AX and
background phosphorylation of H2AX in CTCs as
markers of photon and alpha particle derived DNA
damage respectively.

2. Enumeration of CTCs before and during treatment and
assay for γH2AX in any CTCs captured (from consenting
patients) and in lymphocytes, which are simultaneously
captured alongside CTCs as part of CTC assay.

3. To build a biobank of relevant patient samples for
future studies including validation of putative
biomarkers.

3. Biobanking of original, existing prostate biopsy and
new samples of bone marrow (biopsy and aspirate), blood
and urine at outset of study from consenting patients.

4. To determine the utility of using radiation induced
heritable DNA damage in circulating blood cells as
marker of bone marrow dose

4. Analysis of peripheral blood cells at various time points
in trial using MFISH methodology.

5. To determine overall survival of this cohort

5. Overall survival recorded by interrogation of notes, 3
monthly for 2 years post end of study visit.
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2.4.5

Trial schedule

Patients were recruited to the study from the academic uro-oncology clinic at BHSCT.
They were established on LHRHa for a minimum of 3 months with a PSA nadir
<5ng/ml (<20ng/ml after amendment 7 cf section 2.4.9) before trial treatment
commenced. Trial treatment comprised WPRT to a dose of 74 Gy in 37 fractions to
prostate with 60 Gy in 37 fractions to the pelvic lymph nodes; treatment was delivered
5 days per week and from a point of view of managing gaps it was designated a
category 3 treatment; on day 1 of WPRT patients received C1D1 radium-223 at an
activity of 55kBq/kg; radium-223 continued on a 28-day cycle for 6 cycles.
2.4.6

Endpoint selection

2.4.6.1

Primary endpoints

The primary endpoints of the trial related to recruitment, toxicity and quality of life.
Recruitment was assessed as a simple rate of accrual. Toxicity assessment was made
using CTCAE(130) investigator grading using standard trials methodology.
In addition to investigator grading of toxicity, it was planned to acquire patient related
outcome measures. The Expanded Prostate Cancer Index Composite (EPIC) is a tool
that assesses patients across a number of relevant quality of life domains and subdomains related to prostate cancer treatment. It expands the description of patient
experience beyond physician assessed AE’s to include patient’s own reported
experience. It was validated in a 252 patient cohort showing high test-retest reliability
and internal consistency(131). It has a number of additional advantages beyond just
consistency:
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1. It has been widely utilised in the scientific literature by researchers
undertaking prostate cancer trials and is therefore familiar to those involved in treating
prostate cancer.
2. It is straightforward for patients to perform without being unduly time
consuming.
EPIC questionnaires were completed at trial timepoints as laid out below.
2.4.6.2

Radiological response

Metastatic prostate cancer presents a challenge in terms of measuring radiological
response due to the bone-predominance of metastatic lesions. Given the fixed nature
of mineralised bone surrounding metastatic lesions they do not change in size like soft
tissue lesions and therefore the short-axis linear dimension method of response
assessment applied to soft tissue metastases is insufficient. Because of this, in
Response Evaluation Criteria in Solid Tumours (RECIST) 1.1, blastic bone lesions are
considered non-measurable and lytic lesions are only measurable where a soft tissue
component meets the definition of soft-tissue measurability on cross sectional
imaging(132). In the more recent PCWG3 guidelines for trial design and objectives in
mCRPC, a technetium bone scan is retained as the standard for bone imaging(133).
The guidelines go on to acknowledge the rapid development of new imaging
modalities which may be of use in quantifying response of bone metastases including
whole body MRI (wbMRI), and sodium fluoride (NaF), choline and prostate specific
membrane antigen (PSMA) based positron emission tomography (PET) methods. The
authors of these guidelines acknowledge however that these methods are novel and
“should be approached as new biomarkers subject to independent validation”(133).
These novel imaging methods continue to be the subject of intense research in prostate
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cancer. Expert groups have published consensus guidelines on their use (134,135)
however a single modality has yet to be adopted as a standard by an international
collective such as RECIST(132) or prostate cancer working group (PCWG)(133).
Access to newer imaging techniques continues to be a barrier to their use, and this was
even more the case in 2014. Recent data by Turner et al. on behalf of National Cancer
Research Institute (NCRI) Prostate Clinical Studies Group (presented British Urooncology Group 2019, abstract in press Clinical Oncology) found that 28% of UK
clinicians surveyed reported no access to any form of novel imaging.
We chose wbMRI as our exploratory imaging technique for response assessment in
ADRRAD. In an extensive meta-analysis from 2011, Yang et al. found that MRI
performed better than bone scintigraphy in the detection of metastases(136). On
subgroup analysis they found additionally that use of diffusion weighted imaging
(DWI) significantly increased the sensitivity of MRI. Regarding PET imaging, at the
time of trial design there was very limited data on the use of PET to assess response.
Although diffusion weighting of wbMRI was unavailable, T1 T2 and Short TI
inversion recovery (STIR) images afforded the ability to visualise both the metastases
and changes in surrounding bone, and there was local radiological experience in
interpreting these images. wbMRI was performed at baseline, 8 weeks after
completion of final cycle of radium-223, and again at end of study 6 months after final
cycle of radium-223. To confirm initial M-staging, the validated and accepted standard
of technetium bone scan was retained.
2.4.6.3

Biochemical response

PSA is a well-established biomarker of prostate cancer disease activity. In treated
mHSPC it should be suppressed and PSA response beyond baseline would not be
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expected. In licensed use of radium-223 for mCRPC, PSA is of limited value as a
response biomarker(137). In this context however, when treating mHSPC, PSA value
is extremely useful, as a sustained rise in its level is a clear signal of disease
progression into mCRPC. By protocol, the ADRRAD trial takes its definition of PSA
progression from PCWG2(138) as being “the date that a 25% or greater increase and
an absolute increase of 2 ng/mL or more from the nadir is documented, which is
confirmed by a second value obtained 3 or more weeks later”. Therefore, time to PSA
progression is a useful endpoint of the trial.
ALP is an enzyme derived from a number of tissues and existing in a number of
isoforms(139). In patients with bone metastases a major source of total ALP is bone
derived ALP released from disordered bone turnover. There is evidence in metastatic
prostate cancer suggesting that changes in ALP may predict survival both in early
metastatic disease treated with hormone therapy(140) and in castration resistant
disease treated with chemotherapy(141). With regard to the effect of radium-223 on
ALP, the ALSYMPCA(89) trial showed radium-223 treatment to significantly prolong
time to increase in ALP and also to be associated with a significantly higher proportion
of patients experiencing a drop or normalisation of ALP.
2.4.6.4

Skeletal response

As discussed in section 1.8 above, the skeletal response to metastatic prostate cancer
and its treatment is complex. Radium-223 treatment has been shown to extend time to
SSE(89), whereas the combination of radium-223 with both abiraterone(98) and
enzalutamide(110) was found to increase fracture risk; however in the radium-223 +
enzalutamide trial this effect appeared to be completely abrogated by inclusion of bone
protecting agent. Skeletal outcomes of any metastatic prostate cancer treatment are
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therefore critical and can be markers of either efficacy or toxicity. We adopted the
ALSYMPCA(89) endpoint of time to first symptomatic skeletal event as:
“the first use of external-beam radiation therapy to relieve skeletal symptoms, new
symptomatic pathologic vertebral or non-vertebral bone fractures, spinal cord
compression, or tumour-related orthopaedic surgical intervention”.
After the publication of the ERA-223(98) trial, a further endpoint was added to assess
fracture incidence and type of fracture during trial and up until 2 years after first
treatment with radium-223.
Table 2-5 below summarises endpoints, method of assessment and timepoints of
assessment. The full schedule of events is included in trial protocol (cf appendix 1).

92

Table 2-5 ADRRAD endpoint assessment

Endpoint
Primary 1
Primary 2

Assessment
method
Recruitment
Patients consenting
Acute GI/GU CTCAE grading by
toxicity
investigator

Timepoint
Consent visit
Baseline
C1D0,
weekly while on
radiotherapy, then
D0 each cycle of
radium-223, then at
8
weeks
post
completion
of
treatment visit.
Baseline C1D0, then
D0 each subsequent
cycle, then 8 weeks
post completion of
treatment, end of
study
Baseline pre C1D1,
8
weeks
post
completion
of
treatment, end of
study

Primary 3

QoL

EPIC questionnaire,
changes in mean
EPIC scores during
and
after
trial
treatments.

Secondary 1

Radiological
response

Secondary 2

PSA response

Secondary 3

ALP response

Secondary 4

Impact on SSE

Whole Body MRI
reported
as
Partial/Complete
response,
Stable
disease
or
progressive disease
by MRI radiologist cf
section 5.2.1 for
details.
Time
to
PSA D0 each cycle of
progression
radium-223,
8
weeks
post
completion
of
treatment, end of
study
Time
to
ALP D0 each cycle of
progression
radium-223,
8
weeks
post
completion
of
treatment, end of
study
Time to first SSE
All clinical review
timepoints
Incidence of any All patients out to 2
fracture
whether years post radiumSSE or not
223 initiation.

Secondary 5
Fracture rates
(Added
as
amendment post
ERA-223 data c.f.
section 1.8.3.2)

93

2.4.7

Translational studies

Chapter 6 is dedicated to the translational studies integrated into the trial. Metastatic
prostate cancer behaves in a heterogeneous fashion and there is a paucity of biomarkers
to guide prognostic stratification. Also, with a wide range of treatment options now
available as outlined in figure 1.2 above, there is a lack of predictive biomarkers also,
directing which patients should be treated with a particular agent. Therefore, in
designing translational studies within ADRRAD, biomarker development was the key
priority. As the trial structure was developed, consideration was given to a range of
biomarker studies, both studies which could be facilitated through the advanced
radiotherapy group in QUB and studies which could be achieved through collaboration
with external groups. A review of the existing evidence base in relation to putative
biomarkers was undertaken as presented in background section 1.9. The development
of these studies and results of them are included in chapter 6. The studies ultimately
undertaken were:
1. DNA Damage repair deficiency assay
2. DNA lesions in lymphocytes – chromosomal analysis
3. DNA lesions in lymphocytes – gH2AX analysis
4. Circulating tumour cells assay
5. Bone marrow tumour assays
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2.4.8

Protocol development and review

The trial design phase extended from August 2014 to March 2015. Multiple trial
versions were produced with review from: investigators, NICTN, sponsor, Bayer
investigator-initiated studies dept, NI cancer patient consumer forum, translational
collaborators. The final trial protocol was then submitted to the medicines and
healthcare products regulatory agency (MHRA) who considered radium-223 and
LHRHa as investigatory medicinal product (IMP). I wrote a risk management strategy
(appendix 5), allowing LHRHa to be treated as IMPs but without the normal pharmacy
constraints of IMP management. This was accepted by MHRA who approved the trial
July 2015. The trial then passed to the sponsor (Belfast Health and Social Care Trust)
for review by their R and D committee in August 2015. Timelines are shown in fig 2.2
below
Figure 2.2 Timeline of trial development

Trail design and protocol development Aug 14 - March 15
REC
Original REC submission: 08.04.15

Original REC approval: 04.06.15

MHRA
Original MHRA submission: 29.06.15
Original MHRA approval: 13.07.15
R and D
Original R&D submission: 07.08.15
Original R&D approval: 20.01.16

Open to recruitment: 21.01.16
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2.4.9

Major amendments

Four amendments warrant further description.
1. National Institute of Standards and Technology (NIST) change in
nomenclature. In late 2015 a worldwide update to radium-223 activity classification
occurred as a result of a correction to a previously incorrect primary standard used by
NIST to quantify radium-223 activity. This has no clinical significance but any
protocol documents prior to Dec 2015 refer to radium-223 activity of 50kBq/kg,
whereas later documents refer to a activity of 55kBq/kg.
2. Upfront docetaxel. Following the publication of previously discussed trials
demonstrating the benefit of early docetaxel in mHSPC (30,31) amendment 3 was
instituted allowing patients to receive docetaxel if clinically indicated prior to starting
the study. As a safety measure to minimise risk of bone marrow toxicity, all patients
required a 6-week gap between the last docetaxel treatment and the first radium-223
exposure.
3. Change in PSA nadir to trigger entry. In the initial protocol versions, patients
were required to have a PSA <5ng/ml prior to entering the trial. It was recognised this
was an arbitrary and stringent criterion with little clinical or scientific rationale. It was
amended to allow patients to enter trial when their PSA dropped to below 20ng/ml. It
was predicted that these patients would still show a good response to primary ADT
(+/-docetaxel) without having to wait for levels to decrease below 5ng/ml.
4. Formal fracture review added in response to ERA-223 trial. Following the
publication of the ERA-223 publication as discussed above, the protocol was amended
to mandate remote review of patient’s case notes after end of study visit to assess for
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fracture incidence. Any incidence of fracture is recorded for 2 years following first
radium-223 treatment.
2.4.10 Ongoing trial review
A number of levels of formal review of trial conduct were put in place.
2.4.10.1

Trial management group (TMG)

A trial management group was formed. Its full roles and responsibilities were defined
within TMG terms of reference. Broadly, it was responsible for the management of the
trial, including all clinical and practical aspects. The group was chaired by Dr Melanie
Morris, operational director of NICTN and contained investigators with further
representation from data management, nuclear medicine, radiotherapy physics,
pharmacy and radiographers. The group met monthly to review progress of the trial.
2.4.10.2

Data monitoring committee (DMC)

An independent data management committee was formed. Its role was to safeguard
the interests of trial participants, monitor the main outcome measures including safety
and efficacy, and monitor the overall conduct of the study to ensure the validity and
integrity of the study findings. The DMC was chaired by Professor Richard Wilson
(consultant oncologist), with other members being Dr Gerry Hanna (consultant
oncologist), Mr Mike Stevenson (statistician). Meetings were held six monthly and
reports fed through to the principal investigator (PI), TMG and CTIMP for oversight.
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2.4.10.3

Sponsor’s clinical trial of investigational medicinal

products oversight committee (CTIMP Oversight)
The BHSCT research and development office forms a CTIMP oversight committee to
review all CTIMP trials being undertaken within the Trust and ADRRAD was
reviewed by this committee at its quarterly meeting with Dr Turner or Professor
O’Sullivan presenting relevant trial safety reports.
2.4.11 End of study
It was defined that the final patient visit will be six months after the last radium-223
injection. At the end of trial, the database will be locked.

2.5 Summary chapter 2
Having originally been conceived in late 2014, the trial design was developed and
reviewed in early 2015. This led to a final protocol being sent for approval from
regulatory bodies over spring-autumn 2015. Some early amendments were required
taking into account changes in SOC therapy (upfront docetaxel use) and also
international changes to radium-223 dosimetry nomenclature (NIST update). The trial
opened to recruitment in late January 2016. The full version of the most recent
ADRRAD trial protocol is included as appendix 1.
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3 Benchmarking Institutional Toxicity, Dosimetry and
Outcome of Whole Pelvic Radiotherapy (WPRT) for
Prostate Cancer in the Northern Ireland Cancer Centre
3.1 Background
3.1.1

The need to understand institutional toxicity rates associated with

WPRT
ADT + EBRT have been shown to be an effective combination for the treatment of
locally advanced prostate cancer(47,48). While the role of WPRT remains an area of
ongoing clinical research, it is commonly used in the treatment of patients with high
risk localised disease as it was the standard of care in many practice changing clinical
trials(48,54). Current UK guidelines(108) recommend that it be considered if risk of
pelvic lymph node involvement is >15% by Roach formula(53). Previous trials have
failed to demonstrate its superiority over prostate only radiotherapy (PORT)
(52,54,142) however these trials were conducted in the era of 3D-conformal
technology when bowel toxicity limited the radiotherapy dose deliverable. Modern
studies have proven the safety of dose-escalation using intensity modulated
radiotherapy (IMRT) to enable bowel-sparing(56–58). The most recent evidence
supporting the safety of IMRT delivered pelvic nodal radiotherapy comes from the
PIVOTAL clinical trial(58). In this prospective phase II trial, 124 patients with high
risk prostate cancer were randomised to receive either IMRT to prostate alone (74
Gy/37 fraction) or IMRT to prostate and pelvic lymph nodes (74 Gy/37 fractions
prostate; 60 Gy/37 fractions pelvis). Side-effects were modest with 2-year radiation
therapy oncology group (RTOG) grade 2+ bowel toxicity being 16.9% for prostate
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alone and 24% for prostate and pelvic nodes. Intensity modulated technologies are
being utilised in the ongoing phase III PIVOTAL-BOOST(143) and the recently
completed RTOG 09-24 study (59) with the aim being to definitively establish the role
of pelvic lymph node irradiation in the management of prostate cancer.
The PIVOTAL clinical trial established that 60 Gy could be delivered to a vesselexpansion derived lymph node region using IMRT with acceptable toxicity in a multicentre setting. Two points about this are noteworthy in relation to the trial we were
planning in 2014. Firstly, at that time the precursor dose escalation papers which led
to PIVOTAL had published, however PIVOTAL itself would not publish until 2019.
Secondly, there are many variables that can impact on radiotherapy planning and
delivery and it is possible that toxicity will vary in different centres. Care must be
taken with quality control (QC) across centres (as happened with PIVOTAL) to ensure
these variables are accounted for as much as possible.
Since 2012 it had been our institutional practice to treat patients with high risk
localised prostate cancer using IMRT to prostate and pelvic lymph nodes. Our own
methodology for treating pelvic nodal volumes was broadly similar to that used in the
PIVOTAL clinical trial document. Crucially however, we were not part of the
PIVOTAL trial and had not undergone the planning QC process. Also, there were
some differences between our approach and that of PIVOTAL. For example, our
practice was not to use IV or oral contrast during radiotherapy planning; we used a
single expansion around prostate + seminal vesicles to generate PTVprostate (cf
section 3.2.2) rather than multiple expansions to graduated dose levels as in
PIVOTAL(58 - supplementary materials). Additionally from January 2013 we
delivered all pelvic radiotherapy by volumetric modulated arc therapy (VMAT) rather
than static field IMRT. Therefore, although the process of delivering pelvic
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radiotherapy by IMRT had been shown to be safe, we had no audit or trial data or any
QC process to demonstrate that our toxicity rates were comparable.
Therefore, we wished to assess toxicity rates at our institution to provide a historical
control for our proposed prospective clinical trial of prostate and pelvic radiotherapy
and radium-223.We considered the options of either prospective or retrospective
toxicity study, appraising the benefits and drawbacks of each approach. We concluded
a retrospective study was sufficient to assess our own outcomes and identify any
significant departure from toxicity rates established by earlier prospective trials.
3.1.2

The opportunity to compare static field IMRT with VMAT in a

clinical cohort
In the modern era, intensity modulation of radiotherapy has allowed increased
conformality and therefore dose escalation to target structures whilst respecting OAR
tolerances. This is important because it is indisputable that late bowel toxicity is related
to pelvic OAR dose delivered, although there is still some uncertainty about the precise
OAR tolerances and dose volume relationships at play. As described in chapter 2 Jadon
et al. performed an extensive systematic review into predictors of late bowel toxicity
following pelvic radiotherapy; there were correlations between escalating
dose/volume relationships in a number structures and increased risk of late bowel
toxicity(51).
With this in mind, IMRT has been employed to dose escalate pelvic nodal radiotherapy
in pelvic cancer in an attempt to minimise doses to OARs. Two broad categories of
intensity modulation are static field IMRT and VMAT. Both are delivered using a
gantry mounted linear accelerator (LINAC). As its name suggests, in static field IMRT
a finite number a static fields are used; in each of these, multileaf collimators (MLC)
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vary the intensity of radiation across the field. This variable intensity across multiple
fields makes a high number of degrees of freedom available to the planning software
during inverse planning, thus optimising conformality. In contrast, VMAT utilises
one or more arcs around the patient, through which the gantry travels with beam-on.
Again, MLCs vary the intensity of the radiation beam. As with static field IMRT, all
of this results in a large number of degrees of freedom for planning software, resulting
in highly conformal dose delivery.
A wealth of data exists in the literature comparing static field IMRT with VMAT in
the treatment of many cancers, and certainly in the treatment of prostate cancer. These
tend to be planning studies, following a broadly conserved format of taking a small
group of patients and planning their radiotherapy using both static field IMRT and
VMAT and comparing the resulting plans across factors such as doses delivered to
OARs and measures of treatment efficiency such as length of time of treatment or
monitor units delivered.
A number of such studies compared static field IMRT to VMAT in the treatment of
early localised prostate cancer(144–149). The number of patients varied between 8 and
11; all studies found that VMAT was associated with more efficient treatment
delivery; 2 of the studies found improved OAR sparing associated with
VMAT(146,147); 2 of the studies performed NTCP modelling and found
improvements associated with VMAT(148,149).
A number of studies compared the 2 treatment modalities in the elective irradiation of
pelvic nodal volumes, in addition to localised prostate volumes. Seven studies were
identified and as before the approach tended to follow a standard format - to plan a
cohort of patients using both modalities and compare resulting plans(150–156). The
102

number of patients varied between 5 and 21. Most of the studies found VMAT to be
associated with more efficient treatment delivery(150–152,154–156); 2 of the studies
found VMAT to be associated with better OAR sparing(152,153); 2 of the studies
found IMRT to be associated with better OAR sparing(155,156).
All of these conclusions relate to dosimetric planning data. To date, no studies have
compared clinical outcomes from two cohorts, one treated with static IMRT, one with
VMAT. As laid out in section 3.1.1 above, it was already necessary from a trial design
point of view to undertake a large retrospective radiotherapy toxicity study in prostate
and pelvic nodal radiotherapy. Following commissioning and QC of the Varian
Truebeam ™ treatment system, the BHSCT radiotherapy department instituted a
staggered transition from static IMRT to VMAT for delivery of prostate and pelvic
radiotherapy in high risk prostate cancer in Q4 2012. It was noted that if the patient
cohort for the retrospective toxicity study was chosen to straddle the timepoint at
which our institutional standard changed from static IMRT to VMAT, then it would
allow us not only to describe our toxicity rates with IMRT generally but also to
compare similar cohorts of men, one treated with static IMRT and one treated with
VMAT. This would therefore allow us to describe not only theoretical differences in
dosimetry between groups, but also to retrospectively compare clinical toxicity data.
3.1.3

Retrospective radiotherapy study hypothesis

1. That the rates of toxicity seen with WPRT for prostate cancer in Belfast HSCT will
be comparable to observed rates in prospective UK dose escalation trials.
2. These toxicity rates will be low enough to allow planning of a combined WPRT and
concurrent radium-223 clinical trial to proceed.
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3. A dosimetric benefit will be seen with VMAT plans compared to static field IMRT,
in terms of OAR sparing which will translate into an improvement in NTCP, or
observed clinical toxicity, or both.

3.2 Methods and materials
3.2.1

Patients

Following institutional audit approval, cohorts of patients were identified. All patients
who had radical prostate and pelvic nodal treatment with a planning scan performed
in the 2 years between June 2011 and June 2013 were selected. The first VMAT
planning scan was performed on 31.10.12 and the last static IMRT planning scan
performed on 15.01.13. Of the 73 patients included, 35 had treatment by static field
IMRT and 38 had treatment by VMAT. Case notes and radiotherapy plans were
interrogated for all patients. Original demographic and disease metrics were recorded
(age, baseline PS, pre-existing bowel diagnoses, iPSA Gleason Sum, TNM, duration
of neoadjuvant therapy).
3.2.2

Radiotherapy planning

All patients had radiotherapy planned using an institutional protocol (cf appendix 4)
which was largely based on the PIVOTAL trial protocol(128). The same protocol was
used across the transition from static IMRT to VMAT. In particular, patient
preparation, scanning levels, delineation techniques, OAR constraints and
dose/fractionation were consistent.
Patients were scanned supine with comfortably full bladder and rectum empty by
means of micro-enema pre-scan (and pre-treatment). Scansets were acquired from top
of L4 to 1cm below pubic rami, slice thickness was 2.5mm. Prostate and seminal
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vesicles were contoured and expanded 7mm posterior and 10mm in all other directions
to obtain PTVprostate. A vascular expansion and bowel avoidance method was used
to delineate pelvic nodal PTV. Iliac vessels were contoured from sacral promontory;
external iliac vessel contours stopped at top of femoral heads. Iliac vessel contours
were expanded by 7mm AP and lateral to create CTVlymph_node. Lateral
CTVlymph_node structures were joined by a 12mm rollerball along anterior sacral
surface from promontory to S3/4; an 18mm rollerball was used to join internal and
external iliac vessels, running along bone or muscle at lateral pelvic sidewall.
CTVlymph_node was edited to remove the following: bone, muscle, bladder, rectum,
bowel+3mm expansion; it was then expanded uniformly by 5mm to create
PTVlymph_node. 5-field IMRT was planned on Oncentra masterplan™ (Nucletron,
MD USA) and delivered on conventional LINAC; VMAT was planned on Eclipse™
treatment planning software and delivered using Truebeam™ radiotherapy system
(Varian medical systems, Palo Alto CA USA).
Organs at risk (OARs) contoured were bowel, rectum, bladder, femoral heads and
urethral bulb. Bowel was contoured from L4/5 interspace or 1cm above all PTV
structures whichever was more superior, down to rectosigmoid junction. Rectum was
contoured from rectosigmoid junction down to anal canal or 1 cm below most inferior
PTV slice, whichever was most inferior. External margin of whole bladder was
contoured.
The dose-volume constraints for planning are included in table 3-1 below.
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Table 3-1 OAR Planning objectives. Volumes given are mandatory constraints, with optimal
constraints in brackets.

OAR

Dose limit for 2 Gy/#

OAR Volume

Rectum

50 Gy

60% (50%)

60 Gy

50% (35%)

70 Gy

15%

74 Gy

5% (3%)

50 Gy

50%

60 Gy

50% (25%)

70 Gy

35% (5%)

74 Gy

15% (5%)

50 Gy

110cc (17cc)

60 Gy

6cc (0.5cc)

65 Gy

0cc

Bladder

Bowel

3.2.3

Plan evaluation

For each patient in the study, the electronic planning system was retrospectively
interrogated for the following metrics: date of planning scan, date of first and last
fraction; dose prescribed to prostate PTV, dose prescribed to lymph node PTV; bowel,
bladder and rectum V10, V20, V30, V40, V50, V60, V70; length of treatment per
fraction (defined as interval between time of first beam on and time of last beam off);
monitor units delivered per fraction.
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3.2.4

Normal tissue complication probability (NTCP) evaluation

Normal tissue complication probability can be estimated from treatment planning data,
if values for tissue tolerance are known. A seminal publication by Emami et al. in 1991
described radiotherapy tolerance values for a range of irradiated tissues, assuming
uniform irradiation(157). These tolerance estimates were fitted by Burman et al.(158)
to an NTCP model previously proposed by Lyman(159). An extension of this work
involves correcting the model for non-uniform irradiation, as is generally the case in
clinical irradiation of anatomical structures. Several methods have been proposed, the
most commonly utilised is the effective volume method proposed by Kutcher and
Burman. The combination of these techniques is generally referred to as the LymanKutcher-Burman (LKB) model in the literature. It has been used extensively to model
NTCP(160–163). Refinements have been applied to this model since its first
application. This includes the equivalent uniform dose (EUD method) (164,165). This
is an optimised method for reducing non-uniform irradiation into an equivalent single
dose of uniform irradiation, which would result in the same level of cell kill (and
NTCP) as the non-uniform dose. This therefore more accurately allows dose data from
clinical planning systems to be incorporated into a LKB NTCP model. EUD is given
by the formula:

!"# = &' (! #!" )

#
"

!

The sum is calculated over all bins (vi , Di) of the differential DVH, and a parameter
is associated with the strength of the volume effect. As a is a large positive number
the EUD approaches the maximum dose, whereas for a =1 it gives the mean dose; as
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a decreases to a large negative number the EUD approaches the minimum
dose(164,165).
Tumour control probability (TCP)/NTCP was then calculated using the Lyman–
Kutcher–Burman model:

TCP/NTCP =

t

æ-x
expç
ò
2p -¥ è 2
1

2

ö
÷dx , where t =
ø

EUD - TD 50
m • TD 50

TD50 is the dose that will result in 50% probability of complication in a uniformly
irradiated tissue and m is inversely proportional to the slope of the steepest point on
the NTCP vs. dose response curve (thus larger values of m represent shallower dosecomplication slopes).
Model parameters used to calculate TCP and NTCP were as follows:
Table 3-2 Parameters used in TCP and NTCP calculations

Organ

a

Rectum

11.11 67.6

Bladder

2

TD50

80

m

Endpoint

Reference

0.13

Grade 2+ rectal

Michalski

bleeding

(166)

Cystitis

Burman 1991 (158)

0.11

2010

Murray 2014 (167)

No published parameters were identified for bowel.
3.2.5

Toxicity / survival analysis

Manual interrogation was made of patients’ written and online notes to identify acute
and late radiotherapy toxicity. Acute toxicity was defined as that occurring up to 3
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months following completion of radiotherapy. Toxicity was graded by RTOG scheme
[c.f. appendix 3(168)]. Sources of toxicity data for acute toxicity comprised summary
letters sent to GP and contemporaneous notes made by clinician during “on-treatmentreview” clinics. Where the assessing clinician did not contemporaneously record an
RTOG toxicity value, but from their clinical narrative an RTOG value could be applied
to the case, this was done.
Late toxicity was defined as any toxicity occurring after 3 months post final
radiotherapy fraction. Sources of toxicity data for late toxicity data were GP letters
from follow up review appointments, written annotation in chart during any
subsequent admissions, referral letters for lower GI or GU endoscopy, reports of any
lower GI or GU endoscopy procedures performed, including report of performing
clinician and any histopathology report on samples taken.
Note was made of date patient had last been reviewed in the uro-oncology department.
Note was made of PSA following treatment and if PSA failure had occurred by
Phoenix definition (PSA rising above nadir + 2 ng/ml), date of failure was recorded.
3.2.6

Statistical analysis

Statistical analysis was performed using SPSS v25 (IBM). For testing null hypothesis
between distributions in categorical tables, chi-squared test was performed, except in
cases where “expected” columns contained 5 or fewer cases, in which case Fisher’s
exact test was performed. To test the equivalence of means of scale data, analysis was
performed using Shapiro-Wilk’s test (169) and visual inspection of histograms, normal
Q-Q plots and box-plots to determine if data fitted a normal distribution. Where data
fitted normal distribution, T-test was performed, if data were non-parametric, Mann-
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Whitney U test was performed. In comparing static IMRT to VMAT parameters,
independence between cohorts was assumed.

3.3 Results
3.3.1

Population

Table 3-3 shows the baseline characteristics of the patient cohort treated with VMAT
or static field IMRT. It shows that the cohorts were well matched, with no significant
differences in any of the domains listed. The median ages were 66.5 years and 63 years
for VMAT and static IMRT respectively; the majority in both groups were PS = 0, an
equal number from both groups had a pre-existing bowel diagnosis. Both cohorts are
dominated by very high-risk prostate cancer: initial PSA was >20 ng/ml and Gleason
score = 9 for the majority of patients in both cohorts; the majority in each cohort had
T3/4 disease; approximately half the patients in each cohort had N1 disease. Three
patients were staged M1. Two of these (1 in each cohort) were staged M1a on the basis
of lymph nodes at the anatomical junction of regional/non-regional. After extended
neo-adjuvant hormone therapy, a pelvic radiotherapy field was able to cover all
previously identified pathological nodes for both patients. One patient was M1b
(VMAT cohort); this patient had an isolated metastasis in right pelvic bone, in close
proximity to prostate PTV. This metastasis and appropriate margin were treated within
the high dose volume.
All patients were treated with a prostate PTV dose of 74 Gy in 37 fractions. All patients
received neo-adjuvant hormone therapy and duration was balanced in both groups (29
weeks VMAT vs 24 weeks static field p=0.35). The target prescription for pelvic
lymph node PTV was 60 Gy in 37 fractions. Where this was not achievable within
OAR constraints, dose was reduced. In summary, these are well matched cohorts of fit
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men with high risk prostate cancer; there is a trend to patients being more likely to
receive full lymph node PTV dose in the VMAT group.
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Table 3-3 Comparing baseline and treatment metrics of VMAT and static IMRT cohorts

Age at first
consultation
Baseline PS

Pre-existing
bowel disease
iPSA (ng/ml)

Gleason Sum

T

N
M

Duration of
neo-adjuvant
hormone
therapy
Prescribed
dose to PTV
lymph node
Gy

IMRT (N=35)
N (%)
63.0

p value

Years (median)

VMAT (N=38)
N (%)
66.5

0
1
2
Unknown
Yes

23
10
2
3
6

(61)
(26)
(5)
(8)
(16)

27
7
0
1
7

0.246

(3)
(20)

No

32

(84)

28

(80)

0-9
10-20
>20
6
7
8
9
10
T2
T3
T4
N0
N1
M0
M1a
M1b
Weeks (median)

6
11
21
0
8
8
22
0
5
31
2
21
17
36
1
1
29

(16)
(29)
(55)

8
4
23
1
3
13
18
0
2
31
2
15
20
34
1
0
24

(23)
(11)
(66)
(3)
(9)
(37)
(51)

0.188

(6)
(88)
(6)
(43)
(57)
(97)
(3)

0.843

55-56 Gy

7

(18)

14

(40)

60 Gy

31

(82)

21

(60)

(21)
(21)
(58)
(13)
(82)
(5)
(55)
(45)
(95)
(2.5)
(2.5)

(77)
(20)

0.181

0.489

0.169

0.352
1

0.350

0.069
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3.3.2

Dosimetric results

As shown in Table 3-3, more patients (82%) received the full prescription dose in the
VMAT group compared to the static field IMRT group (60%), although this difference
was not significantly different (p=0.069). Dose-volume relationships for bowel,
rectum and bladder at dose levels V30, V40, V50, V60, V70 are shown below in Figure
3.1. There were no observed differences between the 2 cohorts with regard to bowel
dosimetry. Rectal V30-V60 were significantly lower for patients treated with VMAT.
Bladder V40 and V50 were significantly lower for patients treated with VMAT.
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Bowel dose distribution by radiotherapy technique
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Bladder dose distribution by radiotherapy technique
p=0.012

VMAT
STATIC IMRT

Relative bladder volume (%)

100.00

p=0.005
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70

Dose (Gy)

Figure 3.1 Boxplots describing dose-volume relationships for three OAR structures, bowel (top
panel) rectum (middle panel) and bladder (bottom panel); distribution for static IMRT in red
and VMAT in blue. Where there is a significant difference between the distributions, p value is
given in red. Minor outliers are shown as circles, major outliers are shown as asterisks.
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NTCP distributions for bladder and rectum are shown below. Both late grade 2 rectal
bleeding and cystitis were predicted to be lower with VMAT compared to static field
IMRT.

Rectum NTCP distribution by treatment modality
20.0000000

60

Rectum NTCP

15.0000000

10.0000000

p=0.005

5.0000000

.0000000

VMAT

IMRT
Treatment technique

Bladder NTCP distribution by treatment modality
.5000000

Bladder NTCP

.4000000

32
24

.3000000
64

.2000000

65

p=0.002
.1000000

.0000000

VMAT

IMRT
Treatment technique

Figure 3.2 NTCP distributions for rectum (top panel) and bladder (bottom panel) static IMRT
in red and VMAT in blue. The cohorts are significantly difference for both, p values given in red.
Minor outliers are shown as circles, major outliers are shown as asterisks.
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Measures of treatment efficiency are shown below. Mean monitor units (MU) were
comparable. However, the time from beam on to beam off was significantly lower for
patients treated with VMAT compared to IMRT with a mean time-saving of 4.8
minutes per fraction (p<0.001).
Table 3-4 Mean of MU per fraction and beam-on time per fraction, compared between groups
VMAT and static IMRT

VMAT

Static IMRT p value

Mean MU per fraction

691.5

662.9

0.171

Mean beam-on time
per fraction (min)

2.2

7.0

<0.001
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3.3.3 Toxicity and survival outcomes
Table 3-5 shows detailed toxicity breakdown for the whole group along with rates of
GU and GI endoscopy, followed by table 3-6 comparing toxicity between IMRT and
VMAT cohorts. Grade 2 or higher late GI toxicity occurred in 13% of patients, grade
2 or higher late GU toxicity in 32% of patients in the overall cohort. 19% of patients
required cystoscopy during follow-up, 18% required GI endoscopy. No significant
differences were detected when VMAT and static field IMRT were compared (table
3-6).
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Table 3-5 Absolute toxicity results for the combined population

Acute GI

Late GI

Acute GU

Late GU

Cystoscopy
GI
endoscopy

0
1
2
3
0
1
2
3
0
1
2
3
0
1
2
3
No
Yes
No
Sigmoidoscopy
Colonoscopy
Both

Total
N (%)
19 (26)
39 (53)
15 (21)
42 (58)
21 (29)
10 (13)
15 (21)
48 (66)
6 (8)
4 (5)
41 (56)
9 (12)
20 (28)
3 (4)
59 (81)
14 (19)
60 (82)
7 (10)
4 (5)
2 (3)
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Table 3-6 Toxicity outcomes grouped into grade 0-1 and grade ³2 and split between static IMRT
and VMAT cohorts

Acute GI
Late GI
Acute GU
Late GU

0-1
³2
0-1
³2
0-1
³2
0-1
³2

Total
N (%)
58 (80)
15 (20)
63 (86)
10 (14)
63 (86)
10 (14)
50 (69)
23 (31)

VMAT
N (%)
32 (84)
6
(16)
32 (84)
6
(16)
33 (87)
5
(13)
28 (74)
10 (26)

IMRT
N (%)
26 (74)
9
(26)
31 (89)
4
(11)
30 (86)
5
(14)
22 (63)
13 (37)

p value
0.388
0.738
1
0.450
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Figure 3.3 shows Kaplan Meier survival curves for time to PSA progression, split into
cohorts by radiotherapy technique. No differences in biochemical outcome were
observed.

Time to PSA progression or death by treatment modality
1.0

VMAT
IMRT
VMAT-censored
IMRT-censored

Survival

0.8

0.6

IMRT Median = 93.9mo
VMAT Median = 73.4mo
p = 0.906

0.4

0.2

0.0
.00

20.00

40.00

60.00

80.00

100.00

Months from final fraction radiotherapy

Figure 3.3 Kaplan Meier curve showing biochemical progression free survival by treatment
modality. Survival event is PSA progression (Phoenix definition) or death. Patients are censored
at last seen alive without PSA progression. Estimates for median survival are given by group
along with p value.
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3.4 Discussion
3.4.1

Absolute toxicity rates with regard to clinical trial design

The primary purpose of this piece of work was to benchmark local toxicity rates in
Belfast and compare to prospective phase I/II dose escalation trials from RMH
(PIVOTAL having not yet published). The major concern embarking on a trial of
combination WPRT and radium-223 was the potential for lower GI toxicity. In our
study, acute grade ³2 GI toxicity occurred in 21% of patients compared to peak grade
³2 of 54% in RMH 60 Gy cohort. Late grade ³2 GI toxicity occurred in 13% of patients
compared with 13.2% in RMH 60 Gy cohort. No grade ³3 GI toxicity occurred.
The results appear to demonstrate that local toxicity rates are in keeping with
prospective studies as discussed in 1.6.2 and presented in Table 1.1. Determining these
toxicity rates was an essential part of due diligence when embarking on our adopted
strategy for ADRRAD of commencing phase I/II study concurrently delivering full
dose of WPRT and full licensed activity of radium-223. Furthermore, it provided
historical control data, at our institution, for comparison to the ADRRAD study (cf
chapter 4, table 4-17).
3.4.2

Comparing static IMRT with VMAT

We also compared patients treated with static field IMRT to those treated with VMAT.
The dose volume comparisons (fig 3.1) showed no difference between treatment
modality at any dose level with regard to bowel. VMAT treated a significantly lower
volume of rectum at 30, 40, 50 and 60 Gy compared to static field IMRT. Similarly,
VMAT treats a significantly lower volume of bladder at 40 and 50 Gy. This translated
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into VMAT being associated with a significantly lower NTCP for both rectum and
bladder. However, these dosimetric advantages did not, in this cohort, translate into
significant differences in acute or late GI or GU toxicity (table 3-6). The reasons for
this are unclear, although the overall toxicity assessment suffers from being
retrospective in nature and the study may be under-powered to detect differences
predicted by NTCP calculations. The dosimetric differences, though significant, are
small – it is likely that retrospective toxicity data collection doesn’t have the resolution
to detect a small clinical difference this may have resulted in. The sample size is also
relatively small.
It is noted however, that the number of patients being treated at full 60 Gy to pelvic
lymph node PTV is higher in the VMAT cohort and is close to reaching significance
(p=0.069).
Our results agree with previous small planning studies that VMAT is a more efficient
means of delivering treatment. Within a busy NHS clinical environment, average
duration of beam on time was 4.8mins quicker for VMAT delivered plans (p=<0.001).
The gains to a department treating hundreds of prostate cancer patients annually with
20-37 fractions are clear. Biochemical failure is common as one might expect in such
a high-risk cohort: median biochemical progression free survival (BPFS) 93.9 months
in static IMRT versus 73.4 months in VMAT, p=0.906.

3.5 Summary chapter 3
This study confirmed that institutional toxicity rates in Belfast for WPRT in prostate
cancer were acceptable and in keeping with published prospective standards. These
results provide a further historical control for the ADRRAD study.
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In a real-world clinical cohort, we have, for the first time, presented dosimetric, NTCP,
treatment efficiency and real-life toxicity data together in a comparison of static IMRT
with VMAT in the treatment of prostate cancer. We demonstrate improvements in
dosimetric and NTCP values for bladder and rectum with VMAT over static field
IMRT. There is no significant toxicity difference. VMAT is a more efficient approach.
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4 Primary Objectives of the ADRRAD Trial – Feasibility,
Toxicity and Patient Reported Outcomes.
4.1 Introduction
As discussed in chapter 1, in mHSPC there is clear evidence of an overall survival
benefit associated with EBRT to prostate (in low burden metastatic disease) and in
mCRPC there is evidence of overall survival benefit associated with radium-223. The
ADRRAD trial set out to combine these treatments in a mHSPC population, the design
of that trial has been covered in detail in chapter 2. In chapter 3 a detailed retrospective
study of the pelvic toxicity rates encountered within the host centre was described; the
low rates found provided reassurance to allow the ADRRAD trial to proceed.
The primary endpoints of ADRRAD relate to feasibility (that is the ability to recruit
and successfully deliver the treatments to patients), toxicity, and patient reported
quality of life. In this chapter, results relating to these primary endpoints are described.

4.2 Methods
4.2.1

Trial design

The primary endpoints of the ADDRAD trial discussed in this chapter are outlined in
Table 4-1.
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Table 4-1 The primary and secondary objectives and endpoints of the ADRRAD trial
Primary Objectives:

Primary Endpoints:

1. To demonstrate the safety, toxicity and
feasibility of the combination of ADT + radium223 + IMRT in men with castration sensitive,
M1b metastatic prostate cancer with a view to
larger future randomised trials.

1. Adequate recruitment rate (30 patients in 24
months)
2. Acute GI and GU toxicity of multimodality
treatment (as assessed by CTCAE v4.03 during
treatment and until 8 weeks post final radium-223
infusion).
3. Quality of life during and after treatment (as
assessed by EPIC scores until 6 months after final
radium-223 infusion).

4.2.2

Timelines and recruitment

In predicting rate of accrual and therefore length of study recruitment, analysis was
made of central Belfast uro-oncology multidisciplinary meeting (MDM) discussions
and referral patterns to academic uro-oncology practice. Three health and social care
trusts feed into that MDM. Additionally, it was planned to approach clinicians in 2
other local MDMs to make them aware of the trial and allow direct referral of potential
ADRRAD patients. Regionally then, a pool of potential patients was identified. In NI
approximately 18.2% present with M1 disease(15) which equates to approximately 16
patients per month. During trial design, the patient information sheet (PIS) was
scrutinised by the NI patient consumer forum who gave a favourable opinion of the
trial and the PIS. However, an attrition rate was factored in, accepting not every patient
who was approached would wish to enrol in the study. Therefore, a recruitment rate of
2 patients per month was identified as viable and 24 months overall recruitment was
felt to be achievable.
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4.2.3

Trial Treatments

Patients were treated as outlined in detail in section 2.4. Radium-223 was delivered
intravenously at an activity of 55kBq/kg every 28 days for 6 cycles. Starting on day 1
cycle 1 radium, radiotherapy was delivered to prostate and pelvic lymph nodes to a
dose of 74 Gy in 37 fractions to prostate PTV and 60 Gy in 37 fractions to pelvic nodal
PTV, planned and delivered as outlined in section 2.4.
4.2.4

Toxicity

In the trial, physician reported toxicity was named and graded according to CTCAE
v4.03(130) criteria. For adverse events (AEs) relating to haematological or
biochemical investigations, the reference range used is that of the BHSCT laboratories.
AE recording started on entry into the trial and continued until the penultimate study
visit, 8 weeks post final radium-223 treatment. As laid out in the protocol, AE’s were
categorised by relation to trial treatments - both IMPs (LHRHa and radium-223) and
WPRT. Each AE was categorised as being related by one of the terms: “not related”,
“unlikely” “possibly” “probably” “definitely”. Adverse event data were added to
individual trial participant Case Report Forms by a Data Manager or Clinical Trials
Practitioner.
4.2.5

Quality of life (QOL) / PROMs

EPIC was selected as the QOL measure in the ADRRAD trial. Questionnaires were
completed once per cycle during the radium-223 treatment phase. In addition,
questionnaires were completed at the initial trial registration visit and again at 8 weeks
post cycle 6 radium-223 and finally once at the end of active study follow-up 6 months
post cycle 6; this gives maximum of 9 data points per patient.
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EPIC questionnaires ask questions across 4 domains. These domains represent the
major systems affected by both symptoms of disease and toxicities of its treatment:
urinary, bowel, sexual and hormonal. Each domain is then subdivided into “function”
and “bother” subscales. Additionally, the urinary domain has the extra subscales of
“incontinence” and “irritative/obstructive”. When completed, questionnaires are
linearly scaled using a standardised scoring system(170) yielding mean scores for each
subscale and domain out of 100, based on mean of aggregate items compromising that
domain or subscale. This standardisation across domains means a score of 100 always
relates to excellent QoL. A score of 0 relates to very poor quality of life either
significantly abnormal function or severely bothersome symptoms. A final question
asks: “Overall, how satisfied are you with the treatment you received for your prostate
cancer?” The response is graded 1-5 thus: Extremely dissatisfied 1; Dissatisfied 2;
Uncertain 3; Satisfied 4; Extremely satisfied 5. This is not transformed into a
standardised score, it gives a broad, subjective view of overall patient satisfaction with
their care rather than an analysis of any particular symptom/experience.
4.2.6

Statistical methods

Statistical analysis was performed throughout using SPSS v25 (IBM). Various
statistical tests have been used depending on the data type and hypothesis under test,
these are described in relevant results sections. To test the equivalence of means of
scale data, analysis was first performed using Shapiro-Wilk’s test (169) and visual
inspection of histograms, normal Q-Q plots and box-plots to determine if data fitted a
normal distribution. Where data fitted normal distribution, T-test was performed, if
data were non-parametric, Mann-Whitney U (independent) or Wilcoxon signed rank
(dependent) test was performed.
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The recruitment target was selected as a pragmatic sample number. Having selected
an unacceptable rate of grade 3/4 bladder and bowel toxicity as being 20%, 30 patients
was felt to be a sufficient number to allow accurate identification of toxicity at that
level. In determining this level of acceptable toxicity, patient input was sought from
the NI cancer patient consumer forum. Trial design and implementation was also
subject to review by independent statistician Mr M Stephenson who sat on the data
monitoring committee. Their contributions are acknowledged with gratitude.

4.3 Results
4.3.1

Recruitment and population

4.3.1.1

Recruitment timeline

The trial opened to recruitment on 21.01.16. The first patient was recruited 14.04.2016.
At the time of study opening our centre was in the process of implementing up front
docetaxel for patients with de novo M1 prostate cancer. This implementation period
resulted in an initial lag of 6 months between diagnosis and being able to start on study.
Having passed through the resultant lag time, steady state was reached by 3rd quarter
2016 with a steady flow of patients completing their 6th cycle docetaxel and ready to
enter trial.
Once underway, there were two periods during which recruitment to the trial was
placed on hold. Firstly, due to operational factors, trial recruitment was placed on hold
between 30 Nov 2016 and 13 Feb 2017. Unforeseen staff absence within the Northern
Ireland Cancer Trials Network during this period led the operational director of the
network (and ADRRAD TMG chair) to conclude that there was insufficient staff
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resource to allow the trial to recruit safely and without unacceptable risk of protocol
deviations.
Secondly, recruitment was placed on hold between 24 Aug 2018 and 15 Nov 2018.
This was in the wake of the publication of the results of the interim analysis of the
ERA-223 trial(98). On the 13th July 2018 the European Medicines Agency (EMA)
Pharmacovigilance Risk Assessment Committee (PRAC) issued updated guidance on
the use of radium-223 and this was felt by TMG to be a substantial change warranting
temporary cessation of the trial until emerging evidence was reviewed and protocol
amendment 13 was instituted. This is discussed in detail in section 1.8 on bone health.
Table 4-2 Periods during which ADRRAD study was closed to recruitment

Stop number

Dates from-to

Reason

Length (days)

1

30 Nov 2016 –

Staffing

76

Post ERA-223

84

TOTAL

160

13 Feb 2017
2

24 Aug 2018 –
15 Nov 2018

4.3.1.2

Current recruitment status

To date (interim analysis datalock 21.07.19) 51 patients received patient information
sheets (PIS) about the study. Of these 33 patients consented. Two patients failed
screening. A third patient passed screening and was registered on study but progressed
rapidly into mCRPC before having received any study treatments. He was withdrawn
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from study and replaced with a further patient. The study population is described in
CONSORT(171) flowchart figure 4.1 below:

Enrollment
Assessed for eligibility (n=51)

Excluded (n=20)
¨ Not meeting inclusion criteria (n=2)
¨ Declined to participate (n=18)

Allocation
Allocated to trial treatment arm (n=31)
Received allocated intervention (n=30)

¨
¨

Did not receive allocated intervention (n=1)
(Rapid disease progression into castration
resistance prior to commencing study
treatment.)

Follow-Up
Followed up per protocol (n=30)
Lost to follow up (n=0)

¨
¨

Discontinued intervention (n=1)

Analysis
Analysed (n=30)
Excluded from analysis (n=1)
(Rapid disease progression into castration
resistance and proceeded to SOC
treatment for mCRPC.)

¨

Figure 4.1 CONSORT flowchart describing ADRRAD study population
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Figure 4.2 below shows actual versus target recruitment to study by month since
opening of trial. Given the delays encountered as outlined above, target recruitment
was adjusted on three occasions. The first adjustment followed first recruitment pause,
the second followed a period of poor recruitment Sep-Dec 2017, the third was in
response to second recruitment pause.
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Superceded target accrual: until Dec 18

Figure 4.2 Scatter graph showing original and amended target accrual with actual accrual to the
ADRRAD study.
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4.3.1.3

Reasons for declining consent

Of patients approached, 18 declined the opportunity to take part in the trial. Patients
were asked if they wished to express a reason and these reasons were recorded
anonymously. These are shown in table 4-3 below:
Table 4-3 Reasons for patients who had received PIS subsequently declining study

Reason

Number

Family reasons

1

Inconvenience of treatment

3

Inability to attend requisite number of visits

3

Patient actively wishes standard of care only

4

Patient wishes to maintain current quality of life

1

Clinical reason

1

No reason given

6

Total number of patients declining consent

18
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4.3.1.4

Trial population

Table 4-4 below describes the trial population in terms of demographics and disease
metrics.
Table 4-4 Demographics and disease metrics of the ADRRAD study population

Characteristic
Age
ECOG PS
0
1
Comorbidities
Pre-trial docetaxel
0 cycles
4-6 cycles
iPSA
Gleason grade
7
8
9-10
Uncharacterisable
T-stage
1
2
3
4
Unknown
N-stage
N0
N1
Metastatic volume
CHAARTED(31) defn
High
Low

N=30
Median (Range)
64 (45-82)
Number (%)
16 (53.3%)
14 (46.7%)
Median Number (Range)
3 (0-9)
Number (%)
2 (6.7%)
28 (93.3%)
Median (range) ng/ml
279.5 (10.49-5844)
Number (%)
2 (6.7%)
7 (23.3%)
20 (66.6%)
1 (3.3%)
Number (%)
1 (3.3%)
1 (3.3%)
18 (60%)
7 (23.3%)
3 (10%)
Number (%)
10 (33.3%)
20 (66.6%)
by Number (%)
24 (80%)
6 (20%)
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4.3.1.5

Treatments received

Table 4-5 summarises the trial treatments delivered. The vast majority of patients
received the prescribed cycles of radium-223 and WPRT. 1 patient received
radiotherapy to prostate and nodes but at reduced dose (60 Gy to prostate PTV); 1
patient received radiotherapy to prostate only at full dose (74 Gy prostate PTV); 3
patients had cycle 6 radium-223 omitted.
Table 4-5 Numbers of patients receiving trial treatments on the ADRRAD study as of 21.7.19

Treatment
Radiotherapy
prostate

Dose levels
to 60 Gy (terminated
early)
70-74
Gy
(prescribed dose)
Radiotherapy to Untreated
pelvic nodes
50-60 Gy
Total radium-223 5 cycles
cycles
6 cycles
Still on treatment

4.3.2

Number
1
29
1
29
3
24
3

Physician reported toxicity

4.3.2.1

Safety population

All 30 subjects are considered in this report. At the time of provisional datalock for
these patients’ AE data (19.7.19), 27 patients had completed all study visits i.e. up to
one year after radium-223; 3 patients had completed WPRT and are still on treatment
with radium-223.
4.3.2.2

Cumulative rates of all toxicity and serious adverse events

In total 415 adverse events were recorded including 6 serious adverse events. Eleven
adverse events (none serious) were recorded prior to patients commencing treatment
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with radium-223 and WPRT and are not included within this analysis. Tables below
describe patterns of toxicity in terms of numbers of individuals experiencing the event
by grade. For ease of presentation some CTCAE terms have been combined for
example “bronchial infection” and “lower respiratory tract infection”. AEs which
occurred in total in fewer than 3 patients (<10%) at Grade 1-2 have not been included.
No grade 4 or grade 5 toxicities have occurred.
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Table 4-6 Cumulative rates of gastrointestinal toxicity by CTCAE grade (given as number of
patients experiencing the event, often patients experience the same toxicity at various grades)

ALL GRADES

GRADE 1

GRADE 2

GRADE 3

N

(%)

N

(%)

N

(%)

N

(%)

ABDOMINAL
PAIN

9

(30)

8

(26.7)

1

(3.3)

-

-

ANOREXIA

4

(13.3)

4

(13.3)

-

-

-

-

BOWEL
FREQUENCY

4

(13.3)

4

(13.3)

-

-

-

-

CONSTIPATION

3

(10)

3

(10)

-

-

-

-

DIARRHOEA
AND URGENCY

24

(80)

24

(80)

6

(20)

-

-

NAUSEA AND
VOMITING

9

(30)

9

(30)

1

(3.3)

-

-

RECTAL
HAEMORRHAGE

7

(23.3)

7

(23.3)

-

-

-

-
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Table 4-7 Cumulative rates of genitourinary toxicity by CTCAE grade

ALL GRADES

GRADE 1

GRADE 2

GRADE 3

N

(%)

N

N

(%)

N

(%)

DYSURIA

17

(56.7) 16

(53.3) 1

(3.3)

1

(3.3)

NOCTURIA

18

(60)

16

(53.3) 6

(20)

-

-

URINARY
FREQUENCY

9

(30)

8

(26.7) 1

(3.3)

-

-

URINARY
HESITANCY

5

(16.7) 5

(16.7) -

-

-

-

URINARY
TRACT
INFECTION

1

(3.3)

-

-

1

(3.3)

1

(3.3)

URINARY
URGENCY

6

(20)

6

(20)

1

(3.3)

-

-

(%)
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Table 4-8 Cumulative rates of haematological toxicity by CTCAE grade

ALL GRADES

GRADE 1

GRADE 2

GRADE 3

N

(%)

N

(%)

N

(%)

N

(%)

ANAEMIA

14

(46.7)

14.0

(46.7)

1.0

(3.3)

-

-

NEUTROPHIL
COUNT
DECREASED

22

(73.3)

19.0

(63.3)

9.0

(30)

1.0

(3.3)

PLATELET
COUNT
DECREASED

7

(23.3)

7.0

(23.3)

1.0

(3.3)

1.0

(3.3)

(90)

21.0

(70)

17.0

(56.7)

2.0

(6.7)

WHITE BLOOD 27
CELL
DECREASED

There were no instances of bleeding attributable to thrombocytopenia and no
incidences of neutropenic fever occurred.
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Table 4-9 Cumulative rates of all other toxicity by CTCAE grade

ALL GRADES

GRADE 1

GRADE 2

GRADE 3

N

(%)

N

(%)

N

(%)

N

(%)

CHEST
INFECTION

4

(13.3)

-

-

4.0

(13.3)

-

-

FATIGUE/
LETHARGY

18

(60)

17.0

(56.7) 2.0

(6.7)

-

-

HOT FLASHES

4

(13.3)

4.0

(13.3) -

-

-

-

MSK PAIN

13

(43.3)

9

(30)

8.0

(26.7)

2.0

(6.7)

PRESYNCOPE/
SYNCOPE

3

(10)

3.0

(10)

-

-

SKIN
REACTION

2

(6.7)

2.0

(6.7)

1.0

(3.3)

-

-

VTE
(PULMONARY
EMBOLISM)

2

(6.7)

-

-

1

(3.3)

1

(3.3)

ACUTE KIDNEY 1
INJURY

(3.3)

-

-

-

-

1

(3.3)

CARDIAC
CHEST PAIN

1

(3.3)

-

-

-

-

1

(3.3)

GGT
INCREASED

1

(3.3)

-

-

1

(3.3)

1

(3.3)

HYPOPHOSPH
ATAEMIA

1

(3.3)

-

-

-

-

1

(3.3)
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Table 4-10 Cumulative rates of skeletal toxicity by CTCAE grade (cf section 5.4 discussion on
bone health)

ALL GRADES

GRADE 1

GRADE 2

GRADE 3

N

(%)

N

(%)

N

(%)

N

(%)

FRACTURE
NONMALIGNANT

4

(13.3) 3

(10)

2

(6.7)

-

-

FRACTURE
MALIGNANT

8

(26.7) 5

(16.7) 3

(10)

-

-
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Four patients experienced a total of 6 serious adverse events (Table 4-11). These were
all serious by virtue of requiring hospital admission and all have resolved.
Table 4-11 Serious adverse event listing

Patient

SAE

Reason SAE

Trial
Timepoint

Resolved

001

CHEST PAINCARDIAC

Required
inpatient or
prolonged
existing
hospitalisation

C2d22 radium223

Yes

Fraction 34
radiotherapy

002

PYREXIA

Required
inpatient or
prolonged
existing
hospitalisation

C1d1 radium-223
Fraction 1
radiotherapy

Yes

009

URINARY TRACT
INFECTION

Required
inpatient or
prolonged
existing
hospitalisation

C3d1 radium-223

Yes

009

URINARY TRACT
INFECTION

Required
inpatient or
prolonged
existing
hospitalisation

C3d6 radium-223

Yes

028

DYSURIA

Required
inpatient or
prolonged
existing
hospitalisation

C2d22 radium223

Yes

Required
inpatient or
prolonged
existing
hospitalisation

C2d22 radium223

028

ACUTE KIDNEY
INJURY

(deferred 1
week)

Fraction 30
radiotherapy (RT
discontinued)
Yes

Fraction 30
radiotherapy (RT
discontinued)
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4.3.2.3

Temporal pattern of GI and GU toxicity (with reference to

PIVOTAL trial).
In terms of assessing the impact of combination treatment versus radiotherapy alone,
the best comparator for ADRRAD is the PIVOTAL trial(58). It is the benchmark
prospective radiotherapy trial treating prostate and pelvis using modern IMRT
techniques. The comparison is not direct given the methods used to assess toxicity. A
full discussion of this comparison follows in discussion section 4.4.1.1.
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A. Genitourinary toxicity PIVOTAL (Taken from PIVOTAL (58) PO = prostate only, P&P = prostate and
pelvis)

Cumulative GU toxicity by weeks post start of treatment
CTCAE
Grade

100.00

1+
2+
3

Percentage

80.00

60.00

40.00

20.00

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

.00

Weeks from start of radiotherapy

B. Genitourinary toxicity ADRRAD
Figure 4.3 Distribution of acute genitourinary toxicity. (A) In PIVOTAL trial, prevalence of grade
1+, grade 2+, grade 3+ RTOG toxicity at weeks 2, 4, 6, 8, 10 and 18 from the start of radiotherapy. (B)
In ADRRAD trial, prevalence of grade 1+, grade 2+ grade 3 CTCAE toxicity weekly during WPRT
then 4 weekly until 8 weeks post C6D1 radium-223.
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A. GI Toxicity PIVOTAL (Taken from Pivotal(58) PO = prostate only P&P = Prostate and Pelvis).

Cumulative GI Toxicity by weeks post start of treatment
CTCAE
Grade

100.00

1+
2

Percentage

80.00

60.00

40.00

20.00

28

27

26

25

24

23

22

21

20

19

18

17

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

.00

Weeks from start of radiotherapy

B. GI Toxicity ADRRAD
Figure 4.4 Distribution of acute gastrointestinal toxicity. (A) In PIVOTAL trial, prevalence of grade
1+, grade 2+, grade 3+ RTOG toxicity at weeks 2, 4, 6, 8, 10 and 18 from the start of radiotherapy. (B)
In ADRRAD trial, prevalence of grade 1+, grade 2 CTCAE toxicity weekly during WPRT then 4 weekly
until 8 weeks post C6D1 radium-223. Prevalence of GI toxicity during trial.
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4.3.2.4

Changes in mean blood counts during trial

Absolute rates of haematological toxicity in table 4-8 above are encouraging. Analysis
was also performed exploring changes in haematological parameters during the trial.
This has been performed for HgB, WCC, Plt, ANC and lymphocytes. A ShapiroWilk’s test(169) (p>0.05) and visual inspection of histograms, normal Q-Q plots and
box-plots showed that haematological parameters were approximately normally
distributed for each time point.

Scatter Mean Hgb by Timepoint

Mean Hgb
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50.00

0.00
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C4

C5
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Figure 4.5 Haemoglobin changes. Mean haemoglobin counts (g/L) for all patients in ADRRAD
trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of study. Error
bars = 95% CI
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Figure 4.6 Mean platelet counts (x109/L) for all patients in ADRRAD trial from baseline, through
each cycle of radium-223, 8 weeks post C6D1 and end of study. Error bars = 95% CI
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Figure 4.7 Mean white cell counts (x109/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study. Error bars = 95% CI
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Scatter Mean ANC by Timepoint
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Figure 4.8 Mean absolute neutrophil counts (x109/L) for all patients in ADRRAD trial from
baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of study. Error bars =
95% CI
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Figure 4.9 Mean lymphocyte counts (x109/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study. Error bars = 95% CI
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Figures 4.5 to 4.9 show there is a clear downward trend in all blood parameters upon
commencement of treatment. Paired T tests were performed to test the statistical
difference between these parameters at baseline and cycle 3, and between baseline and
end of study. Results are quoted in table 4-12 below.
Table 4-12 Paired sample T tests of mean haematological parameters in ADRRAD trial, for each
parameter mean values are compared between screening and cycle 3 and screening and end of
study, p value highlighted

Parameter

Timepoint Pair

Hgb

Plt

WCC

ANC

Lymph

Difference in T
means

Significance

Screening to
Cycle 3

5.72414

2.552

.016

Screening to
End study

7.96000

3.051

.005

Screening to
Cycle 3

55.86207

4.152

<.001

Screening to
End study

45.28000

3.552

.002

Screening to
Cycle 3

4.01379

5.361

<.001

Screening to
End study

2.95600

3.688

.001

Screening to
Cycle 3

2.77793

4.395

<.001

Screening to
End study

1.86640

2.634

.015

Screening to
Cycle 3

1.04897

8.903

<.001

Screening to
End study

.81280

6.758

<.001
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Across all blood results there is statistically significant reduction between baseline and
cycle 3. The difference remains significant between baseline and end of study again
for all parameters tested.
4.3.2.5

Prior docetaxel impact on haematological toxicity

An interesting comparison may be the differential bone marrow effects of the trial
treatments in those patients who had exposure to prior docetaxel chemotherapy versus
those who did not. Given the very small numbers of patients in ADRRAD who did not
receive prior docetaxel, confidence intervals are huge and it is impossible to draw
meaningful statistical conclusions.
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Figure 4.10 Mean haemoglobin counts (g/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study, shown by group either
prior taxane or taxane naïve. Error bars = 95% CI
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Figure 4.11 Mean white cell counts (x109/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study, shown by group either
prior taxane or taxane naïve. Error bars = 95% CI
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Figure 4.12 Mean platelet counts (x109/L) for all patients in ADRRAD trial from baseline, through
each cycle of radium-223, 8 weeks post C6D1 and end of study, shown by group either prior
taxane or taxane naïve. Error bars = 95% CI
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4.3.2.6

Variable bone marrow sensitivity in individual patients

It is apparent there is a distribution of dose-responses amongst individuals treated with
the regime. The following charts show simple line graphs of each patients’
haematological function across all assayed timepoints. Note is made of the
haematological experience of patient 008 (in grey).
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Figure 4.13 Individual haemoglobin counts (g/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study.
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Figure 4.14 Individual platelet counts (x109/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study.
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Figure 4.15 Individual white cell counts (x109/L) for all patients in ADRRAD trial from baseline,
through each cycle of radium-223, 8 weeks post C6D1 and end of study.
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4.3.3

Patient reported quality of life

4.3.3.1

EPIC response rates

To date (QOL datalock 21.07.19) 27 patients have completed end of study visits, with
three remaining patients still in the active phase of the trial. Three patients did not
receive 6th cycle of radium-223 so these data points are omitted. As per EPIC scoring
instructions, if >20% of the items that comprise a domain summary score or subscale
score are incomplete on a returned questionnaire, the corresponding domain summary
or subscale score cannot be calculated.
For each timepoint, there are 10 subscales plus 1 satisfaction question, making 11
questions each. If at each timepoint, every patient answered every question, this would
result in 330 responses per timepoint. Table 4-13 below shows the overall completion
rate of EPIC questionnaires. Given 3 patients are still on study, column 2 first identifies
the valid number of patients evaluable per timepoint, column 3 then shows percent
completion of possible valid questionnaires per timepoint.
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Table 4-13 EPIC response rate by timepoint, showing maximum number of patients evaluable at
timepoint, and response rate as percent of that maximum possible number

Timepoint

Patients evaluable

Response rate

Screening

30

88%

C1

30

95%

C2

30

93%

C3

29

95%

C4

28

97%

C5

28

95%

C6

27

93%

8 week post

27

96%

End study

27

94%

Mean

94%
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4.3.3.2

Changes in mean EPIC scores during trial

The figures below outline the mean changes in EPIC score across all trial time points.
Figure 4.16 details the four domains scores, then figure 4.17-4.20 detail each subscale
individually. Figure 4.21 details satisfaction scores.
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Figure 4.16 Mean EPIC scores in each of the four EPIC domains by timepoint for all patients in
ADRRAD trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of
study. Error bars = 95% CI
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Line Graph Mean of UrinaryFunction, UrinaryBother, UrinaryInco, UrinaryObstr by Timepoint
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Figure 4.17 Mean EPIC scores in each of the four urinary subscales by timepoint for all patients
in ADRRAD trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end
of study. Error bars = 95% CI
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Figure 4.18 Mean EPIC scores in each of the bowel subscales by timepoint for all patients in
ADRRAD trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of
study. Error bars = 95% CI
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Line Graph Mean of SexualFunction, SexualBother by Timepoint
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Figure 4.19 Mean EPIC scores in each of the sexual subscales by timepoint for all patients in
ADRRAD trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of
study. Error bars = 95% CI
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Figure 4.20 Mean EPIC scores in each of the hormonal subscales by timepoint for all patients in
ADRRAD trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of
study. Error bars = 95% CI
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Line Graph Mean of Satisfaction by Timepoint
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Figure 4.21 Mean EPIC scores for overall satisfaction by timepoint for all patients in ADRRAD
trial from baseline, through each cycle of radium-223, 8 weeks post C6D1 and end of study. Error
bars = 95% CI

To statistically assess changes in EPIC score during the trial, paired sample t tests were
performed and results shown in table 4-14. Each domain score was tested between
pairs, baseline to C3 and baseline to end of study.
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Table 4-14 Paired sample T tests of mean EPIC parameters in ADRRAD trial, for each parameter
mean values are compared between screening and cycle 3 and screening and end of study, p value
highlighted

Domain

Pair

Urinary

Bowel

Sexual

Hormonal

Difference in T
means

Significance

Screening to
Cycle 3

12.86

3.219

.004

Screening to
End study

-1.15

-0.558

0.582

Screening to
Cycle 3

13.6

3.838

0.001

Screening to
End study

1.65

1.052

0.303

Screening to
Cycle 3

0.59

0.192

0.849

Screening to
End study

4.45

2.074

0.051

Screening to
Cycle 3

-1.91

-0.471

0.642

Screening to
End study

-4.21

-1.234

0.230

4.4 Discussion
4.4.1

Recruitment, population and disease metrics

4.4.1.1

Recruitment

The trial opened on 21.01.16, first patient was registered on 14.04.16 and the final
patient was registered 29.04.19; trial opening to final registration was therefore 1195
days or 3 years 3 months and 9 days. As detailed in table 4-3 there was a period of 5
months and 8 days months when study was closed to recruitment. Thus, the effective
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period during which recruitment occurred was 2 years 10 months and 1 day. Our
recruitment target was therefore missed by 10 months and 1 day. There are a number
of reasons for this. The periods when recruitment was stopped resulted in not only loss
of patients during the time of suspension itself but in momentum after recruitment had
reopened. However, the recruitment restrictions faced were derived from unexpected
staff shortages or emerging international evidence; both of these were impossible to
predict at trial outset. These were resolved in as timely a fashion as possible,
minimising but not eradicating their impact on ADRRAD.
The trial accrued target numbers of patients in a reasonable time-frame, although
missing the stipulated recruitment target. In order to recruit sufficient numbers of
patients for a phase III trial it would obviously be necessary to look at a multi-centre
design. Additionally, there were no criticisms of timeliness of recruitment from the
DMC.
The reasons for patients declining consent as outlined in table 4-3 were largely as
expected. During planning of the clinical trial, there was an investigator concern
(discussed at length with the patient consumer forum) that the number of extra visits
to hospital for what is still a palliative treatment, may have been off putting compared
to the standard of care of one hormone injection monthly or three monthly. Patient
representatives were largely reassuring that certain patients who had the nature of the
trial clearly explained to them would still be willing to take part and may indeed gain
from the experience. It is important to note only 6 patients stated that inconvenience
or number of visits were reasons for not enrolling. The ratio of patients consenting to
those approached is 33:51 or 65%. This will have important implications for any phase
III trial that would result from this study, discussed further in chapter 7.
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4.4.1.2

Population

The median age at consent was 64 years with a range from 45 to 82 years. This is
broadly representative of the age profile of patients in the United Kingdom(172). 53%
were PS 0. Baseline health was captured in terms of number of comorbidities. There
were a median of 3 diagnoses per patient (in addition to prostate cancer). There is
therefore a large spectrum of comorbidity within the cohort. It would be useful to have
captured more detail in relation to comorbidity over just number of comorbid
diagnoses. In future phase III studies comorbid status could be more accurately
captured with a validated comorbidity scoring system, for example ACE-27(173) or
Charlson(174).
28 patients received a taxane; 1 patient 4 cycles, 3 patients 5 cycles and 24 patients 6
cycles, all at 75mg/m2 and all patients completed final cycle at least 6 weeks before
day 1 of trial treatment.
4.4.1.3

Disease metrics

Initial PSA predating commencement of LHRHa was recorded for each patient. PSA
ranged from 10-5844ng/ml. PSA level is a surrogate for burden of disease but can be
inaccurate due to variability in the extent to which the disease secretes the enzyme in
a given individual. The median PSA being 279.5ng/ml is in keeping with this cohort
being heavily metastatic. As expected, the majority of patients had high grade disease,
90% Gleason grade 8+. T stage was assessed by MRI or urologist’s clinical report of
DRE, T3/4 predominated in 83.3% of patients. N1 disease was present in 66.6% of
patients.
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The CHAARTED trial proposed the definition of low and high-volume metastatic
disease based on the following criteria:
“high volume defined as the presence of visceral metastases or ≥4 bone lesions with
≥1 beyond the vertebral bodies and pelvis”(31).
The definition gained further prominence internationally (and became extremely
relevant to ADRRAD) when it was used as a stratification parameter in the
STAMPEDE arm H cohort and low volume by this definition was found to be
predictive of response to radiotherapy leading to OS improvement(68). The biological
basis by which low volume but not high-volume patients experienced improvement in
overall survival is yet to be determined. This is returned to in chapter 5, secondary
outcomes. By this definition, 80% of ADRRAD patients were high volume.
In summary, the ADRRAD final population was well matched to previous trials in
mHSPC and representative of the disease as a whole in terms of age and
PS/comorbidity status of participants. It is, by CHAARTED definition, predominantly
a high metastatic volume cohort. This is reflected also in the tendency to high iPSA
and high Gleason score at diagnosis; suggesting this cohort are on the whole
experiencing an aggressive, heavily metastatic variant of prostate cancer.
4.4.2

Trial treatments received

It was intended that all patients would receive 74 Gy to prostate PTV, 60 Gy to lymph
node PTV (both in 37 fractions) and receive 6 cycles of radium-223 at 55 kBq/kg.
Deviations from this were allowed. Prospective reductions in prescribed radiotherapy
dose were permitted to allow treatment to proceed within OAR constraints. It was also
acceptable for patients to be withdrawn early from radiotherapy, without reaching
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prescribed doses, if it was felt to be clinically indicated by an investigator. Per
protocol, patients who had received more than 66 Gy to prostate PTV were to be
considered evaluable; if dose delivered was below this the patient was to be withdrawn
and a new patient was to be recruited. No minimum evaluable dose level was set for
pelvic nodal PTV. Per protocol, activity modification to radium-223 cycles was not
permitted, however it was accepted patients may be withdrawn from treatment prior
to receiving final cycle. Patients who had received 4 or more cycles were to be
considered evaluable, if fewer than 4 cycles were received the patient was to be
withdrawn and replaced. It is clear from table 4-5 a number of patients discontinued
treatment before intended doses were delivered. These are detailed in table 4-15 below.
Table 4-15 Details of patients in ADRRAD trial who failed to complete planned treatment and
outcome post treatment discontinuation

Patient

Treatment
omitted

Reason for omission

Outcome

008

C6 radium-223

Plt 43 (Gr 3)

Had resolved to grade 1
after 6 weeks, completed
trial follow up.

WCC 1.8 (Gr 3)
Despite 1 week delay
016

C6 radium-223

028

Final 7 fractions Cystitis (Gr 3)
Admitted to hospital, AKI
radiotherapy (60 Acute kidney injury resolved with IVF, catheter
Gy to prostate 49 AKI (Gr 3)
removed 1 month later.
Gy to LN)
Continued with radium223 C3-5.
C6 radium-223

Disease progression

Fatigue
Plt 79 (Gr 1)
WCC 3 (Gr 1)

Progressed onto mCRPC
pathway.

Clinically improved at next
review, completed trial
follow up.
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The patients still on treatment are all beyond the concurrent phase. 29 of 30 patients
successfully completed a course of radiotherapy with prescribed dose ³ 70 Gy in
combination with radium-223.
Patients 008 and 016 completed all WPRT but stopped radium-223 after 5 cycles had
been delivered. Patient 008 experienced greater haematological toxicity than any other
patient in the trial, his case is discussed further in section 4.4.1.2. Patient 016
progressed into mCRPC during study and was moved onto appropriate novel hormone
agent.
Patient 028 terminated radiotherapy early due to acute grade 3 GU radiation toxicity,
which subsequently resolved, and he carried on with radium-223 treatment up to C5.
Grade 3 GU toxicity is a rare consequence of radical prostate radiotherapy. In the
PIVOTAL trial discussed previously, acute grade 3+ GU toxicity occurred in 6 of 61
patients in the prostate only group and 2 of 61 in the prostate and pelvis group. Thus,
the rate in ADRRAD of 1 in 30 is in keeping with the rate seen in prospective trial of
radiotherapy alone. There is no signal that the combination treatments are resulting in
synergistic bladder toxicity, as one would expect from radium-223 pharmacodynamics
and dosimetry. This patient had not yet met the 66 Gy value which per protocol would
have made him evaluable. He was however ultimately included in analysis at
investigators discretion. It was felt important that his experience was captured and
reported within the safety population. The stipulation that patients should have
completed 66 Gy to be evaluable was, on reflection, better suited to a trial assessing
efficacy. For a trial design such as this, reporting safety outcomes is obviously
necessary for all treatment levels received; this is even more important when treatment
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had to be de-escalated due to toxicity. The protocol was not amended to remove this
stipulation given it only came to prominence on patient 28 i.e. late in the trial.
4.4.3

Toxicity

4.4.1

Raw adverse event rates

The trial protocol defined unacceptable toxicity as ³ 20% of patients experiencing
acute grade 3-4 toxicity in any domain. Tables 4-6 to 4-10 show clearly no toxicity
domain reaches this level. There was no grade 4 toxicity seen and the maximum rate
of grade 3 toxicity was 6.7% for musculoskeletal pain and leucopenia.
4.4.1.1

GI/GU toxicity

Diarrhoea and urgency occurred at a cumulative, all grades rate of 80%. This is higher
than in previous trials (cf later sections comparing ADRRAD to existing evidence
base), but the vast majority of this toxicity was grade 1.
Seven patients experienced low grade PR bleeding. For 6 of these patients it occurred
during the course of radiotherapy treatment and was associated with loose bowels,
repeated wiping +/- some degree of radiotherapy skin reaction. In one patient it
occurred after completion of WPRT but was associated with a documented history of
haemorrhoids which were present on digital rectal examination at the time. Lower GI
endoscopy was considered but given the low-grade and self-limiting nature, in each
case this was felt likely to cause more trauma than it would gain any clinical benefit.
It was anticipated in this trial that the pelvic toxicity seen would be predominantly due
to WPRT derived dose to bladder and bowel. It is clear from figures 4.3B and 4.4B
that the vast majority of GI and GU toxicity occurs during WPRT. Genitourinary
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toxicity is negligible after this point. There is a low-incidence of persisting GI toxicity
beyond completion of WPRT.
The key purpose of this thesis was to test the toxicity of the combination of treatments,
effectively answering the question, “When these treatments are used together, what is
the toxicity burden relative to either one of the treatments alone and is that burden
acceptable?” To answer that question fully demands a careful look at the rates of
toxicity in this combination trial and how those rates compare with each modality used
singly.
As mentioned, PIVOTAL provides an excellent comparator for ADRRAD in terms of
toxicity attributable to WPRT alone, although the schemes used to describe toxicity
are not identical. PIVOTAL assessed acute toxicity using RTOG scale(168). Late
toxicity was assessed using CTCAE(175) and RTOG toxicity scales(168), but it
reports cumulative late toxicity outcomes using the RTOG scale. ADRRAD toxicities
were all reported according to CTCAE scales. Table 4-16 below compares RTOG and
CTCAE schemes. The RTOG terms “Lower GI” and “Genito-urinary” are compared
with the CTCAE terms “Diarrhoea” and “Cystitis non-infective” respectively. They
are seen to be reasonably comparable in terms of grading severity. It is noted RTOG
encompasses all toxicity in the broad headings “Lower GI” and “Genito-urinary”
whereas CTCAE contains many additional terms relating to both GI and GU toxicity,
e.g. frequency, flatulence, incontinence etc.
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GU

System
GI

Genitourinary

Cystitis
noninfective

CTCAE

Diarrhoea

CTCAE

RTOG

Term
Lower GI

Scheme
RTOG

Microscopic haematuria;
minimal
increase
in
frequency,
urgency,
dysuria, or nocturia; new
onset of incontinence

Frequency of urination or
nocturia
twice
pretreatment
habit/dysuria, urgency not
requiring
medication

Increase of <4 stools per
day over baseline; mild
increase in ostomy output
compared to baseline

Grade 1
Increased frequency or
change in quality of bowel
habits
not
requiring
medication/rectal
discomfort not requiring
analgesics

Moderate
haematuria;
moderate
increase
in
frequency, urgency, dysuria,
nocturia or incontinence;
urinary catheter placement or
bladder irrigation indicated;
limiting instrumental ADL

Frequency of urination or
nocturia that is less frequent
than every hour. Dysuria,
urgency,
bladder
spasm
requiring local anaesthetic
(e.g., Pyridium)

Increase of 4 - 6 stools per day
over baseline; moderate
increase in ostomy output
compared to baseline

Grade 2
Diarrhoea
requiring
parasympatholytic drugs (e.g.,
Lomotil)/mucous
discharge
not necessitating sanitary
pads/rectal or abdominal pain
requiring analgesics

Grade 3
Diarrhoea
requiring
parenteral support/severe
mucous or blood discharge
necessitating
sanitary
pads/abdominal distention
(flat
plate
radiograph
demonstrates
distended
bowel loops)
Increase of >=7 stools per
day
over
baseline;
incontinence; hospitalization
indicated; severe increase in
ostomy output compared to
baseline; limiting self-care
ADL
Frequency with urgency and
nocturia hourly or more
frequently/dysuria,
pelvis
pain or bladder spasm
requiring regular, frequent
narcotic/gross haematuria
with/ without clot passage
Gross
haematuria;
transfusion, IV medications
or hospitalization indicated;
elective
endoscopic,
radiologic or operative
intervention indicated

Table 4-16 Comparison of RTOG versus CTCAE toxicity scoring schemes in GI and GU domains

Death

Death

Death

Grade 5
Death
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Life-threatening
consequences;
urgent
radiologic or operative
intervention indicated

Haematuria
requiring
transfusion/acute bladder
obstruction not secondary to
clot passage, ulceration, or
necrosis

Grade 4
Acute
or
subacute
obstruction,
fistula
or
perforation; GI bleeding
requiring
transfusion;
abdominal pain or tenesmus
requiring
tube
decompression or bowel
diversion
Life-threatening
consequences;
urgent
intervention indicated

Considering figures 4.3 and 4.4 it is important not to overinterpret the ADRRAD
results as they are based on a small sample of patients. However, the patterns of GI
toxicity in particular appear quite different. In PIVOTAL WPRT cohort, there is
essentially a bell-shaped distribution of toxicity with peak grade 2 toxicity occurring
at week 6, affecting 25% of patients, and 1 patient with grade 3. In ADRRAD there is
a trend to two distinct peaks in toxicity at week 2 and week 6, this is seen in grade 1
and grade 2 toxicity. Absolute rates of grade 2+ GI toxicity by timepoint are lower in
ADRRAD than PIVOTAL with peak grade 2+ toxicity incidence of 26% in PIVOTAL
versus 7% in ADRRAD. Genito-urinary toxicity more closely follows the bell-shaped
distribution seen in PIVOTAL albeit with more variability as a consequence of the
small sample size. Peak incidence of acute bladder toxicity in PIVOTAL occurred at
week 8. This was the timepoint of highest grade of toxicity seen in ADRRAD – indeed
this was the only timepoint when any grade 3 toxicity was seen in ADRRAD. The
absolute rates of GU toxicity are again lower in ADRRAD than in PIVOTAL with
peak grade 2+ toxicity in ADRRAD 14% versus 40% in PIVOTAL.
So, in both GI and GU, absolute toxicity prevalences in ADRRAD are lower; in GU
the temporal distribution of toxicity is similar in both trials; in GI the distribution is
different with a bimodal distribution in ADRRAD. The difference in absolute toxicity
rates may be partially explained by the difference in RTOG versus CTCAE assessment
criteria being used. Other factors are conserved across the two trials, a similarly aged
population of UK men and assessments performed by investigator at the time of
clinical review. Doses to PTVs are identical although margins applied are slightly
different. In ADRRAD prostate + seminal vesicle PTV treated to 74Gy is 10mm
circumferentially except 7mm posterior, whilst PIVOTAL used a 2 dose level prostate
PTV, 74Gy delivered to prostate and involved seminal vesicles with 5mm
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circumferentially except 0mm post. There is no biological plausibility that adding
radium-223 to pelvic nodal radiotherapy is protective against toxicity, therefore it is
difficult to conclude that there is in fact a significantly lower toxicity burden with
ADRRAD. The difference in temporal distribution of GI toxicity is interesting, there
do appear to be peaks in both grade 1 and grade 2 GI toxicity in weeks 2 and 6. If this
is a true effect, this increase in toxicity is occurring 7-14 days after C1 and C2 radium223 concurrent with WPRT on each occasion.
Based on radium-223 pharmacokinetics, as described in chapter 1, there is almost
certainly a low dose delivered to GI mucosa during drug excretion. This is the likely
cause of the low grade GI toxicity seen in ALSYMPCA(89) where 25% of patients in
radium-223 group experienced diarrhoea (all grades, cumulative) versus 15% in
placebo group. So, it is likely that in ADRRAD GI toxicity is a function of two
radiation sources, baseline daily WPRT producing a bell-shaped distribution as in
PIVOTAL but radium-223 dose on week 1 and week 5 manifesting as a spike in GI
toxicity 1 week later. A larger sample would be required to determine first if this
phenomenon is real and secondly to assess the magnitude of its effect. Reassuringly,
the present data suggests acceptable toxicity, i.e. there is no signal of an unexpectedly
high rate or grade of toxicity as might be expected if synergy was occurring in the
toxic effects of WPRT and radium-223 radiation exposure.

To further place ADRRAD toxicity in the context of radiotherapy trials, table 1-1 from
chapter 1 is included below, this time with ADRRAD toxicity added. This compares
ADRRAD to 1) pelvic radiotherapy trials from the pre-IMRT era, 2) pelvic
radiotherapy trials with IMRT and 3) our own institutional rates of toxicity seen when
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treating patients with WPRT by IMRT in the BHSCT. Peak acute GI toxicity is given
for each trial. ADRRAD compares favourably not only with PIVOTAL as the
prospectively assessed gold standard but also against our own rates of institutional
toxicity as assessed retrospectively using the RTOG toxicity scheme.
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138

55 Gy

60 Gy

73

30

WPRT

WPRT

60 Gy

55-60 Gy

60 Gy

-

60 Gy

55 Gy

50 Gy

50.4 Gy

-

45 Gy

Pelvic dose

1.62 Gy

1.49-1.62 Gy

1.62 Gy

-

1.62 Gy

1.49 Gy

1.35 Gy

1.8 Gy

-

1.8 Gy

Pelvic Dose / #

VMAT

IMRT

IMRT

-

IMRT

IMRT

4 field
conventional
IMRT

Method of Pelvic
Irradiation
4 field
conventional
-

Grade 2+ = 7%

Grade 2+ = 21%

Grade 2+ = 26%*

Grade 2+ = 7%*

Grade 2+ = 54%

Grade 2+ = 56%

Grade 2+ = 40%

Grade 3+ = 2%

Grade 3+ = 1%

Peak Acute GI
toxicity
-

-
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Grade 2+ = 13%

Grade 2+ = 24%

Grade 2+ = 16.9%

Grade 2+ = 13.2%

Grade 2+ = 8.9%

Grade 2+ = 8.3%

Grade 3+ = 1.7%

Grade 3+ = 0.6%

Grade 3+ = 10pts

Late GI toxicity

*Reported as week 6 toxicity, the week with peak grade 2+ toxicity (26%) and week with greatest difference between PORT and WPRT

Belfast
Retrospective
ADRRAD

PIVOTAL(58)

62

70

50 Gy

RMH Dose
escalation(57)

WPRT

25

WPRT

62

643

PORT

PORT

603 (72%
WPRT)
640

PR07(49)

RTOG
9413(52)

N

Trial

Table 4-17 Taken from chapter 1 table 1-1 comparing radiotherapy trials involving WPRT in prostate cancer; updated to include ADRRAD details

GI toxicity between ALSYMPCA and ADRRAD is more directly comparably given
both trials used CTCAE scoring. GI toxicity is compared below.
Table 4-18 Cumulative rates of GI toxicity expressed as proportion of total number of patients
experiencing toxicity, by CTCAE grade. Figures for ALSYMPCA relate to radium-223 treatment
arm only. Expressed as percent (numbers of patients in brackets)

CTCAE Term

Study

All grades

G3

G4

G5

Diarrhoea &
urgency

ALSYMPCA

25 (151)

2 (9)

-

-

ADRRAD

80 (24)

-

-

-

36 (213)

2 (10)

-

-

ADRRAD

33.3 (10)

-

-

-

ALSYMPCA

17 (102)

2 (9)

-

-

ADRRAD

13.3 (4)

-

-

-

Nausea & vomiting ALSYMPCA

Anorexia

There is much greater difference between the populations in ALSYMPCA and
ADRRAD than there is between those in PIVOTAL and ADRRAD. Most
significantly, in ALSYMPCA all patients had mCRPC and had been through previous
lines of treatment. 13% of patients were PS = 2. So, they were a less fit population
with more advanced malignancy. Accepting that, comparison between ALSYMPCA
and ADRRAD is still valid to explore how much of the ADRRAD GI toxicity burden
might be explained by radium-223 alone. Diarrhoea was the second commonest GI
toxicity seen in ALSYMPCA after nausea, occurring at a rate of 25% all grades
(cumulative) and 2% grade 3 (cumulative). The rate of diarrhoea/urgency is higher in
ADRRAD at 80% all grades, cumulative, however only 10% of patients experienced
grade 2 toxicity and no grade 3 or higher toxicity was observed. Toxicity is
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significantly more common with combination treatment than is seen with radium-223
alone, but not more severe.
4.4.1.2

Haematological toxicity

Table 4-19 Cumulative rates of haematological toxicity expressed as proportion of total number
of patients, by CTCAE grade. Figures for ALSYMPCA relate to radium-223 treatment arm only.
Expressed as percent (numbers of patients in brackets)

CTCAE Term

Study

All grades G3

G4

G5

Anaemia

ALSYMPCA

31 (187)

11 (65)

2 (11)

-

ADRRAD

46.7 (14)

-

-

-

ALSYMPCA

12 (69)

3 (20)

3 (18)

<1 (1)

ADRRAD

23.3 (7)

3.3 (1)

-

-

ALSYMPCA

5 (30)

2 (9)

1 (4)

-

ADRRAD

73.3 (22)

3.3 (1)

-

-

Thrombocytopenia

Neutropenia

Table 4-19 shows that in ADRRAD the rates of haematological toxicity are clearly a
lot higher than in ALSYMPCA, with 73.3% of patients experiencing some degree of
neutropenia. This is a surprising result, particularly given that the ADRRAD
population was on the whole fitter than the ALSYMPCA population, with earlier
disease and therefore presumably better bone marrow function at baseline.
Across all blood results there is statistically significant reduction between baseline and
cycle 3 (Table 4-12). The difference remains significant between baseline and end of
study again for all parameters tested. The change is least impactful upon haemoglobin
and most impactful on lymphocyte counts. This may not have a direct clinical impact
in terms of immune function, but with T cell dependent immunotherapy(176) likely to
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become a feature of prostate cancer treatment in the future, the implications of
lymphopenia may need to be carefully considered.
Bone marrow suppression is a well-established toxicity of all radionuclide therapy.
The nature of alpha particle dosimetry, as discussed in chapter one, offers a degree of
bone marrow sparing, however a reduction in blood count parameters was still seen in
ALSYMPCA(89) with anaemia being no different in treatment versus placebo groups
but thrombocytopenia and neutropenia being more common in radium-treated group
(12% vs 6% and 5% vs 1% respectively).
The much higher rates of bone marrow suppression in ADRRAD versus ALSYMPCA
shown in in table 4-19 are difficult to explain. The ALSYMPCA population were less
fit and had more advanced malignancy so one would expect bone marrow in these
patients to be more compromised and more sensitive to suppression. However, that
population contained a lot more patients who were taxane naïve than did ADRRAD
(In ALSYMPCA 57% patients in the treatment group had received prior docetaxel
versus 93.3% in ADRRAD). Dividing the ADRRAD group by prior taxane does not
generate any statistically significant differences due to small numbers as shown in in
figures 4.10-4.12. However, at almost all time points, mean counts are lower in
docetaxel treated patients; there is arguably a signal of legacy bone marrow
suppression in patients pre-treated with docetaxel.
The other obvious difference in populations is the WPRT being received by the
ADRRAD population. The degree to which WPRT induces bone marrow suppression
in patients with otherwise healthy bone marrow is the subject of debate. The majority
of studies examining this question have been conducted in cervical and rectal cancer,
where radiation is commonly delivered alongside chemotherapy, making it difficult to
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draw accurate conclusions about bone marrow suppressive effects of WPRT
alone(177,178). One recent small prospective study in prostate cancer found that
haemoglobin and white cell count was significantly lower in patients receiving WPRT
versus PORT but by a small and questionably clinically significant amount (Mean
HgB 124g/l WPRT vs 132g/l PORT p<0.01, Mean WCC 1.38x 10e9 /L WPRT vs 1.97x
10e9 /L

PORT p<0.03)(179). Bone marrow is likely to behave as a parallel organ from

a radiotherapy point of view and it is possible the cumulative doses delivered from
radium-223 plus WPRT are enough to result in a degree of synergistic toxicity,
responsible for the changes in counts as seen. The ultimate underlying mechanisms are
likely a complex interplay between degree of bone marrow involvement by prostate
cancer, individual marrow dosimetry from both radium-223 and WPRT and individual
radiation sensitivity which varies in a polygenetic manner across a population.
It is clear from figures 4.13 and 4.14 patient 008’s haemoglobin and platelet counts
were reduced more than any other patient. Figure 4.15 shows he was less of an outlier
in terms of white cell count. He was the only patient to experience grade 3
haematological toxicity across more than one cell lineage; grade 3 thrombocytopenia
once lasting 20 days, grade 3 leucopenia twice lasting 28 and 20 days respectively.
(One other patient experienced grade 3 leucopenia and grade 3 neutropenia, both
asymptomatic). He experienced dose delays due to haematological toxicity (cycle 5
delayed 7 days due to thrombocytopenia) and was the only patient who did not
complete full 6 cycles of radium-223 as a result of haematological toxicity. He
remained well, not suffering any bleeding, sepsis and not requiring any transfused
blood product. However, there is a signal that he experienced a level of haematological
toxicity outwith the other participants in trial thus far. Prior to his diagnosis of prostate
cancer, patient 008’s only past medical history was of controlled hypertension; he
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received bendroflumethiazide, the dose of which had been stable since 2011. His
baseline blood counts on referral to the oncology service were: Hgb 12.2, WCC 4.0
ANC 2.3 Plt 311. He had no family history of any blood dyscrasia. Pre-trial he had
received 6 cycles of docetaxel with no delays or admissions. He received 74 Gy to
prostate and 60 Gy to pelvis and standard 55kBq/kg. His weight varied slightly across
the 5 cycles he received, with a mean of 93.44kg, resulting in a mean activity per
injection of 5185.4kBq; this is only slightly above the mean activity (all patients all
cycles) = 5102.2kBq SD = 669.7. In common with the majority of trial participants he
had high volume bone metastases by CHAARTED definition. It is not possible
currently to conclude why his toxicity differed from the remainder of the population.
Likely host genetic factors associated with bone marrow sensitivity to DNA damaging
agents are involved. The case of patient 008 underlines the importance of developing
a more personalised approach to dosimetry of molecular radiotherapy in the future.
Haematological toxicity was extremely common in ADRRAD, but generally of low
grade. Blood counts fall during concurrent treatment with a tendency to increase
towards end of treatment but still remaining significantly below baseline at end of
study. The haematological toxicity is of greater frequency but not magnitude than that
seen in ALSYMPCA, variations occur across the population as one would expect but
with no clear predictive marker.
These findings have important implications, first and foremost there is no sign of
intolerable haematological toxicity with this combination. The reduction in blood
counts may be asymptomatic but clinically relevant in the era of immunotherapy. Bone
marrow sparing radiotherapy techniques may warrant consideration. Identification of
biomarkers predicting radiation sensitivity are necessary, as are methods of
personalising radionuclide dosimetry cf chapter 6.
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4.4.1.3

Other toxicity and SAEs

Other toxicities are predictable from known side effects of treatments being delivered.
There is no sign of unexpected type or grade of toxicity from the combination.
Skeletal health and skeletal toxicities are considered separately in chapter 5.
SAEs are outlined in table 4-11 and each is discussed in detail in appendix 15.
Considering SAEs overall, any that have occurred have been so defined on the basis
of hospital admission, from which a full recovery has been made - no occurrences of
lasting morbidity or premature death have been recorded. Trial treatments may
conceivably have had some contributory role in each of these developing. Apart from
patient 028 with radiation induced cystitis, it is equally as conceivable that each of
these men could have exactly the same clinical course on these occasions without
having been exposed to any of the trial treatments. There is no evidence of any repeated
causal links between any of the trial treatments and hospital admission. There is
certainly no evidence of serious, novel synergistic toxicity from combination radium223 and WPRT in the pattern of SAEs seen.
4.4.2

Quality of life

Considering first compliance with questionnaire completion, it is clear from table 413 that the vast majority of questions were answered completely and certainly
sufficient to allow analysis.
Considering absolute EPIC scores, figures 4.16-4.20 show a number of features.
Firstly, sexual scores are uniformly low, below 30 at all timepoints in trial. At this
stage in treatment, this likely relates to the effects of ADT, perhaps with some
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component of effect from the disease itself. Bowel and urinary scores mirror each other
in change over time; both fall to a nadir at cycle 3 before rising again.
Table 4-14 shows the statistical significance of these changes. The fall between
baseline and C3 is statistically significant for both GI and GU QOL but each has
returned to baseline levels at end of study. These findings are understandable in the
context of the timescales of GI and GU toxicity discussed above. It shows that patient
reported QOL and physician assessed toxicity are closely related. Reassuringly, it
supports the conclusion that there is no signal of lasting clinically apparent toxicity
that is detracting from patient QOL at the end of study, though the toxicity burden of
treatment does significantly reduce QOL in 2 domains around C3.

4.5 Summary chapter 4
GI and GU toxicity is similar to that seen in prospective radiotherapy trials, accepting
variable methods of assessing toxicity. GI toxicity is significantly greater than when
radium-223 is used as monotherapy, there may be a signal toward additive toxicity in
the week following radium-223 administration during concurrent therapy.
The treatment is associated with a greater degree of bone marrow suppression than is
seen with radium-223 monotherapy. The extent of this remains within the clinically
manageable grade 1-2 in the vast majority of cases. Occasionally grade 3
haematological toxicity is seen; there may be particular individuals susceptible to such
toxicity. There is some emerging evidence that greater haematological toxicity is seen
in patients who have received cytotoxic therapy in the year preceding ADRRAD
treatment but there are too few patient numbers to allow any firm conclusions to be
drawn currently.
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SAEs have occurred but none resulted in any lasting morbidity or contributed to early
death. No concerning patterns are seen in SAEs.
In regard to primary objectives and endpoints:
1. Adequate recruitment rate (30 patients in 24 months)
It was not possible to recruit all patients within the target timeline. The reasons for this
have been discussed. Despite this, 30 patients have been recruited from a single site.
A large, multicentre phase III study is considered feasible.
2. Acute GI and GU toxicity of multimodality treatment (as assessed by CTCAE v4.03
during treatment and until 8 weeks post final radium-223 infusion).
The defined stop-go threshold for future phase III trial was a rate of 20% grade ³3
toxicity. Toxicity rates were below this level.
There have been interesting hypothesis generating results in relation to timing of GI
toxicity and how radium-223 and WPRT doses might overlap to generate spikes in
toxicity. The haematological toxicities are greater than might be predicted from
ALSYMPCA and have also produced hypothesis generating results in relation to
individual dosimetry and sensitivity.
There is a signal to lasting bone marrow suppression at end of trial relative to baseline,
this is unlikely to be clinically apparent but may have implications for future lines of
treatment.
3. Quality of life during and after treatment.
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QOL shows predictable patterns of change mirroring AEs but no statistically
significant difference is apparent at end of study compared to baseline.
Safety results to date are encouraging, which was the primary objective of this trial. It
was also designed to explore early signals of efficacy; these are described in the next
chapter.
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5 Secondary Objectives of the ADRRAD trial – Efficacy of
the Combination Treatment and its Impact on Skeletal
Health
5.1 Introduction
The secondary endpoints of the ADRRAD trial aimed to explore signals of efficacy
using this unique combination of treatments.
5.1.1

Trial design

The secondary endpoints of the ADRRAD trial discussed in this chapter are outlined
in Table 5-1.
Table 5-1 The primary and secondary objectives and endpoints of the ADRRAD trial
Primary Objectives:

Primary Endpoints:

1. To demonstrate the safety, toxicity and
feasibility of the combination of ADT + radium223 + IMRT in men with castration sensitive,
M1b metastatic prostate cancer with a view to
larger future randomised trials.

1. Adequate recruitment rate (30 patients in 24
months)
2. Acute GI and GU toxicity of multimodality
treatment (as assessed by CTCAE v4.03 during
treatment and until 8 weeks post final radium-223
infusion).
3. Quality of life during and after treatment (as
assessed by EPIC scores until 6 months after final
radium-223 infusion).

Secondary Objective:

Secondary Endpoints

1. To assess efficacy of ADT + radium-223 1.
+ 1. Radiological Response – time to radiological
IMRT in this population
progression (whole body MRI)
2. PSA response and time to PSA progression (as
defined by Prostate cancer working Group 2)
3. Time to ALP progression
4. Time to first Symptomatic Skeletal Event
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5.1.2

Radiological response

As discussed in chapter 2, wbMRI was selected as the method of assessing radiological
response. This provides a significant improvement over nuclear medicine NM bone
scan in terms of assessing response(136). wbMRI scans were performed at baseline, 8
weeks post final cycle of radium-223 and again at end of study 6 months post final
radium-223.
5.1.3

Biochemical measures of efficacy and post-trial anticancer

therapies and overall survival
PSA and ALP progression were chosen as biochemical endpoints in the trial, as
discussed in chapter 2. In this group of patients, biochemical progression to mCRPC
will trigger consideration of treatment with further lines of systemic therapy. This is
an important clinical endpoint. There are a limited number of survival prolonging
options for patients with mCRPC as discussed in chapter 1. Also, these treatments are
associated with significant toxicities. It is therefore clear that a delay in progression to
next line of therapy is preferable. An extension of this section describes time to next
treatment and type of therapy received by patients who have progressed after
completion of trial treatments. Although this is a small phase I/II study and overall
survival did not feature as secondary objective in the protocol, it has been analysed as
an exploratory extension.
5.1.4

Skeletal health and symptomatic skeletal events

As discussed in chapter 1, given the tropism of metastatic prostate cancer for bone,
skeletal health is a crucial determinant of overall health of patients with the disease.
Bone metastases cause pain, increased risk of fracture and the potential for metabolic
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complications. Prostate cancer and its treatment can also have deleterious effects on
the skeleton; the bone mineral density reducing effects of hormone therapy are well
described in the literature(180). Recent evidence from the ERA-223 study, discussed
in chapter 1, pointed to an increased rate of fractures when radium-223 is used in
combination with abiraterone(98) (29% vs 11% of patients in abi-radium combination
versus abi-placebo combination respectively).
In the original design of ADRRAD (c.f. section 2.4.6.4) measures of skeletal health
were primarily designed to assess for complications of bone metastases. The protocol
definition of “symptomatic skeletal event” is the same as that used in ALSYMPCA
namely: “first use of external beam radiotherapy to relieve skeletal symptoms; new
symptomatic pathological [malignant] vertebral or non-vertebral bone fracture; spinal
cord compression; tumour-related orthopaedic surgical intervention”. Following ERA223 and the EMA review of radium-223, the trial protocol was amended such that all
fractures were reportable up to 2 years post initiation of radium-223 treatment.
Fracture rates by type are also reported here in line with this amendment.

5.2 Methods
5.2.1

Radiological assessment

Per protocol, all patients had a technetium bone scan and wbMRI performed on entry
into study. wbMRI was performed again 8 weeks after cycle 6 radium-223 and finally
6 months after cycle 6 radium-223 at the end of the study. Scans were performed on a
General Electric Sigma Explorer 1.5 Tesla MRI scanner, with patients in headfirst
supine position and acquiring T1, T2 and STIR sequences. A single independent
consultant radiologist, with subspecialty interest in musculoskeletal and prostate MRI
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imaging, assessed and reported all available scans. Scans were compared pairwise
within each patient, baseline to post cycle 6 and post cycle 6 to end of study.
Red marrow reconversion is the process by which normal adult fatty marrow
undergoes conversion into highly cellular haematopoietic bone marrow in response to
a number of stimuli, including chemotherapy(181). Perhaps due to the washout period
between docetaxel and commencing study, the ADRRAD cohort in general
demonstrated little of this reconversion, with the result that images showed excellent
contrast between metastases and fatty marrow on T1 weighted images therefore most
emphasis on response assessment was placed on T1 weighted images. Scans were
reported in categorical fashion as impression of overall disease behaviour showing:
complete response, partial response, stable disease, mixed response, progressive
disease. Progression was identified by an increase of 25% in either perilesional oedema
or size of lesions themselves. Response was identified by a decrease in the size of
lesion by 25% or the development of fat signal around the lesion showing regression
of lesion and replacement by fatty marrow. Stable disease fell between these
definitions.
5.2.2

Biochemical and survival assessment

All laboratory analysis was performed in the BHSCT department of biochemistry.
Bloods were checked at baseline, prior to each cycle of radium-223, 8 weeks post final
cycle radium-223 and again at end of study. PSA is quoted in ng/mL and ALP in U/L
throughout. In the BHSCT labs, normal ranges for PSA and ALP are 0-7.5ng/mL and
30-130 U/L respectively. PSA progression was defined using the Prostate Cancer
Working Group II (retained in PCWG III) definition “the date that a 25% or greater
increase and an absolute increase of 2 ng/mL or more from the nadir is documented,
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which is confirmed by a second value obtained 3 or more weeks later”(133,138). Data
are presented as changes in ALP and PSA between trial timepoints; biochemical
progression free survival analysis (with regard to PSA) is also presented as is next anticancer treatment free survival and overall survival.
5.2.3

Skeletal assessment

All skeletal events were extracted from trial AE line listing. On trial visits patients
were asked about symptoms in keeping with skeletal events and if necessary
appropriate investigations were instituted. Where a skeletal event had occurred, it was
categorised by an investigator. Firstly, whether or not it was metastatic in origin.
Events at sites of metastasis were recorded as either symptomatic skeletal events or
asymptomatic malignant fractures. Events at non metastatic sites were categorised as
being either traumatic fractures (if event was coincident with a history of trauma) or
fragility fractures (no history of trauma sufficient to result in fracture).
5.2.4

Statistical methods

Statistical analysis was performed throughout using SPSS v25 (IBM). Statistical tests
have been used depending on the data type and hypothesis under test, these are
described in relevant results sections. To test the equivalence of means of scale data,
analysis was performed using Shapiro-Wilk’s test (169) and visual inspection of
histograms, normal Q-Q plots and box-plots to determine if data fitted a normal
distribution. Where data fitted normal distribution, T-test was performed, if not, nonparametric test was performed. Survival analyses were performed by standard Kaplan
Meier methods.
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The heterogeneity of patients’ pre-trial treatment presents a problem for survival
analysis – 2 patients joined the trial without prior docetaxel treatment and are therefore
much earlier in the overall disease course than those patients who joined after 5-6
cycles of docetaxel and approximately 6 months of LHRHa therapy. To attempt to
account for this heterogeneity, survival analysis begins from first administration of
either docetaxel or (in those who didn’t receive docetaxel) radium-223 administration.

5.3 Results
5.3.1

Population

Data are reported for all 30 patients, with as many datapoints as available at datalock.
As of interim datalock for blood results (11.07.2019) 27 patients have complete data
for all 9 timepoints. 1 patient each have 8, 6 and 4 datapoints available.
As of interim datalock for radiological data (06.12.2019) 25 patients have had 2 pairs
of MRI scans to compare (baseline to post C6 and C6 to endstudy), 3 patients have a
single pair to compare (1 patient missed baseline scan, 2 patients have endstudy scan
pending). One patient died after having had baseline scan only. One patient was
claustrophobic and intolerant of any MRIs.
As of interim datalock for fracture review (21.07.2019), 20 patients have completed 2
years fracture follow up post first radium-223, 10 patients are still within the follow
up window.
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5.3.2

Radiological biomarkers of disease response

Radiological change is detailed in waterfall plots below fig 5.1 and 5.2. For each
patient, pairs of scans are compared; between baseline and end of C6 radium-223 and
between end of C6 and end of study. A fall below the origin indicates disease response
as either partial response or complete response; no movement from origin indicates
stable disease or mixed response, a rise above indicates progressive disease.
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Response post C6

Response Post C6
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Figure 5.1 Waterfall plot of radiological response between pre-treatment wbMRI to wbMRI post
C6 radium-223. Patients are categorised in terms of overall response PD = progressive disease, SD =
stable disease, PR = partial response, CR = complete response. Evaluable n = 26.
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Figure 5.2 Waterfall plot of radiological response between wbMRI post C6 radium-223 and
wbMRI performed at end of study. Patients are categorised in terms of overall response PD =
progressive disease, SD = stable disease, PR = partial response, CR = complete response. Evaluable n
= 25
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Figure 5.3 Coronal T1 weighted
sequences of patient 008 pelvis and upper
femora. Left panel baseline and right panel
8 weeks post C6 showing replacement of
bilateral upper femoral low-signal tumour
infiltration with high signal fat (marrow).
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Figure 5.4 Sagittal T1 weighted sequences
of patient 007 lumbar spine. Left panel
baseline, right panel 8 weeks post C6
showing return of normal high signal fat
(marrow) in multiple areas previously
diffusely affected by low signal tumour.
Large metastases remain in L2 and S1.
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Figure 5.5 Sagittal T1 weighted sequence
of pt 006 thoracic spine. Left panel
baseline, right panel 8 weeks post C6
showing progression with increasing size of
multiple areas of low signal tumour
infiltration in thoracic vertebrae.

5.3.3

Biochemical biomarkers of disease response and progression to

next line therapy
A Shapiro-Wilk’s test(169) (p<0.05) and visual inspection of histograms, normal Q-Q
plots and box-plots showed that PSA and ALP were not normally distributed for each
time point. Therefore, non-parametric means are used to display and analyse data.
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Figure 5.6 shows median PSA by timepoint, error bars are interquartile range.
Scatter plot of median PSA by study timepoint
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Figure 5.6 Scatter plot displaying median PSA of all trial patients by trial timepoint

Figure 5.7 shows all patients PSA responses by time point. Patient 001 and 016 are
excluded. Patient 001 started study very early in disease course while PSA was still
falling. Patient 016 progressed during study with a rapid rise in PSA as he progressed
into castration resistance and ultimately dying of prostate cancer.
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Figure 5.7 Multi-line plot of all patient PSA response by timepoint
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Figures 5.8 and 5.9 show waterfall plots comparing the PSA of each patient pairwise
between screening and cycle 6 and between screening and end of study. A fall below
origin represents a fall in PSA, a rise from origin indicates a rise in PSA.

Waterfall plot of PSA change between screening and cycle 6

PSA change from baseline (ng/ml)

10.00

5.00

.00

17

6

12

24

2

23

20

11

25

7

5

4

28

27

9

8

15

19

3

22

13

14

26

18

-5.00

ID

Figure 5.8 Waterfall plot of PSA change between screening and cycle 6. Arithmetic difference
between PSA at C6 minus PSA at baseline, displayed for each trial participant and arranged from
greatest fall (left) to greatest increase (right).

Waterfall plot of PSA change between screening and end of study
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Figure 5.9 Waterfall plot of PSA change between screening and end of study. Arithmetic difference
between PSA at end of study minus PSA at baseline, displayed for each trial participant and arranged
from greatest fall (left) to greatest increase (right).
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Table 5-2 shows results of non-parametric test of significance in difference between
population median PSA from screening to cycle 6 and from screening to end of study.
No significant difference is measured.
Table 5-2 Results of related samples Wilcoxon signed rank test of PSA. The null hypothesis in each
test is: “The median of differences between PSA at time point 1 and timepoint 2 equals 0”

Parameter

Timepoint Pair

Significance

PSA

Screening to
Cycle 6

0.163

Screening to
End study

0.946
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Figure 5.10 shows median ALP by timepoint, error bars are interquartile range.

Scatter plot of median ALP by study timepoint
150.00

ALP (U/L)

100.00

50.00

0.00

Screen

C1

C2

C3

C4

C5

C6

8 week
post

End
study

Timepoint
Error Bars: Interquartile range

Figure 5.10 Scatter plot displaying median ALP of all trial patients by treatment timepoint

Figure 5.11 shows all patients ALP responses by time point. Patient 001 and 016 are
excluded. Patient 001 started study very early in disease course while PSA and ALP
were still falling. Patient 016 progressed during study with a rapid rise in PSA and
ALP as he progressed into castration resistance and ultimately dying of prostate
cancer.
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Figure 5.11 Multi-line plot of all patients ALP by timepoint

197

Figures 5.12 and 5.13 show waterfall plots comparing the ALP of each patient pairwise
between screening and cycle 6 and between screening and end of study. A fall below
origin represents a fall in ALP, a rise from origin indicates a rise in ALP.
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Figure 5.12 Waterfall plot of ALP change between screening and cycle 6. Arithmetic difference
between ALP at C6 minus ALP at baseline, displayed for each trial participant and arranged from
greatest fall (left) to greatest increase (right).

Waterfall plot of ALP change between screening and end of study
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Figure 5.13 Waterfall plot of ALP change between screening and end of study. Arithmetic
difference between ALP at end of study minus ALP at baseline, displayed for each trial participant and
arranged from greatest fall (left) to greatest increase (right).
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Table 5-4 shows results of non-parametric test of significance in difference between
population median ALP from screening to cycle 6 and from screening to end of study.
There is a significant fall (P<0.01) in ALP between screening and cycle 6.

Table 5-3 Results of related samples Wilcoxon signed rank test of ALP. The null hypothesis in each
test is: “The median of differences between ALP at time point 1 and timepoint 2 equals 0”.

Parameter

Pair

Significance

ALP

Screening to
Cycle 6

<0.01

Screening to
End study

0.576
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Figures 5.14 shows survival from first docetaxel or radium-223 until PSA progression
(PCWG2 definition) or death from prostate cancer (2 patients died of metastatic
prostate cancer without PSA progression). Median progression free survival = 21.7
months. Figure 5.15 details the same survival analysis but with the cohort divided into
those with high and low metastatic burden.
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Figure 5.14 Kaplan Meier plot of biochemical progression free survival. Survival analysis begins
at first radium-223 or docetaxel. Survival events are PSA progression and death due to prostate cancer.
Patients are censored at last seen alive without PSA progression and death due to other cause before
PSA progression.
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Figure 5.15 Kaplan Meier plot of biochemical progression free survival stratified by volume of
metastatic disease. Survival analysis begins at first radium-223 or docetaxel. Survival events are PSA
progression and death due to prostate cancer. Patients are censored at last seen alive without PSA
progression and death due to other cause before PSA progression. Metastatic volume is by
CHAARTED definition.
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Figure 5.16 shows survival from first docetaxel or radium-223 until death from any
cause. Median not reached.
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Figure 5.16 Kaplan Meier plot of overall survival. Survival analysis begins at first radium-223 or
docetaxel. Survival event is death. Patients are censored at last seen alive.
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Figure 5.17 shows survival from first docetaxel or radium-223 until first use of next
line anti-cancer therapy. Median = 25.1 months. Table 5-4 shows the next line therapy
used.
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Figure 5.17 Kaplan Meier plot of further anti-cancer treatment free survival. Survival analysis
begins at first radium-223 or docetaxel. Survival event is commencement of a further anti-cancer
therapy. Patients are censored at last seen alive without PSA progression.

Table 5-4 Detailing first post-trial anti-cancer therapy by number of patients.

Anti-cancer
therapy

Number

Enzalutamide

11

Abiraterone

3

Zoledronic acid

2

Prednisolone

1
Page 1
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Table 5-5 shows all skeletal outcomes. There have been 10 SSEs recorded in 6
patients. These relate to palliative radiotherapy or malignant spinal cord compression
(MSCC) or symptomatic malignant fracture (this event did not receive radiotherapy as
it was within an area previously irradiated pre-trial and was managed with analgesia).
Asymptomatic malignant fractures were identified on both protocol and non-protocol
imaging encounters. This included any scheduled trial radiological assessment or any
non-protocol radiological assessment patient received during trial treatment and
follow up.
Non-malignant fractures were recorded as being either traumatic or fragility. Patient
014 had two falls approximately 1 year apart. In the first he sustained a spiral fracture
of the left fibula. In the second he sustained fracture through the radial head.
Radiographs showed no metastases on either occasion, both were managed as
traumatic fractures.
Three fragility fractures occurred. Patient 003 presented to the emergency department
with a three-week history of left ankle pain; there was no history of trauma. At this
time, he had been on LHRHa for three years, he had received 5 cycles of docetaxel
and was 21 months post completion of radium-223 within ADRRAD. He was
maintained on ADT only at the time of this presentation. He was diagnosed with a
stress fracture of the left distal fibula and managed with a 2-week plaster of Paris cast
followed by a walking boot (figure 5.18). Patient 007 had insufficiency fractures of
sacral ala diagnosed on a technetium bone scan. At the time he had been receiving
LHRHa for 30 months and had received 6 cycles of docetaxel at diagnosis; he was 18
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months post completion of radium-223 within ADRRAD and had received 14 days of
C1 enzalutamide when the bone scan was performed. Patient 011 was diagnosed with
an insufficiency vertebral fracture. At the time he had been receiving LHRHa for 2
years, he had received 6 cycles of docetaxel at diagnosis and completed final cycle
radium-223 within ADRRAD 1 year prior to fracture. He was commenced on
Zoledronic acid following fracture.
Table 5-5 Detailing number of patients experiencing bone health events during trial by number
of patients experiencing each event. Top major row in brown details metastasis related events both
SSEs by protocol definition and non-SSE (non-SSE by virtue of being asymptomatic). Lower major
row in pink shows metastasis unrelated outcomes – fractures either coincident with a history of trauma
or fragility fractures.

OUTCOME
Malignant

SSE (10 Events)

Non-SSE (18
Events)
Non-malignant

COUNT
Palliative XRT for skeletal
symptoms

8 courses

Symptomatic malignant
fracture

1

MSCC

1

Asymptomatic malignant
fracture

18 fractures

Traumatic fracture

2 fractures

(4 patients)

(7 patients)

(1 patient)
Fragility* fracture

3 fractures
(3 patients)

* Fragility fracture defined as a fracture in a bone, not at the site of a metastases and
associated with no or minimal trauma. Vertebral and pelvic insufficiency fractures
are included.

In total 11 of 30 patients have experienced a fracture of any description.
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Figure 5.18 Plain radiograph of patient 003 showing an unusual distal fibular fracture in the
absence of any trauma or metastatic deposit
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Figure 5.19 shows survival analysis of time from registration on study to first
symptomatic skeletal event. Median SSE free survival not reached.
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Figure 5.19 Kaplan Meier plot of SSE free survival. Survival analysis begins at registration, survival
event is SSE. Patients are censored at last seen alive without SSE.
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5.4 Discussion
While the main emphasis of the trial was safety and feasibility, it was also important
to investigate for signals of treatment efficacy.
A radiological response is observed in wbMRI scans between baseline and post cycle
6, with 14 of 19 patients demonstrating either partial or complete response, 2 patients
with stable disease and 3 patients with progression. A durable response is less
common, with scans at end of study showing disease progression in 8 of 19 patients,
stable disease in 1, partial response in 7 and complete response (relative to post cycle
6) in 3.
Of the patients who had complete response, 2 showed complete response post cycle 6
which was maintained at end of study, one patient was experiencing partial response
at end of cycle 6 and went on to have complete response by end of study. Some patients
who respond will have a dramatic response, as shown in figures 5.3 and 5.4.
There are uncertainties relating to the timing of scans in relation to both study and prestudy treatments. The majority of patients received upfront docetaxel, therefore they
had been on ADT for 6 months prior to baseline wbMRI and had completed the final
cycle of docetaxel around 8 weeks before this scan. There is nothing in the current
literature or in these data to describe the time course of radiological improvement in
non-DWI MRI whole body scans post docetaxel. Therefore, whilst it is tempting to
attribute the improvement in MRI appearance between baseline and post C6 to trial
radiation treatments, it is impossible to rule out that these are just a lag effect from
ADT and docetaxel.
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An additional unknown is the extent to which bone lesions were still in active turnover
at the time radium-223 was administered. All patients had a technetium bone scan to
determine their metastatic state, but this was only required at a single time point and
for most patients this took place at diagnosis, prior to ADT commencement and for
most many months before trial treatments. It is possible that disease was so well
suppressed at the time that trial treatments were started that little bone turnover was
occurring which may have reduced radium-223 uptake.
The methods for MRI assessment could also be optimised. The current approach to
imaging is a function of imaging technology available in the host centre at the time the
study was designed. It is accepted that this approach is somewhat subjective, based on
the interpretation of one experienced radiologist. Further robustness would be added
to the interpretation of the imaging data if DWI had been incorporated into the MRI
scans. This would significantly increase the time required for interpretation but would
provide an objective ADC map of lesions, allowing numerical expression of response
and progression.
Overall, there is a signal of improvement in wbMRI appearances up to cycle 6 of
radium-223 for the majority of patients compared to trial baseline; some individuals
will then either continue with stable or improved scans whilst some will relapse into
progressive disease. In the current trial design, it is impossible to attribute these
changes to trial treatments alone.
Biochemical markers of disease provide more robust evidence of efficacy. Figure 5.6
shows, as one would expect, PSA remains suppressed during trial treatments. Figure
5.10 detailing ALP shows that between screening and C1 there is no change in ALP.
There is then a progressive decrease for most patients out to cycle 6. There is a
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significant difference in median ALP between screening value and cycle 6 value (table
5-3). This suggests trial treatments are having a truly beneficial impact on ALP
independently from any lag effect from ADT and docetaxel, as evidenced by the static
median ALP level between screening and C1. By the end of study, 14 of 24 patients
have shown a rising ALP (fig 5.13). As detailed in 5.1.3 above, ALP is a marker of
bone turnover and is prognostic in metastatic prostate cancer. Therefore, the ability of
these trial treatments to normalise ALP is an encouraging signal of efficacy. The MRI
results already discussed, taken in the context of the ALP data may represent a true
effect of the trial treatments, although this still cannot be stated conclusively with the
current trial data.
The survival data are calculated from date of first docetaxel or radium-223 treatment.
This is obviously a simulated timepoint, not corresponding to any biologically
meaningful timepoint in the disease course but is necessary given the mixed population
of post docetaxel and direct entry trial participants. It is also useful to allow
conclusions to be compared with other trials in the mHSPC space.
The median progression free survival in ADRRAD is 21.7 months (figure 5.14). The
best comparator in the literature for this is CHAARTED(31) (NB STAMPEDE(30)
upfront docetaxel do not report PFS data for M1 subgroup, CHAARTED contained
only M1 participants). The CHAARTED trial reports PFS from randomisation;
participants had to be randomised within 120 days of ADT commencement. They
report PFS of 20.2 months. There was no control or measure in the ADRRAD
population for length of time between ADT commencement and C1 docetaxel. It is
likely this lag-effect negatively skews the ADRRAD PFS relative to CHAARTED.
There is no signal of difference in PFS between those with high and low volume
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metastatic disease, but numbers are small (figure 5.15). Median overall survival has
not been reached (figure 5.16).
Median time to next anti-cancer therapy is 25.1 months, in keeping with PFS of 22
months (figure 5.17). A sizeable majority of progressing patients went on to
enzalutamide (table 5-4), as one would expect for a relatively young, fit cohort. Only
2 patients had a bisphosphonate as next line of treatment.
Six patients have so far experienced 10 SSEs in total (table5-5). Survival analysis was
performed for time to first SSE from trial registration. This has not been reached but
figure 5.19 suggests this will compare favourably to the median SSE free survival of
15.6 months seen in ALSYMPCA(89), accepting these are different populations. The
majority of SSEs were palliative radiotherapy for bone pain; 1 incidence of MSCC
occurred.
Eighteen asymptomatic malignant fractures occurred in 7 patients. These accounted
for most of the 11 patients experiencing any fracture. 17 of these 18 were
asymptomatic malignant vertebral fractures, 1 rib fracture was identified on CT.
Results from ERA-223 and ADRRAD are compared in table 5-6 below.
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Table 5-6 Comparing fractures rates and types in ERA-223 versus ADRRAD

ERA-223

ERA-223

ADRRAD

ABI-placebo
group

ABI-radium
group

N

394

392

30

Patients with at
least 1 fracture
by investigator
assessment

45 (11%)

112 (29%)

11 (37%)

Patients with at
least 1 fracture
confirmed by
independent
review

23 (6%)

76 (19%)

Not
performed

Type of fracture (by N patients with any fracture)
Malignant
fracture

6/23 (26%)

19/76 (25%)

Traumatic
fracture %

13/23 (57%)

27/76 (36%)

Fragility fracture 4/23 (17%)
%

37/76 (49%)

Indeterminate

1/76 (1%)

0

8/11 (72.3%)
1/11 (9.1%)
3/11 (27.3%)
0

There is an undisputed signal to an increase in fractures associated with the
combination of abiraterone + radium-223, prompting a major EMA review and new
guidance in relation to the use of radium-223. Again, the numbers in ADRRAD are
small but there appears to be a similar signal of increased overall fracture rate,
compared to the abiraterone alone arm of ERA-223. This signal is driven largely by
asymptomatic malignant fracture. Trial imaging in ERA-223 was with CT and bone
scan at baseline, cycles 3, 5 and 7 then 12 weekly. The ADRRAD signal is not a result
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of increased sensitivity in MRI, as the majority of malignant fractures recorded were
reported on non-protocol imaging performed rather than during trial whole body MRI
scans. It is accepted metastatic prostate cancer is associated with a malignant fracture
risk. This risk appears heightened in ADRRAD. Also concerning is the increased risk
of fragility fracture, both in the Abi-radium arm of ERA-223 and in ADRRAD. Whilst
with the small numbers involved in ADRRAD it is impossible to conclude how
significant an effect this is, in light of the ERA-223 data it warrants future work. This
potential signal would suggest the need for bone protection in future trials, see chapter
7.

5.5 Summary Chapter 5
The ADRRAD trial has provided the first efficacy results for the combination of ADT
plus radium-223 and WPRT in men with castration sensitive, M1b metastatic prostate
cancer.
In regard to the secondary endpoints of the trial:
1. Radiological response
There is a signal of improved MRI appearances at post cycle 6 scan, relative to baseline
scan. It is not possible to say with current data whether that is due solely to the effect
of trial treatments, distinct from an ongoing improvement relating to ADT and
docetaxel therapy.
2. PSA response
Patients remain in the mHSPC phase of the disease throughout treatment. PSA
progression free survival is in agreement with data from upfront docetaxel trials.
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3. ALP response
There is decisive evidence of an ALP reducing effect of the trial treatments. Taken in
context with this finding, the MRI responses described above are potentially more
likely to be as a result of trial treatments.
4. Symptomatic skeletal free survival
Median SSE free survival has not yet been reached, but appears favourable compared
to the ALSYMPCA trial, although the latter was performed in a population with more
advanced disease.
5. Fracture risk
Whilst not a secondary endpoint, a further outcome which became relevant following
the publication of ERA-223 was fracture risk.
There a signal of increased rate of fractures in the ADRRAD population. This currently
appears driven by asymptomatic malignant fractures, the reasons for which are
unclear. There is an indeterminate increased risk of fragility fractures. Both of these
outcomes may be reduced in frequency by the inclusion of bone protection agents such
as bisphosphonates in future trials.
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6 Translation Studies – Identifying Potential Biomarkers
That May be Predictive, Prognostic or Provide Dosimetric
Information During Treatment with Radium-223.
As outlined in chapter 1, prostate cancer covers a range of stages with vastly different
treatment approaches and prognoses. Patients vary in their responses to treatment, both
those having radical treatments and those having palliative treatments. Patients who
begin on a curative treatment pathway can relapse with metastatic disease and
transition onto a palliative, disease controlling pathway. Amongst the complexities of
this behaviour it is clear there is a lack of biomarkers which can predict responses to
individual treatments, and which can predict overall prognosis.
Also from a clinical trial perspective, patient events, for example metastatic relapse or
death, take a long time to accrue, this poses challenges for assessing efficacy of
treatments. Biomarkers of disease response to treatment are required to allow some
assessment of efficacy of therapy to be inferred ideally during treatment, before a
patient has experienced a significant event such as progression or death.
Treatment with radium-223 is subject to this variability in tumour and patient response.
Early studies found that some patients could tolerate activities higher than the now
licensed 55kBq/kg(88). It is evident from chapter 4 and 5 that variability in response
to treatment holds true for this combination of treatments, both in terms of tumour
response and normal tissue response. Extreme examples include patient 001 who did
not receive upfront docetaxel and yet has not progressed at 37 months post first
radium-223 treatment; this response experience is in contrast to patient 016 who
progressed at cycle 3 of radium-223 and rapidly proceeded into the terminal phase of
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his illness. Similarly, in terms of toxicity, patient 008 had a haematological response
out of keeping with the main body of patients. There are no features in his history or
baseline function which would have predicted his experience. In terms of bone marrow
toxicity response, the haematopoietic tissues are likely a critical organ at risk in
radium-223 treatment. There is no current means of measuring dosimetry with regard
to the haematopoietic system.
With the unpredictable heterogeneity of response, there is a clear unmet need for
biomarkers to better personalise the use of this combination and radiation therapies
more generally. There may be a subset of patients who would benefit from dose
escalation, or in whom dose de-escalation or avoidance of treatment altogether would
be optimal. There are no currently available biomarkers addressing this type of
personalisation.
Therefore, in designing translational studies within ADRRAD, exploration of potential
biomarkers was a key priority. Exploratory biomarkers were taken forward into study
on the basis of their potential impact in any of three domains:
a) to be a prognostic marker
b) to be a predictive marker
c) to provide a measure of blood/bone marrow molecular dosimetry.
With this in mind, a number of core pieces of translational work were identified to
explore in ADRRAD with a view to obtaining pilot data and proof-of-concept to take
further in future larger studies. Specifically, these were:
1. DNA Damage repair deficiency assay
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2. DNA lesions in lymphocytes – chromosomal analysis
3. DNA lesions in lymphocytes – gH2AX analysis
4. Circulating tumour cells assay
5. Bone marrow tumour assays

6.1 Background
6.1.1

DDRD analysis background

The principle that tumour cell kill in radiotherapy and radionuclide therapy is as a
consequence of DNA damage in malignant cells was discussed in chapter 1. It is
further well established that DNA damage is a physiological phenomenon in health,
happening regularly as a consequence of background radiation and normal oxidative
metabolism. Mammalian cells have therefore evolved mechanisms to detect and repair
such DNA lesions. The linear quadratic model of cellular response to radiation factors
in the phenomenon of repair of sub-lethal DNA damage. It is clear, therefore that one
factor influencing the outcome of a cell’s exposure to radiation, is that cells own
intrinsic ability to repair DNA lesions. Given that this is obviously a polygenetic
phenomenon, it follows that a spectrum of responses to DNA damaging therapy may
be seen across different individuals with the same cancer type. This potentially allows
DNA damage repair capacity to be a biomarker predicting response to DNA damaging
agents.
Kennedy et al. from Queen’s University Belfast previously tested this hypothesis in
breast cancer. They examined the Fanconi Anaemia/BRCA pathway. Fanconi anaemia
is an inherited cancer syndrome associated with the loss of any of the 19 FA/BRCA
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genes and inherited in an autosomal recessive fashion(182). The FA/BRCA pathway
is necessary for the identification and repair of DNA crosslinks(112). As well as being
a germline disorder, the FA/BRCA pathway can also be lost by somatic mutations.
Mulligan et al. hypothesised that deficiencies in the FA/BRCA DNA damage repair
pathway might predict response to DNA damaging chemotherapy(111). A 44 gene
micro-array based assay was developed which identifies deficiency within the
pathway. Positivity for this assay was found to predict complete pathological response
versus residual disease after neo-adjuvant DNA damaging chemotherapy in breast
cancer with an odds ratio of 3.96, p=0.002; this result was validated in an independent
cohort and further, a positive assay predicted 5 year relapse-free survival with a hazard
ratio of 0.37 (p=0.03)(111).
The same group have investigated this signature in prostate cancer. Davidson et al.
found that in a cohort of 52 patients with de novo metastatic prostate cancer treated
with hormone therapy and docetaxel, DDRD positivity was associated with poorer
survival: median survival in DDRD positive 12.43 months, median survival in DDRD
negative 21.83 months, p=0.0317(183). Walker et al. found that in localised disease,
DDRD positivity was associated with an increased risk of developing metastatic
disease (HR 3.09 p=0.0004)(184).
In summary, DDRD positivity in breast cancer is predictive of response to DNA
damaging chemotherapy. In localised prostate cancer, DDRD positivity is associated
with increased risk of metastases, in metastatic prostate cancer DDRD positivity is
associated with reduced OS in patients treated with taxane based chemotherapy. The
utility of DDRD as a predictive or prognostic marker specifically in radiation therapy
is unknown. However, if it predicted sensitivity to DNA damage, one would expect it
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to be predictive of improved outcome with radiation therapy. In an exploratory
extension to ADRRAD, all patients had their DDRD score determined.
6.1.1.1

DDRD analysis hypothesis

1. Patients who are DDRD positive have an inherited or somatic, relative inability to
repair dsDNA breaks and will show increased sensitivity to radiation treatments
resulting in better response to ADRRAD treatments than those who are DDRD
negative, as shown by differences in BPFS.
6.1.2

DNA lesions in lymphocytes – chromosomal analysis

The DDRD assay is predicated on a cell’s response to DNA damage, it is possible to
assay for that DNA damage directly. DNA damage can be detected by a range of
methods depending on where the cell is in the cell cycle and the type of damage being
examined. The section discusses imaging complex DNA lesions in whole condensed
chromosomes (cells in metaphase), section 6.1.3 discusses imaging DNA breaks in
cells with non-condensed chromosomes.
The cytogenetic techniques of solid staining and MFISH (multi-coloured fluorescent
in situ hybridization) involve fluorescently staining each individual chromosome at
metaphase. Solid staining colours all chromosomes with Giemsa stain, so
rearrangements can be seen but it cannot necessarily be inferred which chromosomes
have been involved in the rearrangements. MFISH uses multicoloured probes to stain
individual chromosomes in different colours, thereby the chromosomes of origin can
be inferred when a rearrangement is identified. These techniques allow genome wide
resolution of complex interchromosomal damage, as can be seen after exposure to
ionising radiation. Complex damage occurs when ≥2 chromosomes develop >2 breaks
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allowing rearrangements. This can result in the formation of dicentrics and
corresponding acentric fragments (a dicentric chromosome being an abnormal
chromosome with two centromeres and its corresponding acentric fragment being the
remaining chromosome fragment lacking a centromere). It is well established in the
literature that this kind of DNA damage results from both low and high LET radiation
exposure(185–187). Previous in vivo work has allowed the generation of calibration
curves, relating the number of dicentrics observed, to radiation dose delivered to the
cell in question, for both low LET(188) and high LET sources(189). These are shown
in figures 6.1 and 6.2 below. Indeed, these assays and calibration curves for the DNA
damage they detect have been used to estimate dosimetry in astronauts returning from
space flight who have been exposed to extra-terrestrial radiation; composed as it is of
radiation forms of highly variable quality(190,191).
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Figure 6.1 Yield curve for chromosomal lesions formed by variable low LET radiation dose.
Adapted from Szluinska et al. (188) and kindly provided by Isabella Bastiani, Brunel University

Figure 6.2 Yield curve for chromosomal lesions formed by variable high LET radiation dose.
Adapted from Purrott et al.(189) and kindly provided by Isabella Bastiani, Brunel University. NB
this curve is based on in vivo exposure to a solution of plutonium-239, no known curve exists for
radium-223.

221

MFISH techniques to identify dicentrics (or other chromosomal lesions) can be used
with existing calibration curves to estimate dosimetry. In 2015, Anderson et al.
suggested a potential novel development to these approaches. They found that when
haematopoietic stem cells survived exposure to high-LET alpha particles and
underwent extra-thymic in vitro maturation into T cells, some of the complex
chromosomal lesions induced by radiation exposure were heritable down the daughter
cell lineage(114). Further, newly arising de novo chromosomal aberrations occurred
in these daughter cells, suggesting ongoing chromosomal instability. This may allow
such heritable aberrations detected in daughter blood cells to act as a record of previous
radiation exposure, allowing dosimetric estimates to be made in relation to a range of
historic radiation exposures. As bone marrow toxicity varies in relation to dose to bone
marrow, this may therefore also act as a surrogate for bone marrow toxicity.
It was recognised that ADRRAD offered a unique opportunity to study this
phenomenon prospectively, with blood samples being available at a range of time point
in individuals who have been exposed to both high and low LET radiation.
A collaboration was formed between the ADRRAD investigators in Belfast and Dr
Anderson and colleagues in Brunel University with the aim of investigating whether
complex chromosomal lesions could be used as a dosimetric biomarker in ADRRAD
patients. A grant application was successfully co-written by Professor Prise, Dr
Anderson, Dr Turner and Dr Ainsbury (Public Health England) to fund this
workstream and Dr Turner amended the trial protocol accordingly to allow samples to
be transferred to Brunel.
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6.1.2.1

Chromosomal damage hypothesis

1. That chromosomal abnormalities, such as dicentric formation, will be found at
increased levels in patients undergoing ADRRAD treatment, as a result of radiation
exposure.
2. That heritable chromosomal lesions and ongoing genetic instability will be
identified in daughter cells of haematopoietic stem cells which have received high LET
radiation exposure.
3. That levels of DNA damage can be calibrated against radium-223 and WPRT dose
and therefore used as a biomarker of molecular dosimetry.
6.1.3

H2AX analysis background

In addition to complex chromosomal damage as discussed above, individual DNA
breaks can be detected. In response to dsDNA breaks, an early event in the DNA
damage response is the phosphorylation of the histone protein H2AX to gH2AX;
therefore gH2AX foci can be used to estimate the number of dsDNA breaks which is
proportional to radiation dose received(115). Circulating tumour cells were an
exploratory assay built into the ADRRAD laboratory protocol from an early stage, as
discussed below in section 6.1.4. It was clear during preliminary CTC experiments
that many lymphocytes were present in the slides prepared. By minor adjustments to
the staining methodology it would be possible to stain these cells and assay for
gH2AX. If the blood and blood marrow is modelled as a single haematopoietic system,
then as lymphocytes freely move around that system, dsDNA lesions which they incur
will be proportional to the radiation dose delivered to that system as a whole. The
situation in ADRRAD is complicated as DNA damage will occur from both radiation
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sources. That is to say any cells within the pelvis during beam-on time of each fraction
will receive a photon-delivered radiation dose, the magnitude of which will vary as a
function of distance from the PTV. Additionally, cells may receive a radiation dose
from decaying radium-223 circulating within the blood/bone marrow compartment
after infusion. Whilst the situation is complex with multiple uncertainties, there are
some relevant prior studies in the literature which have achieved some success with
similar approaches. Horn et al. used gH2AX as a marker of dsDNA breaks in ex-vivo
high-LET radiation exposure experiments. They exposed human lymphocytes to alpha
particle irradiation using lymphocytes suspended on a mylar film above a sealed
americium-241 source. They found that gH2AX foci readily occurred and persisted,
with foci numbers at 24 hrs maintained at >50% maximal 1hr concentration(192).
Schumann et al. built upon this work by taking healthy human blood and irradiating it
by direct mixing, ex-vivo, with a radium-223 containing solution. Considering the
energy deposition of all alpha and beta products of radium-223, they calculated an
absorbed dose coefficient from alpha particles of 15.5 mGy per kBq for 1 ml of blood
irradiated for 1 hour. They quantified gH2AX generally and alpha particle tracks
specifically and found that number of alpha particle tracks varied in a linear fashion
with the alpha component of delivered dose(116). To our knowledge, these types of
experiments have not been performed in-vivo. It is unknown if a gH2AX signal from
in-vivo radium-223 exposure can be detected in human lymphocytes. It is unknown
how that signal decays over time as a function of DNA repair and clearance of dead,
irreparably damaged cells. We set out to use the ADRRAD trial to undertake an
exploratory analysis of this.
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6.1.3.1

H2AX analysis hypothesis

1. After combined WPRT and radium-223 treatment, radiation induced dsDNA breaks
which occurred in vivo can be detected in lymphocytes using gH2AX.
2. The number of these breaks may be used to estimate dose delivered to
haematopoietic system.
6.1.4

CTC background

Circulating tumour cells are malignant solid-tumour cells that can be identified free of
the primary site within the circulation of the host mammal. It has been shown in
metastatic, castration resistant prostate cancer that levels of CTCs are strongly
predictive of OS(118). As summarised in chapter 1, there is only limited data in the
literature with regard to CTC levels during mHSPC; recent data from Martin et al.
generated the hypothesis that high doses of radiation may liberate CTC’s into the
circulation(122). The clinical implications of this are unknown. We therefore set out
to enumerate and follow the pattern of CTCs seen during treatment by enumerating at
outset, with each cycle of radium-223 delivered, and again upon completion of
treatment.
The approach was to use a validated method to test a subset of patients (the
Cellsearch™ method, referred to CTC-Cellsearch) but simultaneously, an attempt was
made to develop an in-house assay (referred to as CTC-immuno), the results of which
could be compared with those from the validated approach. The Cellsearch™
technique, has been described extensively in the literature(123). It is this method which
has been validated as a prognostic marker in metastatic prostate cancer(118). It utilises
a multistep process: an initial enrichment step relies on a ferrofluid and magnetic field
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to

concentrate

cells

bearing

epithelial

origin

cell-surface

markers;

then

immunofluorescent monoclonal antibodies to cytokeratin and CD45 are added to
positively identify both epithelial cells and contaminating leucocytes; finally, cells are
analysed and counts of CTCs made. For the inhouse immunofluorescence method, we
followed the approach of Martin et al. (122), using ficoll-paque separation of
mononuclear cells from whole blood, to yield a mixed population of cells containing
both mononuclear blood cells and any circulating tumour cells present.
Immunofluorescence labels were then used to identify cells by lineage. Our definition
of CTC was a mononuclear cell which displayed epithelial cell markers and a lack of
CD45 as a lymphocyte marker. A range of antibody combinations were tested to
identify optimal combination as described in methods below.
6.1.4.1

CTC hypothesis

1. In patients with mHSPC undergoing ADRRAD treatment, standard laboratory
immunofluorescence methods can be optimised to identify and enumerate circulating
tumour cells (CTC-immuno).
2. Numbers of tumour cells found using such a method will follow the same pattern as
that seen using validated Cellsearch™ approach.
3. A rising CTC count by either method will predict poor response to treatment as
measured by BPFS.
6.1.5

Bone marrow analysis background

The presence of Disseminated Tumour Cells (DTCs) in bone marrow following radical
prostatectomy for localized prostate cancer has been shown to predict biochemical
recurrence(124). Their utility in mHSPC is unknown.
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In addition to having prognostic value, if they can be harvested, they could also be a
source of information regarding the underlying tumour biology. It is increasingly
recognised that the genotype of metastatic cancer cells may differ significantly from
those of the primary tumour(125). With current diagnostic practice there is only biopsy
tissue available from the diagnostic biopsy of primary tumour. Conclusions based on
the genetic analysis of such samples may not be valid to the metastatic setting given
genetic diversity between primary and secondary deposits. Tumour derived from bone
or bone marrow is therefore a valuable source of tumour cells representing the
metastatic genotype/phenotype.
Finally, with regard to radionuclide treatment, there is a paucity of information around
the mechanism of action of radium-223 in bone stroma. There is an urgent need for
mechanistic studies and a potentially valuable approach would be to compare the
tumour microenvironment pre and post radium-223 in a group of patients, each patient
acting as their own control. This would involve acquiring bone derived tumour at two
time points, pre and post treatment.
The gold standard approach that was envisioned for this piece of work was obtaining
radiologically guided bone metastasis samples pre and post treatment in ADRRAD
and analysing tumour content, gene expression and DNA damage. Despite efforts, this
proved logistically impossible due a lack of radiological resource to perform guided
biopsies. It was still felt worthwhile to pursue this goal to such extent as was possible.
Blind bone marrow biopsy pre-treatment was incorporated into trial as an optional
translational piece of work. Patients could decline and those on therapeutic antiplatelet or anti-coagulant medication were excluded due to the risk of
bleeding/bruising. We attempted to capture both bone marrow aspirate and bone
marrow trephine. This allows histopathological methods to identify the presence of
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solid tumour tissue within trephine and cellular pathological measures to identify
individual disseminated tumour cells in liquid aspirate.
6.1.5.1

Bone marrow analysis hypothesis

1. In patients with mHSPC blind bone marrow will yield metastatic tumour tissue and
the volume of tumour tissue obtained will allow genetic analysis of metastatic tumour
to be performed.
2. The volume of tumour burden (i.e. numbers of DTC) will predict outcome

6.2 Methods
6.2.1

DDRD methods

The DDRD gene expression assay belongs to ALMAC diagnostics and use of the assay
was purchased through a commercial arrangement. Full details of the development of
laboratory methods and reagents are available in the literature(111).
Following identification of the clinical cases and corresponding pathology numbers,
the formalin fixed paraffin embedded (FFPE) sample blocks were retrieved by the NI
Biobank (NIB). Of the 30 diagnostic core biopsies requested, 28 were located and in
good condition to be used. These underwent complete pathological review and markup by a consultant histopathologist. One sample failed macrodissection, 27 cases were
analysed. These were processed in three batches and bridging samples were used to
ensure QC across batches. In 2 cases multiple cores were analysed. In one case a spread
of 3 QC valid scores resulted, the median was used for analysis. In the other case, 2
QC valid scores resulted, both were strongly positive, and the higher score was used
for analysis.

228

The tissue samples underwent processing at Almac Diagnostics (Craigavon, Northern
Ireland). For FFPE prostate biopsy samples, RNA was extracted from the submitted
tissue material and used for amplification and array profiling on the Almac Prostate
DSA®.
All patient FFPE tissue sample were extracted using the Roche High Pure FFPE
extraction kit. Samples were first de-paraffinized with a xylene followed by ethanol
dehydration. Tissue samples were then disrupted during an overnight incubation with
a Proteinase K lysis buffer. Nucleic acids were bound to a glass fibre filter in the
presence of a chaotropic salt under conditions that were optimized specifically for
RNA recovery. Bound RNA was subjected to a series of wash steps to remove
contaminating cellular components, and any residual DNA was digested by incubation
with DNaseI. A second round of Proteinase K digestion followed by further wash steps
was done to improve the final purity of the RNA, which was then eluted from the glass
fibres in a small volume of low-salt elution buffer. All total RNA samples were
analysed for concentration, purity and integrity using the Nanodrop1000 or
Nanodrop8000.
Total RNA from the clinical samples was amplified using the NuGENTM FFPE WTOvationTM V3 System Kit. First-strand synthesis of cDNA was performed using a
unique first-strand DNA/RNA chimeric primer mix, resulting in cDNA/mRNA hybrid
molecules. Following fragmentation of the mRNA component of the cDNA/mRNA
molecules, second-strand synthesis was performed and double-stranded cDNA was
formed with a unique DNA/RNA heteroduplex at one end. In the final amplification
step, RNA within the heteroduplex was degraded using RNaseH, and replication of
the resultant single-stranded cDNA was achieved through DNA/RNA chimeric primer
binding and DNA polymerase enzymatic activity. The amplified single- stranded
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cDNA was purified for accurate quantitation of the cDNA and to ensure optimal
performance during the fragmentation and labelling process. The single stranded
cDNA concentration and integrity was then assessed using the Nanodrop8000 in
combination with the Agilent Bioanalyzer. All samples met the required concentration
for downstream processing. All samples proceeded to fragmentation.
3.5 ug of amplified single-stranded cDNA was fragmented and labelled using the
Encore Biotin Module. The enzymatically and chemically fragmented product (50100nt) was labelled via the attachment of biotinylated nucleotides onto the 3'-end of
the fragmented cDNA. Successful cDNA fragmentation was assessed using the
Agilent bioanalyzer to ensure that a minimum of 80% of sample cDNA is <200nt. All
samples passed QC. The resultant fragmented and labelled cDNA was added to the
hybridization cocktail in accordance with the NuGENTM guidelines for hybridization
onto Affymetrix GeneChip® Prostate arrays. Following the hybridization for 18 hours
at 45 °C in an Affymetrix GeneChip® Hybridization Oven 645, the array was washed
and stained on the GeneChip® Fluidics Station 450 using the FS450_0004 fluidics
script, before being inserted into the Affymetrix autoloader carousel and scanned using
the GeneChip® Scanner 3000.
The DDRD assay was applied to the gene expression data and scored by Almac
Diagnostics Craigavon. Raw scores for each of the samples were provided to
investigating team and these were paired with collected clinical data. From the raw
DDRD score a call was made as to whether case was DDRD positive or negative. The
threshold for this distinction is + > 0.06253. This threshold has been determined by
inhouse work by ALMAC diagnostics and was optimised in an independent cohort of
prostate biopsies.
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Analysis of data was carried out using a combination of descriptive statistics,
independent t tests and Kaplan Meier survival analyses using SPSS version 25. Having
obtained scores for all available patients, a scatter plot was made to identify any
clustering of DDRD score with biochemical failure status. Kaplan-Meier methods
were applied to analyse DDRD status impact on time to biochemical progression and
time to next anti-cancer treatment
6.2.2

Chromosomal damage methods

The laboratory work on these samples was performed by Dr Rhona Anderson and
Isabella Bastiani, Brunel, with frequent clinical direction from Dr Turner, as part of a
collaboration with our group in Belfast.
Full details of the laboratory methods undertaken are in the literature(114,193).
Additionally, this project itself has been presented in abstract form with preliminary
results at the 2019 International Congress on Radiation Research(194).
Blood samples from ADRRAD patients were sent to Brunel laboratory on day 0 of
each cycle of radium-223. From these samples, primitive blood cells were harvested,
cultured, induced into metaphase, allowing cytogenetic analysis using standard
chromosome staining techniques as described by Anderson et al. (114,193,194). The
number of dicentric chromosomes were counted. These counts were compared to
known calibration curves in fig 6.1 and 6.2 above.
6.2.3

H2AX analysis methods

For all ADRRAD patients, translational blood samples were taken at screening visit,
the day before cycles 2-6 of radium-223 infusion, 8 weeks post cycle 6 radium-223
and finally at end of study. Mononuclear cells were extracted by ficoll-paque
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(described below) and frozen at -80 C until required for analysis. For this pilot study,
2 patients (A011 and A024) samples were analysed at all timepoints. These patients
were selected as they received similar activities of radium-223 (average activity across
6 cycles = 5751.7 kBq for patient 011 and 5696 kBq for patient 024) and both received
full doses of WPRT to prostate and lymph node PTVs.
The primary assay was gH2AX, a second DNA damage marker 53BP1 was used to
assist identification of DNA lesions in cases of uncertainty, however counts were made
of gH2AX foci rather than solely colocalised lesions.
Blood was layered from EDTA vacutainer onto an equal volume of 1077-ficoll in a
centrifuge tube and centrifuged at 400 G for 30 minutes at 4oC with the break set to 1.
Mononuclear cells were removed from buffy coat and washed in 10ml phosphate
buffered saline (PBS) (sterile) followed by centrifuging at 200 G for 10 minutes.
Supernatant was poured off and pellet resuspended in remaining PBS (sterile). Cells
were then frozen down in standard freeze mix (10% dimethyl sulphoxide (DMSO) in
foetal calf serum (FCS)) and stored at -80oC until needed. For analysis, cells were
warmed and resuspended in 10mls PBS, centrifuged at 200 G for 10 mins and
resuspended in 10mls PBS. Cells were counted in haemocytometer. 200 microlitres of
cellular solution was added into a well of a cytofunnel and attached to a Superfrost
plus slide in a cytospin clip. Clip was placed into cytospin spinning for 10 mins at 500
RPM. Without delay once cytospinning was complete samples were fixed in 4%
formaldehyde for 10 mins. Cells were washed 3 times with PBS and permeabilised
with 0.5% Triton-X in PBS for 10 minutes. Cells were washed 3 times with PBS and
blocked for 1 hour with 5% FCS in PBS. Blocking buffer was removed and slides
dried around top and bottom and 200 ul 1:2000 mouse gH2AX (Merck-Millipore) /
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1:2000 rabbit 53BP1 antibody (Novis), in blocking buffer, was added for 1 hour,
ensuring the antibody did not run off the slide. Primary antibody was removed and
slides washed three times with washing buffer (5%FBS/0.1% Tween-20/PBS). 200 ul
1:2000 goat anti mouse Alexa fluor 488 (Life technologies)/1:2000 goat anti rabbit
Alexa fluor 555 (Life technologies) in blocking buffer were added for 1 hour in the
dark, ensuring the antibody did not run off the slide. Secondary antibody was removed
and slides washed three times with washing buffer (5%FBS/0.1% Tween-20/PBS).
4’6-diamino-2-phenylindone (DAPI) 1:20000 in PBS was added for 10 minutes. 10ul
prolong gold was added to the samples then coverslip placed on a slide to mount, left
to set overnight at room temperature. Cells were imaged using Axiovision microscope
(Zeiss). Foci within cells were counted manually, 200 cells were counted per patient
per timepoint to give mean foci per cell.
6.2.4

CTC methods

Bloods were analysed for CTCs at 8 time points in total, baseline at consent visit, day
0 of cycles 2-6 radium-223 treatment, 8 weeks post cycle 6 visit and end of study visit.
Patients 1 to 5 had analysis performed using both CTC-Cellsearch and CTC-immuno.
Remaining patients were analysed with CTC-immuno only.
6.2.4.1

CTC-Cellsearch methods

Cellsearch™ is a dedicated commercial platform. Access was secured through
collaboration with the laboratory of Prof Caroline Dive in the University of
Manchester.
Samples were collected from the first five patients in trial at the timepoints as
discussed; these were immediately shipped to CRUK Manchester Institute. On arrival
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in CRUK Manchester, samples were processed using the Veridex Cellsearch Platform
as described in literature(123). One additional patient sample was sent (S002), this was
taken from a patient on a screening visit who subsequently failed study entry criteria.
For all patients the end of study samples were not available, these were due to go to
Manchester in the aftermath of the Patterson building fire and samples could not be
processed in light of those events.
6.2.4.2

CTC-immuno methods

The CTC-immuno method followed the work of Martin et al.(122) and was optimised
over a series of experiments to ensure detection of prostate cells in a background of
lymphocytes. Firstly, cultured LnCAP prostate cancer cells were used to optimise cell
fixation and staining. Once optimised, these fixation and staining methods were used
with a mixture of healthy human blood spiked with variable concentrations of cultured
prostate cancer cells as well as with randomly selected ADRRAD patient samples.
6.2.4.2.1

To mount cells and test antibody/fluorophore combinations

LnCAP cells (passage number 11) were trypsinised and resuspended in 10mls of media
(RPMI + 10% FCS). Cells were counted in a haemocytometer and dilutions of original
suspension were then made to obtain a solution of 10000 cells per 100 microlitres in
media. 100 microlitre aliquots were cytospun onto Superfrost microscope slides at
500RPM for 10 minutes. The resulting slides were fixed with 4% formaldehyde
solution for 10 minutes. Cells were washed 3 times with PBS and permeabilised with
0.5% triton-Xin PBS for 10 minutes. Cells were washed 3 times with PBS and blocked
for 1 hour with 5% FCS in PBS. Blocking buffer was removed and slides dried around
top and bottom. Antibodies/fluorophore combinations were added in the combinations
detailed in tables 6-1 and 6-2. A consistent antibody concentration of 1:2000 in
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blocking buffer (5%FCS in PBS) was used. After addition of first antibody, excess
was washed off with washing buffer (5%FCS and 0.1% Tween-20 detergent in PBS)
before next antibody was added. After final antibody was added, this was washed off
with PBS and cells dried overnight before being sealed with Provenge either with or
without DAPI 1:20000 depending on combination. A three colour Axiovision (Zeiss)
microscope was used to analyse resulting slides, captured images were analysed using
ImageJ.
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Table 6-1 Antibody/fluorophore combinations

Target

Primary
antibody

Manu-

EPCAM (CTC
marker)

Anti-EPCAM
(Biolegend)

Biolegend

Conjugate with 594
nm fluorophore

594 nm

CD45 (Human
lymphocyte
marker)

Anti-CD45

Biolegend

Conjugate with 495
nm fluorophore

495 nm

CK8/18 (CTC
marker)

Mouse anti-CK8 Life
technologies
(Life
technologies)

Anti-mouse with 495
nm fluorophore

495 nm

Life
technologies

Alternative:

350 nm

facturer

(Biolegend)

Secondary antibody Emission
or conjugate
wavelength

Anti-mouse with 350
nm fluorophore

CK19 (CTC
marker)

Rabbit antiCK19

Life
technologies

Anti-rabbit with 495
nm fluorophore

495 nm

dsDNA

DAPI

Thermo-

-

461 nm

Fisher
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Table 6-2 Combinations of antibodies tested

Slide
Number

Antibody

Anti
EPCAM

Anti
CD45

Anti
CK8/18

Anti
CK19

Anti
Mouse
495

Anti
Rabbit
495

Anti
Mouse
350

Mount

1

DAPI

1st

X

X

X

X

X

X

2

DAPI

X

1st

X

X

X

X

X

3

DAPI

X

X

1st

X

2nd

X

X

4

DAPI

X

X

X

1st

X

2nd

X

5

Non DAPI

3rd

3rd

1st

X

X

X

2nd

6

DAPI

3rd

X

X

1st

X

2nd

X

Having identified the optimal combination of antibodies as being a DAPI mount to
identify nucleated cells, combined with anti-EPCAM and anti-CD45, the method was
employed on spiked blood samples
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6.2.4.2.2

Cultured prostate cancer cells spiking experiments

A protocol was written and ethical approval was obtained from QUB ethics committee
to perform pilot experiments inoculating healthy human blood from donors with a
range of concentrations of cultured prostate cancer cells (cf appendix 6). This was done
as part of plan to optimise CTC methods for use in patient samples. Using methods
outlined below (as used in patient samples), attempt was made to identify spiked
circulating tumour cells. A pilot experiment was performed, however results were
disappointing, passaged cells often remained clumped which reduced antibody uptake
onto cell surface. At the same time, patient samples from ADRRAD were tested and
it was found the methodology outlined below worked well, albeit with low
concentrations of CTCs. No further optimisation steps were felt necessary and the
spiking experiments were not taken any further.
6.2.4.2.3

Application to patient samples

Selection of patients
A sample of cells from three patients at baseline were randomly selected, S002 (in
screening at the time, subsequently failed trial entry) A002 and A003.
Separation of mononuclear cells from whole blood, then immunostaining
Blood was layered from EDTA vacutainer onto an equal volume of 1077-ficoll in a
centrifuge tube and centrifuged at 400 G for 30 minutes at room temperature with the
break set to 1. Mononuclear cells were removed from buffy coat and washed in 10ml
PBS (sterile) followed by centrifuging at 200 g for 10 minutes. Supernatant was poured
off and pellet resuspended in remaining PBS (sterile). Cells were then frozen down in
standard freeze mix (10%DMSO in FCS) and stored at -80 C until needed.
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For analysis, cells were warmed and resuspended in 10mls PBS, centrifuged at 200G
for 10 mins and resuspended in 10mls PBS. Cells were counted in hemocytometer.
200 microlitres of cellular solution was added into a well of a cytofunnel and attached
to a Superfrost plus slide in a cytospin clip. Clip was placed into cytospin spinning for
10 mins at 500RPM. Without delay once cytospinning was complete samples were
fixed in 4% formaldehyde for 10 mins. Cells were washed 3 times with PBS and
permeabilised with 0.5% Triton-X in PBS for 10 minutes. Cells were washed 3 times
with PBS and blocked for 1 hour with 5% FCS in PBS. Blocking buffer was removed
and slides dried around top and bottom. Cells were stained with mix of 1:2000 antiEPCAM and 1:2000 anti-CD45 in blocking buffer (200 microlitres per slide). Slides
were washed in PBS and dried overnight. Slides were sealed using Provenge
containing DAPI 1:20000 stain. Cells were examined at 63x under three colour
Axiovision (Zeiss) microscope. Images were captured and analysed using ImageJ.

Figure 6.3 Detailing the ficoll-paque procedure for obtaining a mononuclear cell fraction
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6.2.5

Bone marrow methods

Patients enrolled in trial were additionally requested to consent to a single bone
marrow procedure prior to treatment. Treatment with antiplatelet or anticoagulant
medications excluded patients. Consenting patients underwent blind bone marrow
aspirate and trephine performed by trial co-investigator Dr Turner. Using aseptic
technique, and regional bony anatomy, posterior superior iliac spine was identified;
10ml 1% lidocaine was infiltrated; aspirate needle was passed, and attempt made to
draw 2x4ml aspirate samples; trephine needle was passed and attempt made to obtain
1 core. Aspirate samples were immediately placed in EDTA tubes and sent to the
haemato-pathology laboratory (Professor Ken Mills; Centre for Cancer Research and
Cell Biology, QUB); buffy coat was prepared and mono-nuclear fraction immediately
frozen in liquid nitrogen. Trephine was immediately placed in 10% formaldehyde prefilled specimen pot and transferred to histo-pathology laboratory (Dr Declan
O’Rourke, Belfast Health Social Care Trust histopathologist); trephine was sectioned
and stained to identify prostate tumour using standard Royal College of
Histopathology methods(195).
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6.3 Results
6.3.1

DDRD results

A DDRD score was provided for each patient and DDRD status assigned according to
threshold provided by ALMAC laboratories. DDRD scores were available for 27 of
30 patients. The patients were well balanced between positive (n=16) and negative
(n=11).
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Table 6-3 DDRD score and status for all ADRRAD patients, threshold for positivity > 0.06253.

Patient

DDRD score

001
002
003
004
005
006
007
008
009
010
011
012
013
014
015
016
017
018
019
020
022
023
024
025
026
027
028
029
030
031

.02731970
-0.16849600
.20761800
.11025500
.05504420
.07604770
.10485900
.06339860
-0.10125800
-0.03339150

DDRD
status
+
+
+
+
+
-

.13685700
.35661300
.08078840
-0.18017700
-0.03782600
-0.03105880
.01507180
.22461000

+
+
+
+

.08362980
.06973880
.14709200
.14878300
-0.22247500
.13456300
-0.00693260

+
+
+
+
+
-

.15410100
.26655900

+
+
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DDRD scores were plotted against status of PSA progression (PCWG2 definition) or
death from prostate cancer to visually assess for clustering. No clear clustering pattern
was seen.

Scatter plot of DDRD score by PSA progression or death from PCa
.4

DDRD Score

.3

.2

.1

.0

-.1

-.2

-.3

Progressed

Stable
Disease progression

Figure 6.4 Scatter plot of DDRD by disease status. Progression defined as PSA progression or death
from prostate cancer.
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Kaplan Meier survival plots were constructed of time to PSA progression or death
from prostate cancer by DDRD status. There was a non-significant trend to earlier
progression among patients who were DDRD positive. A similar plot was made for
time to next anti-cancer therapy by DDRD status. No significant difference is seen.

Time to PSA progression or death from prostate cancer by DDRD status
1.0

DDRD positive
DDRD negative
1.00-censored
2.00-censored

Survival

0.8

0.6

0.4

0.2

0.0
.00

10.00

20.00

30.00

40.00

Months from 1st docetaxel (or 1st radium-223 if didn't receive
docetaxel)

Figure 6.5 Kaplan Meier plot of BPFS by DDRD status. Survival analysis begins at first radium-223
or docetaxel. Survival event is PSA progression or death from prostate cancer. Patients are censored at
last seen alive without PSA progression. Log rank test p=0.223

Time to first post-trial anticancer treatment by DDRD status
1.0

DDRD positive
DDRD negative
1.00-censored
2.00-censored

Survival

0.8

0.6

0.4

0.2

0.0
.00

10.00

20.00

30.00

40.00

Months from 1st docetaxel (or 1st radium-223 if didn't receive
docetaxel)
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Figure 6.6 Kaplan Meier plot of further anticancer treatment free survival by DDRD status.
Survival analysis begins at first radium-223 or docetaxel. Survival event is commencement of a further
anti-cancer therapy. Patients are censored at last seen alive without PSA progression. Log rank test
p=0.768.
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6.3.2

Chromosomal damage results – patient A022

Karyotype analysis was undertaken in our collaborator laboratory in Brunel. Solid
staining is performed to allow rearrangements to be detected as evidence of radiation
induced dsDNA breaks. MFISH is used to specifically colour individual chromosomes
allowing inference to be made of the chromosomes of origin in any rearrangement.
Figure 6.7 shows solid staining revealing a dicentric chromosome (green and
monochrome) and MFISH used to individually label the chromosomes contributing to
the dicentric (blue and purple).

Figure 6.7 Single chromosome highlighted from A022 MFISH karyotype analysis showing a
dicentric chromosome (figure provided by Isabella Bastiani, University of Brunel)

Table 6-4 MFISH results to date for analysis of patient A022, showing dicentrics counted by
timepoint, dicentrics per cell scored and estimation of dose required if pure low LET and pure
high LET exposure respectively were to have caused this damage (data provided by Isabella
Bastiani, University of Brunel)

Cycle
(day 0)

Injected
activity
(kBq)

Cells Scored

Dicentrics
counted

Dicentrics per
cell scored (SE)

Estimated dose
Gy (low LET)

Estimated dose
Gy (high LET)

1

6860

50

0

0

0

0

2

6650

49

5

0.1±0.01

1.065±0.26

0.271±0.125

3

6960

54

22

0.41±0.09

2.224±0.25

1.097±0.236

4

6870

48

16

0.33±0.08

2.002±0.264

0.897±0.227

5

6820

48

23

0.48±0.1

2.42±0.265

1.291±0.271
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6.3.3

H2AX results

Blood samples were taken from patients at screening and pre-radium-223 cycles and
assayed using immunofluorescence for DNA damage markers gH2AX and 53BP1.
Figure 6.8 shows a clear signal of DNA damage in patient 024 taken prior to cycle 4
radium-223.

(a) Composite of DAPI, gH2AX and 53BP1

(b) DAPI (DNA)

(c) gH2AX

(d) 53BP1

Figure 6.8 Representative images at 63x magnification of DNA damage immunofluorescence
preparation of patient A024 pre C3 radium-223. Panel (a) shows composite image. Panel (b) shows
DAPI. Panel (c) shows gH2AX foci. Panel (d) shows 53BP1 foci. Images kindly supplied by Dr
Kelly Redmond.
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Figure 6.9 below shows evolving DNA damage signal through the trial as determined
by gH2AX counts in patients 011 and 024. At each time point 200 random
lymphocytes were counted for gH2AX foci. Plots below show mean foci per cell at
each trial timepoint. An unambiguous signal of increasing DNA damage is seen as
radiation treatments progress, followed by slow resolution in damage after final cycle
of radium-223

Mean of gH2AX count by Timepoint patient 011

Mean gH2AX count per cell
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0.00

Screen

Pre-C2

Pre-C3

Pre-C4

Pre-C5
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End study

Timepoint
Error Bars: 95% CI

(a) patient 011 mean gH2AX count by trial timepoint

Mean of gH2AX count by Timepoint pt 024

Mean gH2AX count per cell
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(b) patient 024 mean gH2AX count by trial timepoint
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Figure 6.9 Plots of mean gH2AX foci per cell, by patient by timepoint.
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Table 6-5 shows that the difference in mean number of foci per cell is significantly
higher at cycle 6 and at end of study compared to baseline in patient 011. In patient
024, the mean number is significantly higher at cycle 6 compared to baseline, but by
the end of study the difference is not significant.

Table 6-5 Showing paired sample T tests of mean gH2AX foci per cell between different trial
timepoints.

Patient

Timepoint Pair

011

024

Difference in T
means

Significance

Screening to
pre-cycle 6

1.14

-6.227

<.001

Screening to
End study

0.35

-3.956

<.001

Screening to
pre-cycle 6

0.76

-4.513

<.001

Screening to
End study

0.055

-0.49

0.625
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Throughout the trial, DNA damage in lymphocytes was accumulating (fig 6.9) and
overall lymphocyte count fell (fig 4.9). The impact these two processes had on
numbers of damaged lymphocytes in is shown in table 6-6. This shows in the first
column the timepoint in question. The number of damaged cells per cycle is shown in
column 2. In column 3 this is converted into a fraction of cells. Total lymphocyte count
at that timepoint is shown in column 4. This is then used to calculate counts of
damaged cells in column 5. The process is repeated for patient 024.
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11

39

64

74

61

63

55

48

Pre-C2

Pre-C3

Pre-C4

Pre-C5

Pre-C6

8 week
post

End study

0.24

0.275

0.315

0.305

0.37

0.32

0.195

0.055

0.7

0.7

0.5

0.5

0.5

0.4

0.6

1.3

0.168

0.1925

0.1575

0.1525

0.185

0.128

0.117

0.0715

Fraction of Lymphocyt Total no of
cells with e
count DNA
DNA
damaged
x10Ù9/L
damage
cells
(x10^9/L)

Patient
011

No of cells
in sample
showing
DNA
damage (n
= 200)

Patient
011

Patient
011

Patient
011

Screen

Timepoint

56

71

84

75

66

68

64

57

No of cells
in sample
showing
DNA
damage (n
= 200)

Patient
024

Patient
024

Patient
024

0.28

0.355

0.42

0.375

0.33

0.34

0.32

0.285

0.3

0.53

0.4

0.4

0.6

0.5

0.5

0.7

0.084

0.18815

0.168

0.15

0.198

0.17

0.16

0.1995

Fraction of Lymphocyt Total no of
cells with e
count DNA
DNA
damaged
x10Ù9/L
damage
cells
(x10^9/L)

Patient
024

Table 6-6 Number of cells showing DNA damage, fraction of cells showing DNA damage and lymphocyte counts by patient and by timepoint
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Figure 6.10 plots data from table 6-6 graphically showing the number of DNA
damaged lymphocytes per timepoint, corrected for changing lymphocyte count.

Total no of DNA damaged cells (x10^9/L)

Scatter diagram of total number of DNA damaged cells per timepoint ADRRAD patient 011
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(a) Patient 011 total number of DNA damaged cells per timepoint

Total no of DNA damaged cells (x10^9/L)

Scatter diagram of total number of DNA damaged cells per timepoint ADRRAD patient 024
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(c) Patient 024 total number of DNA damaged cells per timepoint

Figure 6.10 Scatter plots of total number of DNA damaged cells per timepoint in (a) patient 011
and (b) patient 024
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Finally in figure 6.11, fraction of lymphocytes displaying damage (blue) is plotted on
dual axis with lymphocyte count (red). For both patients these quantities vary in an
inverse relationship, as fraction of DNA damage rises, lymphocyte numbers fall.

Dual Y Axes detailing fraction of lymphocytes showing DNA damage and total lymphocyte count
(x10^9/L) versus timepoint for ADRRAD patient 011
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(a) Patient 011 fraction lymphocytes damaged and total lymphocyte count versus
timepoint

Dual Y Axes detailing fraction of lymphocytes showing DNA damage and total lymphocyte count
(x10^9/L) versus timepoint for ADRRAD patient 024
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(d) Patient 024 fraction lymphocytes damaged and total lymphocyte count versus
timepoint
Figure 6.11 Dual axes scatter plots showing fraction of cells in sample (N=200) showing DNA
damage and total lymphocyte count (x10^9/L) versus timepoint in (a) patient 011 and (b) patient
024
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6.3.4

CTC results

CTC-Cellsearch analysis was performed in our collaborator laboratory in University
of Manchester. Results for patient 001-005 are shown in table 6-7 below, along with
an additional sample sent for a patient who entered screening but rapidly deteriorated
and never formally entered study. CTCs are low are all timepoints in all patients, with
a clear outlier being the patient who progressed rapidly.
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Table 6-7 CTC counts derived by patient and time point by Cellsearch™ technique. End of study
data not available for any patients due to Manchester CRUK fire.

Patient ID

Patient Visit

Visit Date

A001
A001
A001
A001
A001
A001
A001
S002
A002
A002
A002
A002
A002
A002
A002
A003
A003
A003
A003
A003
A003
A003
A004
A004
A004
A004
A004
A004
A004
A005
A005
A005
A005
A005
A005
A005

Consent Visit
C2 Ra-223
C3 Ra-223
C4 Ra-223
C5 Ra-223
C6 Ra-223
8wk post C6
Consent Visit
Consent Visit
C2 Ra-223
C3 Ra-223
C4 Ra-223
C5 Ra-223
C6 Ra-223
8wk post C6
Consent Visit
C2 Ra-223
C3 Ra-223
C4 Ra-223
C5 Ra-223
C6 Ra-223
8wk post C6
Consent Visit
C2 Ra-223
C3 Ra-223
C4 Ra-223
C5 Ra-223
C6 Ra-223
8wk post C6
Consent Visit
C2 Ra-223
C3 Ra-223
C4 Ra-223
C5 Ra-223
C6 Ra-223
8wk post C6

10.03.2016
06.07.2016
02.08.2016
31.08.2016
27.09.2016
25.10.2016
22.12.2016
19.04.2016
10.05.2016
06.07.2016
02.08.2016
30.08.2016
27.09.2016
25.10.2016
22.12.2016
26.05.2016
13.07.2016
09.08.2016
06.09.2016
04.10.2016
01.11.2016
05.01.2017
26.05.2016
09.08.2016
06.09.2016
04.10.2016
01.11.2016
30.11.2016
02.02.2017
02.06.2016
30.08.2016
27.09.2016
25.10.2016
22.11.2016
20.12.2016
16.02.2017

CTC
no/7.5
mls
1
0
0
0
0
0
1
6
0
1
0
0
2
1
2
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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LnCAP (p=11) were cytospun, fixed and stained as outlined above. Fig 6.12 shows
these cells stained weakly positive with CK8/18, avidly with Anti-EPCAM (both
epithelial “CTC” markers) and negatively for anti-CD45 (lymphocyte marker.

(a) Anti mouse CK8/18 (Weakly positive)

(b) Anti-EPCAM Rhodamine conjugate
(Strongly positive)

(c) Anti-CD45 FITC conjugate (Negative)
Figure 6.12 63x magnification of immunofluorescence preparation cytospun LNCAP cells
(passage=11). This is combination 5 from table 6-2. Panels show the same 63x HPF in 3 different
wavelengths (a-c). Panel (a) showing anti-mouse secondary to a mouse anti CK8/18 (CTC
marker). Panel (b) showing anti-EPCAM staining (CTC marker). Panel (c) showing anti-CD45
staining (lymphocyte marker).
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Three patients’ baseline samples were analysed for CTCs as outlined above (patient
S003 – entered screening but progressed rapidly and wasn’t treated in trial, patients
002 and 003). CTCs could be identified in patient 003 at very low concentration. The
three cells highlighted in red circle meet our definition of a CTC being DAPI +,
EPCAM + and CD45 negative.

(a) DAPI (DNA)

(b) Anti-EPCAM Rhodamine conjugate

(c) Anti-CD45 FITC conjugate

(d) Composite image

Figure 6.13 63x magnification of immunofluorescence preparation of buffy coat of patient 003
baseline blood sample. Panels show the same 63x HPF in 3 different wavelengths (a-c) then
composite image (d). Panel (a) showing DAPI staining (dsDNA). Panel (b) showing anti-EPCAM
staining (CTC marker). Panel (c) showing anti-CD45 staining (lymphocyte marker). Panel (d) is
composite image with three cells highlighted in red circle which meet criteria of CTC, being DAPI
+, EPCAM +, CD45 -.
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6.3.5

Bone marrow results

All patients who entered the trial were additionally asked to consent to a single blind
bone marrow biopsy prior to any treatment. Table 6-8 below shows the results obtained
in terms of tissue acquired and analysis of core for evidence of metastatic prostate
cancer. Aspirate was acquired in 21 of 24 procedures performed. Trephine was
obtained in 16 of 24 procedures performed. Positive tissue viable for analysis was
retrieved in 3 of 24 procedures performed (12.5%), 3 of 16 cases in which a trephine
was performed (18.75%). “Microscopic focus” was defined as isolated tumour cells or
isolated, microscopic, malignant glands.
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Table 6-8 Table showing initial results of attempted bone marrow aspirate and trephine; for
patients in whom trephine was obtained column four details result of histopathological analysis.

Patient
no.

Procedure
attempted
Y
Y
Y
Y

Bone marrow
aspirate
acquired
Y
Y
Y
Y

Bone marrow
trephine
acquired
Y
Y
Y
Y

010
017
019
001
013

Y

Y

Y

015

Y

Y

Y

002
005
007
008
011
016
018
024
028
012
003
004
006
020
023
031
014
022
009
025
026
027
029
030
Positive
result

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
N
N
N
24 of 30

Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
Y
Y
Y
Y
N
N
N
N
N
N
N
N
21 of 24

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
N
N
N
N
N
N
N
N
N
N
N
16 of 24

Tumour content
in trephine
Y
Y
Y
Microscopic
focus
Microscopic
focus
Microscopic
focus
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
Nil
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
3 of 16
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6.4 Discussion
6.4.1

DDRD discussion

In prostate cancer there is paucity of molecular biomarkers predicting response to
treatments or informing prognosis. This part of the project sought to extend a putative
biomarker which has been developed and validated in other disease sites treated with
chemotherapy into prostate cancer treated with radiation therapy.
This biomarker predicts response to DNA damaging chemotherapy in breast cancer,
the hypothesis under test here is that it will also predict response to heavily DNA
damaging radiation therapies.
The results in this small study, and in the context of published data, are open to
different interpretations at this time. In ADRRAD there is a possible trend to DDRD
positive individuals experiencing biochemical progression earlier than those who are
DDRD negative but no difference in time to next treatment. It is noted that >90% of
the ADRRAD patients have received docetaxel chemotherapy shortly before
commencing ADRRAD treatments, therefore it is challenging to interpret any
relationship between DDRD status and either one or both of those treatments. In the
work previously quoted by Davidson et al., they showed that DDRD positivity was
associated with reduced overall survival in metastatic prostate cancer treated with
docetaxel(183). One interpretation of this and the ADRRAD results is that DDRD
positivity will be prognostic and just indicate bad disease biology per se with worse
outcomes following any treatment; and the reason the difference in BPFS in ADRRAD
is not yet significant is just because of sample size and no of events. Alternatively,
perhaps the reason for the lack of a significant difference in ADRRAD is that the
radiation therapies are rescuing some of the DDRD positive individuals who were
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likely to experience a worse outcome following docetaxel chemotherapy, as per the
Davidson et al. results. It may be that DDRD positivity does indeed indicate a
subgroup of patients who are better treated with radiation therapies than docetaxel.
These results are hypothesis generating at this stage. To take this work further, ongoing
follow up is required for the ADRRAD biochemical progression free survival analysis,
to determine if the difference between the two groups ever becomes significant. It will
also allow overall survival data to be included in due course. It supports further
assessment in larger prospective clinical trials e.g. STAMPEDE. Even if the
mechanistic story elucidated by Mulligan et al. does not hold true in prostate cancer,
the DDRD signature could still have huge value as a prognostic biomarker in a disease
with an extremely variable time course between different patients. Full gene
expression data have been acquired for DDRD genes in all samples tested. There is
ongoing bioinformatics work examining for variations in disease biology and response
to treatment as functions of relative gene expression. Similar approaches have recently
been applied as discussed in chapter 1 by Velho et al. They retrospectively performed
next-generation DNA sequencing on 28 patients who had received radium-223 for
mCRPC and found that men with mutations in homologous repair genes were younger
and had more soft tissue metastases than men who were mutation negative; however
the men with HR mutations showed greater ALP reduction and longer time to ALP
progression than men who were wild-type(113). Importantly, the Velho paper tested
for expression of genes known to be directly involved in the HR response, rather than
a geneset identified as being associated with deficiencies in DNA repair, as was the
approach in the original Mulligan DDRD paper(111).
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6.4.2

Chromosomal damage discussion

Dicentrics and other complex DNA lesions are readily observed during ADRRAD
treatment. In contrast to the significant background levels of gH2AX (fig 6.10) these
complex DNA lesions are not detected until there has been exposure to radiation. Also,
the number of lesions per cell is lower using the MFISH approach than with gH2AX
staining. Thus it appears MFISH may be a more sensitive measure of radiation induced
damage than gH2AX. The overall time course of damage appears similar in the two
assays – with a rapid rise in lesions seen between cycle 1 to cycle 3 before starting to
plateau. Using previously published calibration curves linking dicentric formation to
dose delivered for both low and high LET it is possible to construct tentative dose
estimates shown table 6-4. Each of these models assumes respectively, all the DNA
damage being a result of EBRT irradiation in column 5 and all the DNA damage being
a result of radium-223 irradiation in column 6. The overall dose-response in ADRRAD
will lie somewhere between those two extremes. No data exist to better model the true
exposure situation in terms of estimating the fraction of lymphocytes exposed to EBRT
during each fraction for example. It would be essential and highly informative to
extend this work into a population receiving only EBRT and a second population
receiving only radium-223 to better examine the DNA damage seen with each
modality in isolation. The work is nonetheless very exciting and is, we believe, the
first time MFISH methods have been used to investigate molecular dosimetry in
patients treated with radium-223.
Two existing methods have been described in the literature for estimating doses
delivered to various organs including bone marrow from a delivered activity of
radium-223; the chromosomal damage assay described here provides a third means.
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Lassman et al. applied the activity and dosing schedule from the ALSYMPCA trial(89)
to an older model of the biodistribution and molecular dosimetry of calcium like
radionuclides(196,197). This model is derived from several generations of
experimental and observational studies in humans and other mammals dated back to
the 1950s. Using this model Lassman et al. estimated a red marrow dose of 72
mGy/MBq.
Chittenden et al. were the first in modern times to attempt to derive empirical
dosimetry data from patients receiving therapeutic radium-223(92). They performed 2
sequential 100kBq/kg injections of radium-223 6 weeks apart. Between time of
injection and out to 144 hours after patients underwent serial g-camera imaging, and
collection and dosimetry measurements of blood, urine and faeces. They calculated
activity in red marrow by collecting serial blood samples up to 144hrs after injection
and measuring activity; they assumed a blood to bone marrow activity concentration
of 1.0. They additionally factored in dose to bone marrow from sequestration of
radium-223 into surrounding bone by means of g-camera imaging of photon
component of radium-223 decay pathway. Combining dose delivered both from blood
and from bone surfaces, they estimate a bone marrow dose of 162-908 mGy/MBq, the
wide interval driven by wide confidence intervals on dose delivered from bone
surfaces. It is unclear if calculation used to determine infused activity was performed
on 2008 or corrected 2015 NIST data(198), so this dose estimate may correct to 178999 mGy/MBq.
The chromosomal dicentric workstream in ADRRAD has allowed a novel means of
estimating bone marrow dose. This uses an historic dose calibration curve(189) linking
alpha particle dose and number of dicentrics seen to estimate the dose delivered to
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haematopoietic tissues. As gH2AX data strongly suggests, DNA damage from radium223 accumulates and is slow to repair, thus any assay for DNA damage taken at any
point after cycle 2 radium-223 is likely some combination of total exposure.
Concentrating on cycle 1, the chromosomal damage assay as shown in table 6-4
predicts a bone marrow dose of 0.271 Gy +/- 0.125 Gy based on a cycle 1 administered
activity of 6860 kBq. This equates to a dose of 39.5 mGy/MBq. These data are
compared in table 6-9 along with extrapolation to total delivered dose to be expected
across 6 cycles of radium-223 at 55 kBq/kg to a 70 kg man.
Table 6-9 Comparison of dose estimates of therapeutic radium-223 to red bone marrow

Dose estimate

Lassman et al.

Chittenden
al.

et Anderson et al.

72 mGy/MBq

535 mGy/MBq

39.5 mGy/MBq

(mean)
Cumulative
dose per course

1.6 Gy

12.4 Gy

0.9 Gy

(6 cycles
55 kBq/kg
70 kg)

The Chittenden data are a clear outlier, around a factor of 10 different to the other two
estimates. In recalling the physiological effects of a course of radium-223, the
Chittenden estimate also lacks biological likelihood. Twelve Gy is around the
prescription dose for total marrow irradiation as part of bone marrow conditioning
prior to stem cell transplant(199) and would be expected to produce profoundly greater
myelosuppression than is seen in practice.
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The chromosomal assay adopted in ADRRAD has yet to be validated in a range of
patients. However, its inclusion in the trial has enabled the method to be optimised
and, at least in this single patient, a dose estimate to be generated which is in keeping
with previously published predictions of dose effects likely to be seen. Analysis of
other patients’ chromosomal samples is ongoing. It is recognised even solid stain and
certainly MFISH are labour intensive techniques. It is hoped the gH2AX approach will
provide another insight into molecular dosimetry and perhaps result in a less resource
intense assay as it is calibrated and validated in multiple patients.
Several challenges have been identified in this piece of work. Foremost among these
is the low yield of lymphocytes being recovered. As chapter 4 described, WBC counts
of patients on the trial are generally low normal at outset (likely docetaxel related) and
fall further during treatment. This does not appear to have had any clinical sequalae
but has made harvesting and generating metaphase lymphocytes for MFISH analysis
more challenging. The laboratory method was reoptimised and results as shown in
table 6-4 are beginning to show significant potential. The next step for this work is to
begin to look not just for instantaneous complex DNA lesions but rather the types of
heritable DNA lesions Anderson has found previously(114) which may provide the
best estimate of lifetime high-LET dose across multiple individual exposures.
6.4.3

H2AX discussion

This work was born out of the original circulating tumour cell work as described
above. It was noted during CTC analysis that CTC levels were low, as shown in 6.3.4.
It was also noted however that lymphocytes were harvested in large numbers by the
ficoll-paque procedure. In an extension of the CTC methodology, staining approach
was amended to assay for gH2AX instead of CTCs. Thus attempting to use the
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lymphocytes themselves as a dosimetric biomarker. An ADRRAD protocol
amendment was drafted to allow samples to be assayed in this way, although it meant
no difference to patient experience, the same blood samples were used as were being
drawn for CTC analysis. The laboratory methods were being optimised at the end of
the author’s clinical research fellowship. Acknowledgement is made of the
contribution of Dr Kelly Redmond in helping optimise this method and counting
samples after the author’s fellowship and laboratory time came to an end. All data
were analysed and interpreted by Dr Turner.
Figure 6.9 a and b show a clear and significant signal of increasing levels of DNA
damage during the treatment phase of ADRRAD which slowly resolves upon cessation
of treatment. Table 6-6 shows that there is a relatively high background level of
gH2AX signal in both patients’ lymphocytes at baseline, but despite this table 6-5
shows a statistically significant increase in foci between screening and cycle 6 for both
patients. In patient 011, even by the end of study the difference in foci numbers
compared to baseline is still significant. In both patients there is a steeper slope to the
early part of the curves up to C2/C3. This may suggest a rapid accumulation of DNA
damage from both high and low LET sources, followed by ongoing persistent damage
from repeated radium-223 cycles. It is surprising that an above baseline level of
damage can certainly be seen 8 weeks after last radium-223 exposure and possibly
even some impact of it 6 months after exposure. DNA repair following high LET
damage has been shown to be slower than repair of low LET damage(200). Also, Horn
et al. using ex-vivo experiments estimated than repair of H2AX lesions from low LET
exposure followed a bi-exponential pattern with half-lives of repair being T1/2(slow)=
35-39hrs and T1/2(fast)= 1.4-1.7 hours. These data would suggest that DNA damage
seen in all timepoints after pre-C2 is a result of high LET alpha exposure, with previous
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low LET photon damage having been repaired with half-lives as above. These data,
albeit in two patients, appear to support the idea that high-LET damage is persistent
and slow to repair.
Table 6-6 shows that the majority of cells in both patients at all timepoints did not
contain any gH2AX foci; these cells have either not been exposed or have repaired
DNA damaged they sustained. Table 6-6 also reminds us of the treatment related
lymphopenia as described in detail in chapter 4. Plotting fraction of damaged cells
alongside lymphocyte counts in fig 6.11 reveals an apparent inverse proportionality
linking the two, as fractional damage increases, so total lymphocyte count drops. It is
important not to over interpret the curves based on only two patients, but there is a
possible link between the two which will continue to be investigated as further
patients’ samples are analysed.
There is evidence of discrete alpha particle tracks in some of the cells analysed, distinct
from isolated dsDNA breaks seen. Further work is required to analyse these.
The peripheral lymphocyte population is a heterogeneous mix of cells, from both T
and B cell lineages and with many sub populations of each lineage c.f. chapter 1 of
Janeway et al.(201). Among these cells there is a broad distribution of lifespans, but
certainly some populations of mature B cells have half-lives of 1-2 months, c.f. chapter
7 Janeway et al.(201). The DNA damage signal seen in lymphocytes will therefore be
a complex, dynamic system with multiple variables. There is a continual rate of
physiological, background DNA damage; upon radium-223 administration there will
be a period of radium-223/blood mixing which will result in increased DNA damage.
Nilsson et al. found radium-223 to be rapidly cleared from blood with <1% initial level
at 24 hours post infusion, due to biological clearance. So there is a short window of
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mixing when lymphocytes may undergo alpha-particle transit of their nucleus resulting
in ds DNA break. There seems then to be a long lag during which this damage is still
evident. The results appear to show a proportion of lymphocytes with lifespan > 4
weeks are experiencing dsDNA breaks which are irreparable, but do not result in
immediate death and clearance of the cell, allowing these DNA lesions to persist for
some weeks. Overall, the effect on the lymphocyte population is certainly to deplete
numbers as was shown clearly in chapter 4 for ADRRAD patients generally and
certainly occurred to the 2 patients under study here.
These results are hypothesis generating. They show clearly that a signal of radium-223
induced DNA damage can easily be captured by standard laboratory techniques. This
is a novel finding. It is not possible, based on the results of these two patients, to
calibrate the amount of gH2AX seen to dose estimates or to toxicity endpoints. Also,
further work is required quantifying the distribution of foci at the cellular level as well
as examination for alpha particle tracks, to test for sub-population and radiation quality
effects. However, with increased patient numbers, this technique has the potential to
be a future novel biomarker of molecular dosimetry.
6.4.4

CTC discussion

6.4.4.1

CTC-Cellsearch

The most obvious pattern in table 6-7 is a paucity of CTCs at all points in the majority
of patients.
There are conflicting associations with progression. Patient S002 was a patient who
signed consent but progressed rapidly during screening and never formally registered
on the trial or received any treatment, his CTC count was the highest at 6/7.5mls of
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blood. However, of those patients who went on to study, patient 005 progressed first
at 15.9 months post first docetaxel, yet never had any detectable CTCs. Given the low
numbers of CTCs using the Cellsearch platform the clinical utility is felt to be limited
and it should not be included in larger prospective clinical trials in this patient
population.
6.4.4.2

CTC-immuno

Combinations of antibodies detailed in table 6-1 were used on a direct preparation of
LnCAP cells. The best combination of antibodies proved to be anti-EPCAM and antiCD45, fig 6.12 showing intense emission in the anti-EPCAM channel with little or no
emission in anti-CD45 channel. For subsequent experiments, these were used. A
second epithelial marker of CK8/18 stain did not add anything given the intensity of
the anti-EPCAM signal. Some of the cells were distorted likely from processing,
therefore the available third channel was instead used for DAPI to positively identify
mononuclear cells, in case there was any uncertainty from structural appearance.
Therefore the final combination taken forward was DAPI, anti-CD45 and antiEPCAM.
This combination was used to test three patients for the presence of CTCs.
For each patient, mononuclear cells were resuspended in 1 ml of PBS then divided into
200 microlitre aliquots per slide (5 slides per patient). Cell concentration was 450000
per aliquot for patient 002, 575000 per aliquot for patient S002, 675000 per aliquot for
patient 003. Fig 6.13 shows the only potential CTC found in analysis of three patients’
initial CTC samples, taken from patient 003 at baseline visit.
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These cells meet criteria of being DAPI positive, CD45 negative (although some nonspecific background CD45 can be seen) and EPCAM positive. The original volume of
blood drawn from patients was 2x4ml EDTA tubes, so this equates to a concentration
of 3 cells per 8mls, in keeping with results from Cellsearch™ which for this patient’s
time point found 1 cell per 7.5mls. It is disappointing that no CTCs were detected by
immuno for patient S002 who had the highest count in Cellsearch™. However it is
readily accepted that the concentrations of cells being examined for are tiny and
margins of error very large. There is certainly no evidence at this stage of the high
concentrations of CTCs found by immunofluorescence methods in the Martin
paper(122).
Additionally, the whole process required significant time, mostly at the level of
examining slides under high powered magnification by hand. An attempt was made to
automate this process using confocal microscope with image analysis software, but it
could not be optimised.
Whilst the initial CTC work was disappointing from a CTC enumeration point of view,
the slides prepared (c.f. fig 6.13) contained huge numbers of lymphocytes. The initial
translational objective within the trial centred around CTCs but did include the option
to examine lymphocytes for markers of DNA damage as a possible dosimetric
biomarker. The focus of this work therefore moved into examining DNA damage in
lymphocytes rather than trying to find CTCs within the samples as discussed
previously.
6.4.5

Bone marrow discussion

The blind biopsy method had a very low pick up rate of tumour tissue in trephine at
12.5% of cases tested. This is despite the population all having metastatic disease and
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80% having high volume disease. This may be due to the heavily pre-treated
population at the time the biopsies were performed. A number of samples of aspirate
have been archived in the Northern Ireland Biobank. These will be tested for DTC in
due course, however given the paucity of tumour tissue found in trephine and limited
laboratory time, this work has not been performed to date.
With regard to the first hypothesis above, we have demonstrated that this method is
unsuitable for use in yielding metastatic tissue in any sort of volume to be of use for
study. It remains unknown whether the presence of DTCs in this population is a
predictive biomarker in relation to the treatments delivered in ADRRAD.

6.5 Summary chapter 6
In the design of ADRRAD, the major translational objectives were in relation to
identifying putative biomarkers which could be taken forward into larger trials. These
biomarkers were selected on the basis of being potentially prognostic, predictive or a
dosimetric marker. Some of these assays were developed and performed entirely by
the group in Belfast. It was also recognised however that the value of the trial could
be leveraged significantly by developing collaborations with other groups who have
expert knowledge in this area of radiation biology.
The impact of DDRD on ADRRAD outcome is unexpected. In the Mulligan paper the
assay demonstrates clear capacity to predict response to DNA damaging treatment,
which links mechanistically to what is known about the specific role of the genes
involved in the assay(111). Although this was with DNA damaging drug treatment,
not with radiation. It is therefore surprising that, when patients are treated with a
heavily DNA damaging regime as in ADRRAD, the DDRD signal does not predict
response in the same way. This may be due to differences in behaviour between breast
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and prostate cancer or it may be due to differences in cellular response to radiation
versus DNA damaging chemotherapy. Likely it is a combination of both. The assay
appears to be a prognostically unfavourable marker in prostate cancer, suggesting
earlier biochemical progression. Three trials have now shown DDRD to be a marker
of poor prognosis in both localised and metastatic prostate cancer. Whilst this doesn’t
support the original hypothesis which led to its inclusion in the ADRRAD trial, it is
still a potentially very useful assay, given the lack of prognostic biomarkers for
prostate cancer. If the trend to worse outcome continues as the ADRRAD data matures,
there is certainly a strong case for testing the prognostic capability of DDRD in a large
phase III trial.
The chromosomal damage study is another novel approach. Using cytogenetic analysis
in our collaborator laboratory, we have been able to show a clear signal of increasing
DNA damage in patients during their ADRRAD course of treatment. Using existing
calibration curves for low and high LET radiation, we have provided dose estimates at
the level of single lymphocytes. The next step in this work is to complete analysis of
the final timepoint for patient 022 and then apply the same approach to other patients
in the cohort. Given the chromosomal signal appears to be more sensitive than the
gH2AX signal and given that existing calibration curves exist to estimate dose from
the damage detected, it is predicted this assay has the potential to translate into a viable
dosimetric marker.
The gH2AX assay is an entirely novel approach in this context, of quantifying in vivo
DNA damage from radium-223 exposure using gH2AX. It has been reproduced in two
patients with a clear signal of detectable DNA damage as treatment course progresses.
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Future work will involve trying to calibrate this signal with dose delivered, as well as
trying to correlate it with disease related or toxicity endpoints.
The approach of quantifying circulating tumour cells in a limited group of the
ADRRAD population was unsuccessful. Based on the low signal from validated
Cellsearch method and the low signal from the three patients assayed using
immunofluorescence approach, it seems unlikely there is a biomarker signal there
which could prove useful in the future. However, this may be due to the excellent
tumour suppression that occurs during early ADT treatment. This work is unable to
determine if CTC numbers in a pre-ADT sample would be sufficient to reliably allow
genetic analysis; or if their numbers would be predictive of outcome. It did however,
lead onto the gH2AX work in lymphocytes as part of the development of the staining
protocol, which proved extremely novel and fruitful.
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7 Conclusion
7.1 The current evidence base
The increasing global burden of prostate cancer was outlined in the introductory
chapter. There is evidence to suggest its rise in incidence may shortly begin to plateau
in developed health care systems(20), however by virtue of demographics and access
to improved diagnostic techniques, its incidence is likely to increase significantly in
the developing world in the years to come. A proportion (18.2% Northern Ireland(15),
27% China(202)) of prostate cancer will be diagnosed in a metastatic state. This form
of the disease is fatal and the mainstay of treatment is medical castration, as has been
the case since the 1980s. Recent advances have led to a range of new therapies,
including

hormonal

therapies

(abiraterone(34,35),

enzalutamide(38,39)),

chemotherapy (cabazitaxel(33)), radionuclides (radium-223(89)) and immunotherapy
(sipuleucel-T(203)) coming online with survival prolonging benefits; the optimal
sequencing of these agents remains to be determined.
As outlined in chapter 1, there is evidence that prostate cancer is a radiation sensitive
disease; ADT + radiation therapy in the locally advanced disease setting is more
efficacious than is ADT alone(47–49). Radium-223 in mCRPC showed for the first
time, an overall survival prolonging effect from a palliative radiation therapy(89).
More recently, in metastatic disease with low metastatic burden, EBRT to prostate has
been shown to be survival prolonging when combined with ADT(68). It is unknown
if a combination of EBRT + radium-223 can be delivered in a manner that is safe and
acceptable to patients.
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The behaviour of mHSPC as an overall entity and its response to treatments is highly
variable between individuals. There is a lack of biomarkers to inform prognostic
stratification and to predict response to individual treatments.

7.2 Contributions this work makes to the knowledge base
This Thesis began with the hypothesis:
The combination of ADT (defined as LHRHa as licenced in metastatic prostate
cancer) plus radium-223 (defined as per licence in mCRPC) plus radical prostate
and pelvic radiotherapy (defined as our institutional standard for high risk,
locally advanced prostate cancer) would prove to be feasible, safe and acceptable
to patients with mHSPC and would lead to a phase III trial.
In the initial trial design phase, we needed to define the baseline of our local toxicity
outcomes from WPRT. To satisfy our safety concerns in relation to our preferred
treatment schedule, it proved necessary to undertake a retrospective study of toxicity
outcomes. This was performed and demonstrated our local results were in keeping
with national prospective trials as described in chapter 3; it provided no barrier to
proceeding with a trial design built around concurrent use of radium-223 and EBRT.
This study was deliberately structured in a manner that allowed direct comparison
between static field IMRT and VMAT. For the first time we have compared the
dosimetry, NTCP, treatment efficiency and toxicity data for a real-world cohort of very
similar patients, half of whom received IMRT and half of whom received VMAT. We
have demonstrated the dosimetric and efficiency advantages shown by VMAT, as
other have shown in planning studies previously. This dosimetric benefit did not
translate into differences in clinical toxicity in our study and we have presented
hypotheses for that, namely small sample size and retrospective methodology.
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As chapter 4 documents, we have, for the first time, shown that a treatment
combination of ADT and concurrent WPRT + radium-223 can be successfully, safely
and tolerably delivered to patients. We have for the first time quantified the toxicity
burden associated with this treatment combination. We have discovered that the
combination is associated with a rate of 80% of patients experiencing diarrhoea and
urgency (only 20% at grade 2, nil grade 3). The combination is associated with
expected GU toxicity, in keeping with rates seen in studies of WPRT alone. Rates of
haematological toxicity were higher than expected, and the leucocyte lineage was
particularly affected, 90% of patients experiencing leucopenia any grade and 63.3%
of patients experiencing leucopenia of grade 2 or greater, although there was no signal
that this leucopenia was clinically significant with no excess of infections and no
instances of neutropenic sepsis.
Chapter 4 goes on to demonstrate that this treatment combination has acceptable
patient reported outcome measures as evidenced by EPIC quality of life and
satisfaction scores. Sexual scores are uniformly low at all timepoints in the trial,
reflecting the impact of ADT standard of care. Urinary and bowel EPIC domains both
show a significant fall between baseline and cycle 3 of study, but both recover by the
end of study.
As explained in chapter 5, we have identified an area of concern with this combination
in relation to deleterious effects on parts of the skeleton not affected by metastases. In
this study 37% of patients had fractures and this was not accounted for by the
additional imaging performed in the trial with wbMRI. This signal supports large
phase III evidence which came to light during our trial from ERA-223 in which the
combination radium-223 + abiraterone was found to increase the fracture risk
significantly(98). The majority of fractures seen in ADRRAD were asymptomatic
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fractures at the site of metastases (72.3% of patients with fractures) however 27.3%
were fragility fractures. Contrasting this is the strong evidence of a positive effect on
the skeleton at sites of bone metastases with 65% of patients having wbMRI evidence
of skeletal disease response at cycle 6 accompanied by a significant fall in ALP for the
majority of patients. The BMD reducing effects of LHRHa and EBRT on the nonmalignant skeleton are well known(100,101), and there is a clear signal from
ALSYMPCA of the positive effect of radium-223 in reducing SSE’s so undoubtedly
the effects on the skeleton of this treatment combination are multifaceted and complex.
This could suggest a positive impact at sites of metastases but more broadly a reduction
in bone health in the non-malignant skeleton. These results stimulate many new
hypotheses and add to the emerging evidence base in relation to the effect of novel
therapies on skeletal health.
Chapter 6 documents how this clinical trial allowed a number of putative biomarkers
to be tested either for the first time or for the first time with this combination of
treatments.
DDRD has been shown to predict response to DNA damaging chemotherapy in breast
cancer(111), and to predict reduced overall survival in metastatic prostate cancer
treated with docetaxel(183). Its role as a biomarker in metastatic prostate cancer
treated with radiation is unknown. Our collaboration with ALMAC allowed DDRD
scores to be determined in a prospective prostate cancer clinical trial for the first time.
The results refute the hypothesis we had when we included this assay (that DDRD
positivity would predict response to radiation treatments) however it has shown a
strong trend to being prognostically negative in its own right and this result merits
further testing in a larger future trial.

276

There is a lack of molecular dosimetric techniques to allow prediction of NTCP and
dose personalisation in treatment with radionuclides. Our collaboration with Brunel
university has allowed complex DNA damage to be detected in clinical samples of
patients treated with radium-223 for the first time. We have proposed dose estimates
based on existing calibration curves which are in keeping with predicted models of
radium-223 dosimetry.
CTC levels are prognostic in mCRPC(118); there is evidence radiation can liberate
them into the circulation(122). The CTC methods we developed ourselves (based on
Martin et al. work) showed no promise for future development as a biomarker, as was
corroborated by our validation set sent to Manchester for Cellsearch CTC testing.
This work did however lead us into using gH2AX to assay DNA damage using
immunofluorescence. This is a further insight into dosimetry on the cellular level,
again relating to the point above regarding a lack of biomarkers for personalisation of
dose. We have demonstrated that DNA damage from in vivo irradiation of
lymphocytes from WPRT and radium-223 can be detected using an H2AX assay. We
have shown how this signal varies temporally through the trial and we have suggested
reasons for that. This shows promise as a dosimetry biomarker which could be
validated in phase III clinical trials.

7.3 Limitations of this work
The conclusions drawn from this work are limited by the numbers of patients involved
and all conclusions drawn are done so cautiously as appropriate for a phase I/II trial.
Aside from patient numbers some particular limitations bear further consideration. The
imaging approach adopted in the trial could be optimised significantly for future trials.
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The lack of a bone scan immediately before commencement of treatment represents a
gap in our knowledge about what is happening to these patients during study. Given
wbMRI provides no functional imaging about uptake of bone-chelating moieties, it
would be helpful to have a baseline bonescan immediately prior to treatment, which
would provide information about what the relative uptake of radium-223 might be
between patients and even between different metastases in the same patient. This could
then be compared with wbMRI findings. As it stands, we cannot confidently refute the
hypothesis that, as a result of LHRHa and docetaxel treatment, the disease was
quiescent during the trial and radium-223 uptake into bone metastases may have been
limited. A bone scan immediately prior to commencement of radionuclide treatment
would help to address this uncertainty.
Equally it would be important for future clinical trials to include diffusion weighted
wbMRI. This would enable quantitative correlation of disease activity. There is
however, a strong signal to ALP normalisation (fig 5.10), relative to screening. This
supports the radiological findings in suggesting the trial combination of treatments are
further suppressing disease beyond the level achieved with ADT and pre-trial
docetaxel.
In terms of the translational components to this work, and particularly the DDRD
component, it is recognised that the majority of this cohort of patients have received
multiple treatments including ADT, docetaxel and radiation therapies. This makes it
challenging to interpret the results of a gene expression based putative predictive
biomarker, given one cannot attribute changes in outcome to the impact of 1 single
treatment. This part of the work still provides useful insights into the role of DDRD in
metastatic prostate cancer, with cautious interpretation as outlined above. It is of
course necessary to investigate this further in larger cohorts, and ideally testing the
278

impact of single treatments. Dr Turner, Dr Jain, Prof O’Sullivan and Dr Davidson have
recently opened a new clinical trial testing the impact of DDRD in localised prostate
cancer receiving primary radiation therapy (cf appendix 14).

7.4 Future directions
The work presented in this thesis strongly argues for the inclusion of combination
WPRT and radium-223 in a large phase III trial. Inclusion in a multi-arm, multi-stage
trial such as STAMPEDE would enable assessment of the efficacy of these treatments.
Amendments could be made to the imaging protocol as discussed in limitations above.
Regular NM imaging should be mandatory, either with technetium bone scan or with
novel NM scan such as PSMA PET; if wbMRI were continued it should include
diffusion weighting as standard.
Given our own data in addition to those of ERA-223 and PEACE-III, it would seem
prudent to mandate bone protection in a future trial with either a bisphosphonate or
RANK ligand inhibitor.
The strong signal of bone marrow suppression in this trial, whilst clinically
inconsequential for this cohort, bears further consideration. As mentioned earlier, trials
continue into the role of immunotherapy in prostate cancer(176). Given the
revolutionary impact it has had on multiple disease sites it seems likely that it will find
a role in advanced prostate cancer, although trial results to date have shown
inconsistent results. If immunotherapy-based treatment does become part of the
landscape, any competing treatments which cause profound lymphopenia may be
problematic, given the mechanism of action of immunotherapy. Methods to ameliorate
the bone marrow suppressive effects of our combination should be considered. It is
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hoped our dosimetric translational studies may in future assist in this regard. There is
already a significant body of evidence in relation to treating bone marrow as an OAR
and performing bone marrow sparing radiotherapy. Whilst this is unnecessary in
standard WPRT in a radical setting, perhaps when bone marrow is already stressed by
radium-223, haematopoiesis becomes increasingly dependent on the large reserves of
red marrow in around the pelvis and WPRT at that time should be planned so as dose
limit to marrow.
The translational endpoints here show interesting hypothesis generating results. All of
these require further testing in larger clinical trials. As outlined in 7.2 above, we have
new clinical trials which have just come through our pipeline and which could be
useful vehicles for testing some of the assays here in a radiotherapy only cohort.
With regard to the efficacy signals of ADRRAD generally, we are optimistic these will
be tested formally within a large phase III trial in the near future.
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ABBREVIATIONS

Abbreviation

Full Form

ADL

Activities of daily living

ADT

Androgen deprivation therapy

AE

Adverse event

ALARA

As low as reasonably achievable

ALP

Alkaline phosphatase

ALT (SGPT)

Alanine aminotransferase

ANC/AGC

Absolute neutrophil count/Absolute granulocyte count

AR

Adverse Reaction

AST

Aspartate Aminotransferase

BHSCT

Belfast Health and Social Care Trust

BSA

Body surface area

C

Degrees centigrade

CBCT

Cone Beam Computed Tomography

CCRCB

Centre for Cancer Research and Cell Biology

CI

Chief Investigator

CRF

Case Report Form

CRPC

Castration-resistant prostate cancer

CT

Computed tomography

CTA

Clinical Trial Authorisation

CTC
DDRD

Circulating Tumour Cell
DNA damage response deficiency

DK

Decay correction factor

DLT

Dose limiting toxicity

DNA

Deoxyribonucleic acid

DTC

Disseminated Tumour Cell

ECOG

Eastern Cooperative Oncology Group

EMA

European Medicines Agency

EPIC

Expanded Prostate Cancer Index Composite

GCP

Good Clinical Practice
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GMP

Good Manufacturing Practice

GP

General Practitioner

IB

Investigator's Brochure

IMRT

Intensity Modulated Radiotherapy

IDMC

Independent Data Monitoring Committee

IMP

Investigational Medicinal Product

ISF

Investigator Site File

IV

Intravenous

kBq

Kilobecquerel(s)

Kg

Kilogram(s)

LDH

Lactate Dehydrogenase

LHRHa

Luteinising Hormone Releasing Hormone Agonist

MBq

Megabecquerel(s)

MHRA

Medicines and healthcare products regulatory agency

mL

Milli-litre(s)

MRI

Magnetic resonance imaging

NCI CTCAE

National Cancer Institute Common Terminology Criteria for Adverse
Events

NRES

National research ethics service

NYHA

New York Heart Association

PCUK

Prostate Cancer UK

PI

Principal Investigator

PSA

Prostate specific antigen

PTV

Planning Target Volume

QC

Quality Control

223RaCl
2 or Ra-223

Radium-223 dichloride

REC

Research ethics committee

RT

Radiotherapy

SAE

Serious adverse event

g/kg

Microgram(s) per kilogram

m

micrometer

mol/L

Micromole(s) per litre

SPC

Summary of product characteristics

SUSAR

Suspected unexpected serious adverse reaction

t1/2

Half-life
Version: 2.4 Date: 12 SEP 2018

Page 9 of 57

EudraCT No. : 2014-000273-39
ADRRAD Trial

Confidential

TMF

Trial Master File

ULN

Upper limit of normal

VMAT

Volumetric Modulated Arc Therapy

WHO

World Health Organisation

4

PROTOCOL SYNOPSIS

Full Title of study:
Short Title:
Trial Acronym:
Objectives:
Primary Endpoint:
Secondary
Endpoints:
Study Design:
Patient Numbers:
Target Population:
Inclusion and
exclusion criteria

Neo-adjuvant Androgen Deprivation Therapy, Pelvic
Radiotherapy and RADium-223 for new presentationT1-4
N0/1 M1B adenocarcinoma of prostate (ADRRAD Trial)
Neo-adjuvant Androgen Deprivation Therapy, Pelvic
Radiotherapy and RADium-223 for new presentationT1-4
N0/1 M1B adenocarcinoma of prostate (ADRRAD Trial)
ADRRAD
Feasibility and Safety of Radium-223 combined with pelvic
IMRT in new diagnosis M1b prostate cancer.
Feasibility and Toxicity
Radiological response, PSA response (as defined by
Prostate Cancer Working Group-2), time to ALP
progression, time to first Symptomatic Skeletal Event
Phase 1/2 open label.
30
Newly diagnosed T1-4N0-1M1b prostate cancer.
Inclusion criteria
1. Written informed consent obtained prior to any
study-related procedures
2. Histologically confirmed prostate cancer stage T1-4
N0-1, M1b
3. Patients with >3 bone metastases showing uptake at
bone scintigraphy
4. WHO performance status 0 or 1.
5. Life expectancy of at least 12 months.
6. Age

18years.

7. Absolute neutrophil count (ANC)
8. Platelet count

1.5 x109/L

100 x109/L

9. Hemoglobin 10.0 g/dL (100 g/L; 6.2 mmol/L)
10. Total bilirubin level
normal (ULN)

1.5 x institutional upper limit of
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11. Aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) 2.5 x ULN
12. Creatinine

1.5 x ULN

13. Albumin > 25 g/L
14. Patients, even if surgically sterilized (i.e. status postvasectomy), who:
-

will abstain from intercourse

-

or must agree to use barrier contraception during
and for 6 months after discontinuation of study
treatment. If patient impregnates a woman while
on treatment or within 3 months of discontinuing
treatment, he should inform his treating physician
immediately.

15. Absence of any psychological, familial, sociological
or geographical condition potentially hampering
compliance with the study protocol and follow-up
schedule; those conditions should be discussed with
the patient before registration in the trial
16. Willing and able to comply with the protocol,
including follow-up visits and examinations
Exclusion Criteria
1. Active uncontrolled bacterial, viral or fungal infection.
2. History of another malignancy within the last five
years except adequately treated basal cell
carcinoma of skin.
3. History of organ allografts requiring
immunosuppressive therapy.
4. Serious uncontrolled concomitant disease.
5. Treatment with an investigational drug within
previous 4 weeks, or planned during the treatment
period or follow-up
6. Received previous radiotherapy to > 25% of bone
marrow, including hemibody radiation
7. Received systemic therapy with radionuclides (e.g.,
Strontium-89, Samarium-153, Rhenium-186, or
Rhenium-188, or Radium-223 chloride) for the
treatment of bony metastases
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8. Visceral metastases as assessed by chest,
abdominal and pelvic computed tomography (CT)
9. Imminent or history of spinal cord compression
based on clinical findings and/or magnetic
resonance imaging (MRI)
10. Any other serious illness or medical condition, such
as but not limited to:
i) Any infection National Cancer Institute
Common Terminology Criteria for Adverse
Events (NCI-CTCAE) version 4.03 Grade 2
ii) Cardiac failure New York Heart Association
(NYHA) III or IV
iii) Crohn s disease or ulcerative colitis
iv) Bone marrow dysplasia
v) Faecal incontinence
vi) History of diverticulitis
11. Autologous bone marrow transplant or stem cell
rescue within 4 months of study entry
12. Use of biologic response modifiers, such as G-CSF,
within 3 week of study entry. [G-CSF and other
hematopoietic growth factors may be used in the
management of acute toxicity when clinically
indicated or at the discretion of the investigator;
however they may not be substituted for a required
dose reduction.] [Patients taking chronic
erythropoietin are permitted provided no dose
adjustment is undertaken within 2 months prior to
the study entry or during the study]
13. Cytotoxic chemotherapy received within 6 weeks of
starting cycle 1 day 1 radium 223
Trial dose and
administration:

Duration on study:
Study Procedures
and frequency:

Androgen deprivation therapy (ADT) for at least 3 months.
Patients can commence IMRT and Radium once PSA
reaches a nadir of <20ng/ml.
Radium-223, 50kBq/kg (55 kBq/kg after implementation of
NIST update) IV bolus every 4 weeks for 6 months as outpatient.
IMRT (VMAT) 74Gy/37 fractions over 7.5 weeks to prostate
and pelvis.
12 months (excluding time on Neo-adjuvant hormone
therapy)
ADT commences at least 3 months pre-radiation.
Radium-223, one IV bolus every 4 weeks for 6 treatments.
Version: 2.4 Date: 12 SEP 2018

Page 12 of 57

EudraCT No. : 2014-000273-39
ADRRAD Trial

Patient care posttrial:
Criteria for
evaluation:
Efficacy:
Safety:

Biomarker /Other
analysis
No. of Study Sites
End of study

Confidential

IMRT one treatment every weekday for 37 treatments
(74Gy/37 fractions of 2Gy).
Patients will be followed up at 3 monthly intervals until
progression.
This is primarily a feasibility/toxicity study
Whole body MRI scans
PSA response (according to definitions of Prostate Cancer
Working Group II)
An acute grade 3-4 toxicity rate for the combination of
IMRT and Radium-223 of greater than 20% would be
unacceptable.
Sample size of 30 pragmatic number to allow detection of
same.
DDRD assay, CTC analysis, biobank of samples (bone
marrow biopsy, aspirate and blood and urine)
One
Last Patient Last Visit. Patients should be on study for a
maximum of 12 months from commencement of IMRT and
Radium-223
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Schedule of events by visit for further breakdown)

8 weeks post
last Ra-223

X

End of Study

Follow-up

X

X

Ongoing Treatment

X

X

X

Baseline–Commence Radiation
Ra-223 Cycle3 1 & IMRT Week 1

Day 0

X

X

Ra-223
Cycle3 2-6

X

X

IMRT
Week 2-8

X
X5

Day 1

Day -90 to Day 01

X

X

X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

X4

X
X
X
X
X
X
X

X

X
X
X

X
X
X
X
X
X
X

X

X

X

X
X
X
X
X
X

X

X

X

X5

X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X

X

X

Screening and
pre-radiation ADT

Table 1: SCHEDULE OF EVENTS (See also Appendix 1
Evaluation/ Procedure

Informed Consent
Eligibility review and registration
Weight
Physical exam
Vital Signs
ECOG Performance Status
Medical History
Chemotherapy History
Concomitant Medications (+ADT
concordance after initiation)
Adverse Events including CTCAE grading2
Commence ADT (if not already established)
Radium-223 Administration3
IMRT Treatment
Laboratory Assessments
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells9
Peripheral blood cytogenetic analysis9
Other Clinical Assessments
Whole body MRI scan
Bone scan8
CT Radiotherapy planning scan
CT chest abdomen pelvis8
EPIC radiotherapy toxicity form
Bone marrow Biopsy and Aspirate for
Biobank6
Other samples for Biobank9
DDRD assay on tumour biopsy9
Urinalysis
3 monthly survival status for 2 years
Collection of fracture data up to 2 years post
Radium-223 treatment initiation10
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1 = Patients require minimum 3 months ADT and a PSA <20 ng/ml before commencing radiation treatment. If PSA >20 but falling at three months, day 0 can be deferred to allow maximum 12
months of ADT pre-radiation 2 = AEs will be collected from consent until 2 months post last Ra-223 treatment, 3 = Each Radium-223 treatment cycle will be 28 days, with clinical & labs
assessment prior to day 1. 4 = IMRT treatment will take place on 37 occasions over 8 weeks, 5 = To be completed weekly during IMRT treatment, 6 = From consenting patients with bone
marrow accessible to biopsy. 8 = If, as part of staging, patient has had CT CAP and bone scan (latter at most 28 days before commencing ADT) these will be used for baseline trial imaging. If
either hasn t been performed, or bone scan is older than 28 days pre-ADT, patients will be have these performed as part of trial. 9 = From consenting patients. 10 =Fracture data will be collected
as part of AE assessments up to 8 weeks post last Radium-223 injection and through patient note review thereafter.
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INTRODUCTION

Prostate cancer is currently one of the most common malignancies worldwide. Over
the past four decades, it has become a major health problem in western societies.
Recent work estimates that in Europe in 2012, there were 417,000 new cases of
prostate cancer diagnosed, making prostate cancer the commonest new form of
cancer in men and the third commonest cause of cancer-related death in men, in
Europe. (1).
About 50-70% of patients present with a locally advanced stage and about 15-30%
have bone metastases at the time of diagnosis (UK ~10%) (2). The proportion of
patients with bone metastases at diagnosis is significantly higher in China (60%) (3).
Metastatic disease may also develop after treatment for localized disease. Since
prostate cancer is primarily dependent on androgens for growth, the initial treatment
for advanced/metastatic disease continues to be suppression of testicular androgen
production. Although a vast majority of patients (around 90%) initially respond to
hormone treatment for a median of 11 months patients subsequently relapse and
prostate cancer generally progresses from an androgen-dependent to an androgenindependent state. A rising of PSA, progressive symptoms, or progression on imaging
studies signals the failure of androgen deprivation therapy (ADT) (4).
Once metastasis has occurred, the disease is not considered to be curable.
Chemotherapy and newer therapeutics such as Abiraterone Acetate and
Enzalutamide have become treatment options when hormone treatment fails (4).
Docetaxel chemotherapy is associated with a significant prolongation in overall
survival when given after failure of ADT(24). More recently, several clinical trials have
examined the use of Docetaxel chemotherapy at the point of diagnosis of metastatic
prostate cancer, during the hormone sensitive phase. Two trials showed this to be
associated with a significant improvement in overall survival (25,26) with a third
concluding no overall survival benefit (27). It is anticipated that during 2016, for men
with newly diagnosed hormone sensitive metastatic prostate cancer and whose fitness
allows, this will become standard of care in the UK.
In advanced prostate cancer, spread to the skeleton occurs in a majority of patients,
with skeletal metastases being predominantly osteoblastic in nature. The clinical
course of metastatic bone disease in prostate cancer is relatively long, with patients
experiencing skeletal related events over a period of several years. Symptomatic
skeletal events include bone pain requiring external beam radiotherapy, symptomatic
vertebral or non-vertebral fractures and spinal cord compression, all of which may
profoundly impair a patient's quality of life. Careful attention to pain management by
all involved care providers is crucial. External radiotherapy is considered the best
treatment for localised metastatic bone pain. However, external beam radiotherapy is
less favourable when multiple bone metastases are present, because effective
radiation dose can be limited by toxicity in adjacent or overlapping critical structures
and organs.
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Bone-seeking radionuclide therapy is an alternative modality for management of bone
pain. These agents preferentially localise in active bone, and specifically in sites of
metastases, producing site-directed radiotherapy. Radiopharmaceuticals are
important resources in the management of bone pain, but they need to be utilized in a
manner that does not prevent other systemic therapy (5,6).

Cytoreduction
It is recognised in renal cancer that even in the presence of distant metastases,
aggressive cytoreduction by surgical excision of the primary in a nephrectomy
procedure improves overall survival (7). It is uncertain if this phenomenon is specific
to renal cancer or not. Radiotherapy can be used in a similar, cytoreductive manner to
surgery i.e. to reduce the tumour burden at the primary site. This can improve local
control but it is unknown if it affects the overall behaviour of the metastatic cancer. The
paradigm is already being tested in prostate cancer in arm H of the large STAMPEDE
clinical trial. This is delivering prostate radiotherapy to men with metastatic prostate
cancer to determine if it affects their disease course (8).
Radium-223
Recent evidence from a phase 3 trial, ALSYMPCA which compared 6 cycles of the
alpha-emitting, bone-seeking radionuclide, Radium-223 + best standard of care
versus placebo + best standard of care in men with CRPC metastatic to bone has
demonstrated an improvement in overall survival and an improvement in time to first
symptomatic skeletal related event. This has led to the registration of Radium-223
(XOFIGO) for use in men with CRPC metastatic to bone. This is the first time that an
ionising radiation strategy has been proven to improve survival in a metastatic setting
(9).
The European Medicines Agency has concluded its review of the cancer medicine
Xofigo (radium-223 dichloride),
(http://www.ema.europa.eu/docs/en_GB/document_library/Referrals_document/Xofig
o_20/Opinion_provided_by_Committee_for_Medicinal_Products_for_Human_Use/W
C500252540.pdf) and has recommended restricting its use to patients who have
had two previous treatments for metastatic prostate cancer (prostate cancer that has
spread to the bone) or who cannot receive other treatments.
Xofigo must also not be used with the medicines Zytiga (abiraterone acetate) and the
corticosteroid prednisone or prednisolone. Xofigo should not be used with other
systemic cancer therapies, except for treatments to maintain reduced levels of male
hormones (hormone therapy). The medicine should also not be used in patients who
have no symptoms, in line with the current indication; in addition, the use of Xofigo is
not recommended in patients with a low number of bone metastases called
osteoblastic bone metastases.
The review of Xofigo was carried out by EMA s Pharmacovigilance Risk Assessment
Committee (PRAC) after data from a clinical study suggested that patients given
Xofigo in combination with Zytiga and prednisone/prednisolone could be at risk of
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dying earlier and had more fractures than patients given placebo (a dummy treatment)
with Zytiga and prednisone/prednisolone. The study included patients with no or only
mild symptoms, whereas Xofigo is only authorised in patients with symptoms. In
addition, the combination used in this study is now contraindicated. In the study,
patients given the combination with Xofigo died on average 2.6 months earlier than
those given the combination with placebo. In addition, 29% of patients who received
the Xofigo combination had fractures, compared with 11% of patients given the
placebo combination.
It is thought that Xofigo, which is taken up by the bone, accumulates at sites where
the bone is already damaged, for example by osteoporosis or micro-fractures,
increasing the risk of fracture. However, the reasons for a possible earlier death seen
in this study are not fully understood.
Rationale
This trial seeks to explore the feasibility of adding external beam radiotherapy and 6
cycles of Radium-223 to the current standard of care in castration sensitive prostate
cancer. As noted above, this standard of care was, until recently, LHRHa to suppress
testosterone however for men fit for chemotherapy, this will likely change shortly to
include LHRHa plus 6 cycles of Docetaxel at diagnosis. Therefore in ADRRAD
concurrent cytotoxic chemotherapy will be prohibited however previous treatment with
cytotoxic chemotherapy will not be a barrier to entry provided a minimum of 6 weeks
has elapsed from last infusion of cytotoxic to cycle 1 day 1 radium 223 and all
haematological parameters are recovered to meet inclusion criteria. There will be a
cohort of patients who are medically unfit for treatment with chemotherapy and these
men will be eligible for trial, providing they meet the trial entry and exclusion criteria.
Given that this is a feasibility trial, it is not anticipated that including these two subpopulations (pre and post chemotherapy) will in any way invalidate the conclusions
with regard to endpoints. Further, given the feasibility nature of the trial, formal power
calculations are not appropriate, therefore there is no impact on power of including
both populations.
Our primary hypothesis is that ADT, radiotherapy and radium 223 can be safely
delivered concurrently without any synergistic increase in toxicity. Our secondary
hypothesis is that with external beam radiotherapy delivered as a tumouricidal therapy
to the primary, Radium-223 delivered as a tumouricidal therapy to bone metastases,
all while the disease is castration sensitive and under good control with LHRHa, overall
survival, progression free survival and/or symptomatic benefit may be seen. This is a
feasibility and toxicity study addressing our primary hypothesis and would obviously
be underpowered to detect all but very large survival differences. Hence it is envisaged
that this trial will lead into a larger phase three trial in the future.

Translational research
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Queen s University Belfast, in collaboration with The University of Manchester (the
FASTMAN collaboration), have recently been accredited as a Prostate Cancer
UK/Movember Centre of Excellence. This is in recognition of the strong track record
both institutions have in prostate cancer research of combining clinical trial excellence
with novel and relevant translational research. In this tradition, ADRRAD seeks to
further our knowledge of the biology of metastatic prostate cancer as well as aiming
to improve the treatment of men affected by it. There are several key translational
pieces of research attached to the ADRRAD trial.
1) DNA Damage Response Assessment
The first involves testing original pathology samples for DNA Damage Response
Deficiency (DDRD) gene signature. This gene signature has been shown to be
associated with sensitivity to DNA damaging agents and indeed has been shown to
be predictive of response to anthracycline based chemotherapy in both ER positive
and negative breast carcinoma(10). This assay on original tumour tissue will be
performed by ALMAC discovery laboratories.
2) Circulating Tumour Cells / Disseminated Tumour Cells
Further translational research focuses on the enumeration of circulating tumour cells
from blood (CTCs) and the biobanking of tissue from original prostate biopsy, along
with new samples of bone marrow, blood and urine. It has been shown in metastatic,
castration resistant prostate cancer that levels of CTCs are strongly predictive of OS
(11). What is not known is how these CTCs behave during the castration sensitive
period and how their numbers might evolve during various types of therapy. Given the
findings of de Bono et al (11), one might expect numbers to decrease when effective
disease-controlling treatments are established. However recent data from Martin et al
actually found an increase in CTC numbers during radical radiotherapy for non-small
cell lung cancer(12). Hence we wish to enumerate and follow the pattern of CTCs seen
during treatment by enumerating at outset, with each cycle of radium delivered, and
again upon completion of treatment.
Recent work has shown that in response to DNA damage, a DNA histone protein
H2AX shows a pattern of phosphorylation that is dependent on the type of radiation to
which its cell of origin is exposed. In particular, photon radiation tends to cause discrete
foci of H2AX phosphorylation whilst alpha radiation tends to cause both foci but also
a pan-nuclear background phosphorylation(14). It is planned to assay for
phosphorylated H2AX in CTC populations that it is possible to isolate. This work is part
of ongoing efforts to better quantify dosimetry on the molecular level by determining
what form of radiation any given cell has been exposed to. It is also hoped that the
pattern of phosphorylation seen will allow conclusion to be made on the cell s origin
(no cell from outside the skeletal metastasis compartment should show significant
alpha radiation exposure).
The assay being used for CTC identification in CCRCB involves ficoll-paque
separation of mononuclear cells from whole blood, this yields a mixed population of
cells containing both mononuclear blood cells and any circulating tumour cells present.
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Immunofluorescence labels are then used to identify cells by lineage. As a result,
prepared slides ultimately contain a mix of leucocytes and CTCs. Lymphocyte DNA
damage will also be assessed as an exploratory marker of dose of radiation delivered
to blood and bone marrow.
The presence of Disseminated Tumour Cells (DTCs) in bone marrow following radical
prostatectomy for localized prostate cancer has been shown to predict biochemical
recurrence(13). Further it is increasingly being realised that the genotype of metastatic
cancer cells may differ significantly from those of the primary tumour traditionally
there is usually only biopsy tissue available from diagnostic biopsy of primary tumour.
Conclusions based on genetic analysis of such samples may not be valid to the
metastatic setting given genetic diversity as described above. DTCs are a valuable
source of tumour cells representing the metastatic genotype/phenotype and are more
easily accessed than a biopsy of a solid bone or visceral metastasis. They are
therefore an extremely valuable source of tissue for the analysis of any putative
biomarkers relating to outcome/treatment response in the metastatic setting. Part of
the laboratory work within the FASTMAN collaboration is in the discovery of such
biomarkers; a particular target is to develop biomarkers relating to treatment of
metastatic, bone-based disease. As these DTCs are the likely precursor cells resulting
in bone metastases and therefore possess a genotype conducive to the formation of
metastases, they are an extremely valuable resource for identifying and validating any
putative biomarkers, especially those related to outcome with bone-based metastatic
disease. It is therefore planned to ask patients to consent to biobanking of existing
tumour biopsy along with new samples of bone marrow, blood and urine for future
biomarker studies.
3) Bone Marrow Dosimetry
Given the bone targeting nature of radium-223, some of the major concerns about its
use surround the potential exposure of bone marrow to alpha particles. Although in
the phase three trial leading to licencing of radium-223 (9) rates of bone marrow
toxicity were low, these were assessed using clinical endpoints of bone marrow toxicity
(blood counts). A paucity of information exists in the literature on real bone-marrow
dosimetry and effects of high-LET radionuclides on blood cell progenitors. Blood taken
prior to each cycle of radium-223 and a final blood sample 8 weeks post final cycle will
be transferred to Brunel University. These will be used in a number of cytogenetic
studies:
i)

To isolate and stimulate division of primitive cells of mature effector
cells of the bloodstream (PBL) from whole blood and quantify and
classify any complex chromosomal aberrations detected in 1st in vitro
cell division using MFISH

ii)

To stimulate blood cells from ADRRAD patients whole blood to
divide in long-term in vitro culture with samples being collected at
regular intervals to assay for stable (clonal) complex chromosomal
aberrations by MFISH. These DNA aberrations, as evidence of a
Version: 2.4 Date: 12 SEP 2018

Page 20 of 57

Protocol No.: 2014-000273-39
ADRRAD Trial

Confidential

genomic instability phenotype, have previously been detected by
Anderson et al (28).
iii)

To quantify induced genomic damage in bone marrow samples taken
at baseline in ADRRAD patients and exposed to radiation ex vivo.
This will be using MFISH and fluorescence markers of DNA double
strand breaks (gammaH2AX and 53BP1)

iv)

To identify any evidence of bystander signalling in cells from bone
marrow exposed to radiation ex-vivo using a range of biomarkers
known to be associated with the bystander phenomenon including
TNFalpha, TGFbeta and reactive oxygen species.

v)

To undertake monte carlo modelling of bone marrow dose and
attempt to correlate this with cytogenetic endpoints listed in i-iv
above.

4) Radiotherapy Planning Studies
As part of the process of planning external beam radiotherapy treatment, calculations
are made to ensure doses of radiation being delivered to target structures (tumour and
organs at risk of tumour involvement) are sufficient and doses to organs at risk of
radiation toxicity are minimised. Patients will also be asked to consent to the future
retrospective analysis of these data and calculations as part of ongoing quality
improvement studies/audits within the radiotherapy department of the Northern Ireland
Cancer Centre. This involves no further procedures, time commitment, radiation dose
or other inconvenience to the patients involved. As in all aspects of the trial, patients
data will be anonymised by trial number during processing/analysis of such data.

6

INVESTIGATIONAL MEDICINAL PRODUCT(S) USED IN THE STUDY
6.1 Radium-223 in androgen sensitive prostate cancer

Radium-223 has proven efficacy in CRPC, however it is possible that even better
responses could be achieved in men earlier in the disease history while the majority
of the prostate cancer remains sensitive to castration. This study proposes to test
radium-223 in combination with state-of-the-art external beam radiotherapy to the
prostate at time of maximum response to ADT.

6.2 Androgen Deprivation Therapy (ADT)
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ADT has been used for over 60 years in the treatment of advanced prostate cancer.
Initially surgical castration was the only method of reducing testosterone, however
over the years, drug therapy has all but replaced surgical castration. Most commonly
today, ADT is delivered in the form of Luteinising Hormone Releasing Hormone
Agonist (LHRHa) therapy, e.g. Goserelin. Men presenting with metastatic disease can
expect to remain on ADT for the remainder of their lives. The vast majority of patients
(approximately 90%) respond initially to ADT, however almost all will progress to
develop CRPC after a median of 11 months (18). Although this is standard of care for
men with this presentation of cancer outside of trial, having sought prospective
guidance from MHRA with regard to management of ADT within the trial, it was
classified as an IMP. A risk modified approach will be adopted to allow pragmatic
management of ADT in accordance with standard practice.
7

STUDY OBJECTIVES AND ENDPOINTS

Primary Objectives:

Primary Endpoints:

1. To demonstrate the safety, toxicity and
feasibility of the combination of ADT + Radium223 + IMRT in men with castration sensitive,
M1b metastatic prostate cancer with a view to
larger future randomised trials.

Secondary Objective:

1. Adequate recruitment rate (30 patients in 24
months)
2. Acute GI and GU toxicity of multimodality
treatment (as assessed by CTCAE v4.03 during
treatment and until 8 weeks post final Radium-223
infusion).
3. Quality of life during and after treatment (as
assessed by EPIC scores until 6 months after final
Radium-223 infusion).
Secondary Endpoints

1. To assess efficacy of ADT + Radium-223 +1. 1. Radiological Response
time to radiological
IMRT in this population
progression (whole body MRI)
2. PSA response and time to PSA progression(as
defined by Prostate cancer working Group II)
3. Time to ALP progression
4. Time to first Symptomatic Skeletal Event (Sec
15.3 for definition)
Exploratory Objectives:

Exploratory Endpoints

1. To explore correlation between DNA damage
repair deficiency gene signature and response
to treatment.

1. DNA damage repair deficiency (DDRD) assay on
original tumour blocks to allow correlation with
measures of progression (from consenting patients)

2a. To explore the change in CTC
concentration
at
different
phases
of
multimodality treatment.
2b. To quantify foci of phosphorylated H2AX
and background phosphorylation of H2AX in
CTCs and lymphocytes as markers of photon
and alpha particle derived DNA damage
respectively.

2. Enumeration of CTCs before and during treatment
and assay for H2AX in any CTCs captured (from
consenting patients) and in lymphocytes, which are
simultaneously captured alongside CTCs as part of
CTC assay.
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3. To build a biobank of relevant patient
samples for future studies including validation
of putative biomarkers.

3. Biobanking of original, existing prostate biopsy
and new samples of bone marrow (biopsy and
aspirate), blood and urine at outset of study from
consenting patients.

4. To determine the utility of using radiation
induced heritable DNA damage in circulating
blood cells as marker of bone marrow dose

4. Analysis of peripheral blood cells at various time
points in trial using MFISH methodology.

5. To determine overall survival of this cohort

5. Overall survival recorded by interrogation of notes,
3 monthly for 2 years post end of study visit

8

TRIAL DESIGN

This is an academic, investigator- led phase 1/2 open label, single arm trial testing the
combination of Radium-223 with IMRT in patients with bone metastases at diagnosis.
The trial will test the feasibility and toxicity of this novel combination of treatment.
All patients will receive standard ADT initially for a minimum of 3 months (up to
maximum of 12 months) before commencing treatment with Radium-223 and IMRT.
Patients will need to have attained a nadir PSA of less than 20ng/ml with the use of
ADT before proceeding to Radium-223 and Radiotherapy.
The dose of Radium-223 is based on available evidence from the registration phase
III randomised controlled trial, ALSYMPCA, where 50kBq/kg was established as a safe
and effective dose in metastatic CRPC. A maximum of 6 cycles will be administered.
Cf Section 12.1.1 on updated dosimetry of Radium-223 post NIST amendment.
The external beam Radiation dose is the standard regimen for high risk locally
advanced prostate cancer, i.e. 74Gy in 37 fractions of 2 Gy over 7.5 weeks. The pelvic
lymph nodes receive a dose of 60Gy/37 fractions delivered as concomitant boost.
Patients will be followed on study treatment until clinical disease progression,
unacceptable toxicity or consent withdrawal. Patients will also be followed up for
overall survival (See Sections 9.5 and 12.1.4).
8.1 Safety Considerations Within Trial Design
Androgen deprivation is a well established, standard of care therapy in men with
this stage of prostate cancer (and with various other stages). It is used alone and
in combination with both external beam IMRT and Radium-223 radiotherapy with
an excellent safety profile. The novel aspect of treatment scheduling in this trial
is the combination of IMRT to prostate and pelvis with Radium-223. Relevant
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safety data with regard to this combination has been reviewed and is included
below.
Both IMRT to prostate and pelvis and Radium-223 are well tolerated when given
singly with ADT. In the Royal Marsden dose escalation trials of pelvic
radiotherapy given alongside ADT, a dose of 60Gy to the pelvis was associated
with peak acute bladder and bowel toxicity (RTOG grade 2) of 40% and 38%
respectively at week 6/7, settling to 4.5% and 4.3% respectively at week 18 of
follow up. The 2-year actuarial rate of late bladder and bowel toxicity (RTOG
grade 2) was favourable at 2.5% and 12.5% respectively (19, 23). Radium-223
also has a favourable safety profile. In early dose-escalation trials it was found
that a dose of up to 250kBq/kg was well tolerated, with no dose limiting bone
marrow toxicity being found even at this level, although a single patient
developed grade three vomiting at the highest dose level, which responded to
treatment (20). In the large phase three trial of Radium-223 given alongside
androgen deprivation therapy, a dose level of 50kBq/kg was chosen (cf section
12.1.1 on dosimetry). This dose was tolerated extremely well, indeed the number
of patients who had adverse events after receiving study drug was consistently
lower in the active treatment group than in the placebo group (9). Thus each
agent used alone with ADT is extremely safe.
The risk of synergistic toxicity is predicted to be extremely low. This is largely a
consequence of the physical nature of Radium-223 decay. In this decay process
95.3% of the energy is released as alpha particles(21). These deposit the energy
they carry over a range of only 40-100 micrometers (a few cell diameters). Thus,
any Radium-223 being excreted via the gut will maximally irradiate only the upper
most cellular lining of the intestinal tract. This is thought to explain its positive
safety profile. It also means that when Radium-223 is used in combination with
IMRT, it is expected that only the upper most cell layer of the GI tract will possibly
receive any summative dose from the two agents. Strict dose constraints are
employed in IMRT planning to minimise dose to bowel.
In summary, IMRT and Radium-223 treatment are both well tolerated when given
alone with ADT. Radium-223 has been used in humans at doses of >400% of
that used in its large phase III trial the same dose that is proposed in this trial.
Given what is known about the decay of Radium-223 it is not conceivable that
significant volumes of tissue will receive summative dose from the combination
of the two agents.
Where a more traditional combination trial approach might involve giving a single
agent at full dose and the second at a significant dose reduction it is already
known that Radium-223 singly can be given safely at doses >400% that being
proposed here; thus our current trial design.
Given the novelty of the combination of treatment, safety will be paramount and
as such regular safety reviews have been built into the trial design. As this is a
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feasibility study not comparing groups of treatment, it affords the advantage of
not being concerned about early or over analysis degrading power. The trial
management committee will therefore conduct a review of trial safety after 3, 5,
10, 15, 20, 25, and 30 patients have reached cycle five of Radium-223, that is
nine weeks after completion of IMRT.

9

STUDY POPULATION
9.1 Number of Participants
A total of 30 patients will be included in the study.
Written informed consent must be obtained before any study specific procedures
are performed. The investigator will determine patient eligibility based on the
following criteria:
9.2 Inclusion Criteria
A patient will be eligible for inclusion in the study if the following criteria apply:
1. Written informed consent obtained prior to any study-related procedures
2. Histologically confirmed prostate cancer stage T1-4 N0-1, M1b
3. Patients with >3 bone metastases showing uptake at bone scintigraphy
4. WHO performance status 0 or 1.
5. Life expectancy of at least 12 months.
6. Age

18years.

7. Absolute neutrophil count (ANC)
8. Platelet count

1.5 x109/L

100 x109/L

9. Hemoglobin 10.0 g/dL (100 g/L; 6.2 mmol/L)
10. Total bilirubin level

1.5 x institutional upper limit of normal (ULN)

11. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
x ULN
12. Creatinine

1.5 x ULN

13. Albumin > 25 g/L
14. Patients, even if surgically sterilized (i.e. status post-vasectomy), who:
-

will abstain from intercourse
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or must agree to use barrier contraception during and for 6 months after
discontinuation of study treatment. If patient impregnates a woman while
on treatment or within 3 months of discontinuing treatment, he should
inform his treating physician immediately.

15. Absence of any psychological, familial, sociological or geographical condition
potentially hampering compliance with the study protocol and follow-up
schedule; those conditions should be discussed with the patient before
registration in the trial
16. Willing and able to comply with the protocol, including follow-up visits and
examinations
9.3 Exclusion Criteria
A patient will not be eligible for the study if any of the following apply:
1. Active uncontrolled bacterial, viral or fungal infection.
2. History of another malignancy within the last five years except
adequately treated basal cell carcinoma of skin.
3. History of organ allografts requiring immunosuppressive therapy.
4. Serious uncontrolled concomitant disease.
5. Treatment with an investigational drug within previous 4 weeks, or
planned during the treatment period or follow-up
6. Received previous radiotherapy to > 25% of bone marrow, including
hemibody radiation
7. Received systemic therapy with radionuclides (e.g., Strontium-89,
Samarium-153, Rhenium-186, or Rhenium-188, or Radium-223 chloride)
for the treatment of bony metastases
8. Visceral metastases as assessed by CT chest, abdomen and pelvis.
9. Imminent or history of spinal cord compression based on clinical findings
and/or magnetic resonance imaging (MRI)
10. Any other serious illness or medical condition, such as but not limited to:
-

Any infection National Cancer Institute Common Terminology
Criteria for Adverse Events (NCI-CTCAE) version 4.03 Grade 2

-

Cardiac failure New York Heart Association (NYHA) III or IV

-

Crohn s disease or ulcerative colitis

-

Bone marrow dysplasia

-

Faecal incontinence

-

History of diverticulitis
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11. Autologous bone marrow transplant or stem cell rescue within 4 months
of study entry
12. Use of biologic response modifiers, such as G-CSF, within 3 week of
study entry. [G-CSF and other hematopoietic growth factors may be
used in the management of acute toxicity when clinically indicated or at
the discretion of the investigator; however they may not be substituted
for a required dose reduction.] [Patients taking chronic erythropoietin are
permitted provided no dose adjustment is undertaken within 2 months
prior to the study entry or during the study].
13. Patients who have received cytotoxic chemotherapy within 6 weeks of
starting cycle 1 day 1 radium 223.
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9.4 Recruitment
Patients will be identified at the Uro-oncology multidisciplinary team meeting by
research staff in attendance. Patients may also be referred from urology or oncology
colleagues. Patients will be given unique trial identifiers upon enrolment.
9.5 Payments and Expenses
No financial incentive will be provided to patients taking part in the trial. Travel
expenses will be recompensed for travel to the Northern Ireland Cancer Centre for
radiotherapy treatment visits. This will be for full cost of public transport on provision
of a valid receipt, or for private transport according to BHSCT policy.
9.6 Description of discontinuation criteria for patients
Patients will receive treatment per protocol until:
•
•
•
•
•

Unacceptable toxicity occurs as defined by the protocol or determined by the
investigator (see Section 12.1.4).
Clinical disease progression as defined by PCWG2 criteria (22).
Extraordinary medical circumstances: If, at any time, the constraints of this
protocol are detrimental to the patient s health, protocol treatment should be
discontinued.
If treatment delay (to allow resolution of toxicity) exceeds 4 weeks
A patient may withdraw consent at any time during the study.

9.7 Patient Withdrawal Procedure
If a patient is withdrawn from the study prior to having received all 6 injections but still
allows the Investigator to follow their care, the patient will have a discontinuation visit
4 weeks after the last injection and then enter the follow-up phase including all
remaining follow-up visits according to the study schedule.
Alternatively, the patient may choose to have no further interaction regarding the
study. In this case, written documentation of the patient s decision to fully withdraw
from the study should be obtained. The patient s care will then be monitored/ delivered
as per standard care.
The date of discontinuation of study treatment and when possible the reason will be
recorded in the CRF.
9.8 Patient Replacement
If patients have completed less than 66Gy of IMRT, and/or less than 4 cycles of
Radium-223 at the time of withdrawal, a further patient will be required.
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9.9 Study Stopping Criteria
The study may be stopped by the IDMC if there are unacceptable emerging
toxicities. Specific study stopping criteria will include:
>2 DLTs as defined in Section 12.1.6 that in the opinion of the investigator or
the IDMC are deemed related to Radium-223.
>2 NCI CTCAE Grade 3 or 4 non-haematological toxicity events lasting more
than 10 days that in the opinion of the investigator or the IDMC are deemed
related to Radium-223.
Any AE that results in death (NCI CTCAE Grade 5) and is deemed related to
Radium-223 by the investigator will result in temporary suspension of the trial.
Further enrolment may only occur following authorisation by the IDMC.
10 STUDY ASSESSMENTS
All study assessments, including safety and response assessments, are described in
the summary Schedule of Events (Table 1) and summarized by type of study visit in
the following pages. Schedule of Events by visit in appendix 1.
10.1 Informed Consent
It is the responsibility of the Investigator (or delegate) to obtain written informed
consent from each participant prior to entry into the trial. The Investigator (or delegate)
taking informed consent must be GCP trained, suitably qualified and experienced and
have been delegated this duty by the CI/PI on the delegation log.
Following receipt of the patient Information sheet and discussion with the Investigator,
potential participants will have at least 24 h to consider the information provided to
them and the opportunity to discuss the trial with the Investigator prior to deciding
whether to participate in the trial.
No clinical trial procedures will be conducted prior to consent being taken from the
participant.
10.2 Screening Assessments
The following screening actions must be performed/obtained in screening phase.
Written informed consent
Demographic details
Medical History including prior diagnosis, prior treatment and concomitant
diseases
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Concomitant medications
Complete physical examination
Weight
ECOG performance status
Vital signs: systolic / diastolic blood pressure (BP), pulse rate, resp rate
Haematology Hb, white blood cells (WBC) with differential count
(neutrophils and lymphocytes) and platelets
Biochemistry sodium, potassium, calcium, phosphate, urea, creatinine,
total protein, albumin, bilirubin, alkaline phosphatase (ALP), AST and/or
ALT and LDH
Urinalysis (Blood, White Cells, Protein and Nitrites) &/or dipstick for
proteinuria
Blood sample for circulating tumour cells patients will be asked to provide
a baseline sample of blood to assay for circulating tumour cells. Refusal
will not result in exclusion of patient from the study.
Commence ADT (if not already established)
Consent for bone marrow biopsy and aspirate and tissue acquisition will occur at
Biobanking Visit
Archival tumour tissue for Biobank patients will be asked to consent to
storage of original biopsy tissue within NI Biobank (and from there transfer
to ALMAC discovery laboratories for DDRD assay). Refusal will not result
in exclusion from study.
Bone marrow aspirate and biopsy plus blood and urine for Biobankpatients will provide separate consent to this bone marrow procedure.
Refusal will not result in exclusion of a patient from the study nor will an
inability to obtain a biopsy from an appropriate area.
10.3 Assessments during each cycle
10.3.1 Radium-223
Prior to each cycle of Radium-233, patients will have blood sampled for
haematology, oncological Profile, ALP, PSA, circulating tumour cells and MFISH
analysis (samples sent via NI Biobank). Refusal to provide these last 2 samples will
not result in exclusion of patient from the study.
Before the first administration: the absolute neutrophil count (ANC) should be 1.5 x
109/l, the platelet count 100 x 109/l and haemoglobin 10.0 g/dl. Before subsequent
administrations, the ANC should be 1.0 x 109/l and the platelet count 50 x 109/l. In
case there is no recovery in these values within 6 weeks after the last administration
of Radium-223 further treatment with the investigational drug should be continued only
after a careful benefit/risk evaluation.
EPIC Toxicity forms will be collected at baseline, at the start of each cycle of
Radium-223, at 8 week post radium appointment and at end of study appointment.
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10.3.2 Radiotherapy
During the course of radiotherapy, patients will be assessed on a weekly basis for
toxicity using CTCAE version 4.03
11 SAMPLE ANALYSIS
11.1 Samples to be analysed in local Trust laboratories
Diagnostic laboratories
Haematology (Full Blood Count)
Oncology profile (UandE, LFT, Bone, Mg, EGFR)
Serum testosterone
Alkaline phosphatase.
Prostate specific antigen
11.2 Translational Samples
Original biopsy of prostate (formalin fixed paraffin embedded) will be transferred
from NHS Trust pathology lab to NI Biobank and from there on to ALMAC
discovery laboratories for DDRD assay.
At timings as laid out in schedule of events, CTC analysis will be carried out in
Prise Laboratory CCRCB QUB (2x 4ml EDTA tubes at each sample time point).
For a subset of patients, CTC analysis will also take part in collaborator
laboratory (Dive lab, Cancer Research UK Manchester Institute 1 x 10ml
Cellsave tube at each sampling point)
At timings as laid out in schedule of events, 2 x 6mls blood samples in sodium
heparin tube will be taken as defined in the study laboratory manual and
transferred to Brunel University for cytogenetic analysis.
11.3 Samples for Biobanking
Participants in this trial will be invited to permit the long term retention of their
original, existing biopsy samples for use in future research.
Participants in this trial will be invited to permit the collection and long term
retention of new samples of bone marrow, blood and urine for use in future
research.
At time point as laid out in schedule of events, bone marrow biopsy (formalin
fixed) and maximal 20 mls of aspirated marrow (in K2 EDTA BD vacutainer vials)
will be transferred at room temperature to NI Biobank.
At time points laid out in schedule of events 40mls blood and 10mls urine will be
transferred at room temperature to NI Biobank.
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Consent to provide samples for the Biobank is optional and is not a requirement
of participation in the main study. For details of Biobank storage and retention,
see Biobank standard operating procedures.
12 INVESTIGATIONAL MEDICINAL PRODUCTS
12.1 RADIUM-223 (c.f. also SPC of Radium 223 dichloride)
Bayer Healthcare will provide Radium-223 for the purposes of this study. The
product is currently available as a 6ml vial labelled with a radioactivity
concentration of 1000 kBq/ml (cf 12.1.1 post NIST amendment below). A
reassessment of the primary standardisation identified a discrepancy which
necessitates an adaption of the numerical description of patient dose and
description of the radioactive concentration of the drug product solution. The
manufacturer is currently preparing an amendment as described below.

12.1.1 Radium-223 quantification post NIST amendment
Amendment Rationale
The quantification of radium-223 radioactivity in Xofigo® is based on the primary
standardization performed by the US National Institute of Standards and Technology
(NIST). The NIST Standard Reference Material is used to calibrate the instruments in
production and quality control of both the drug substance and drug product.
Additionally, the calibrated instruments in production at the Institute for Energy
Technology (IFE, Norway) are used to prepare the NIST traceable radium-223
reference material, which are then sent to the treatment sites (e.g., nuclear medicine
laboratory physicians or technicians) for dial-setting of their dose calibrators, to allow
verification of the patient dose. A reassessment of the primary standardization was
initiated by the NIST. A discrepancy of approximately 10% between the published
NIST primary standardization (Cessna, 2010, NIST 2010) and current measurements
was confirmed and a revised NIST primary reference standard has been issued
(Zimmerman, 2015, NIST update). As a result of the revised NIST primary
standardization, an adaption of the numerical description of patient dose and the
description of radioactive concentration of the drug product solution becomes
necessary. This concerns Xofigo® for commercial use and product used in clinical
trials.
After the implementation of the new standard (NIST update) the numerical description
of the patient dose will be adjusted from 50 kBq/kg to 55 kBq/kg, and the numerical
description of the radioactivity in the vial will be changed from 1,000 kBq/mL to 1,100
kBq/mL. A respective variation application and substantial amendment to our CTAs
have been initiated. The current standard (NIST 2010), dial setting and dose will
remain in effect until a unique implementation date in Q2 2016 as agreed with FDA
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and EMA. All clinical sites using radium-223 dichloride will be notified in writing about
the exact date of implementation prior to the effective date.
Justification for changing the dose to 55 kBq/kg body weight:
A systematic approximately 10 % error in the radium-223 NIST standardization (NIST
2010) means that the current patient dose and the dose documented as safe and
efficacious throughout development is 55 kBq/kg body weight and not 50 kBq/kg body
weight as declared during clinical trials and in the marketing authorization application
/ new drug application. However, as this is a systematic error, the actual dose has
been the same all the time. In order to keep the actual dose for patients identical to
what has been documented and administered so far, also when implementing the new
official standard, the nominal value of the patient dose will be changed to 55kBq/kg
body weight (NIST update). This change keeps the same accuracy in the nominal
value of the dose. Thus, there will be no actual change in the patient dose (amount of
radioactivity), it will be only a change in the dose nominal value when corrected
according to the new official radium-223 NIST standard. All sites will continue to use
the current dial setting (NIST 2010) for the activity measurements until the
implementation date in Q2 2016.
Justification for changing the description of the radioactivity in the vial to
1,100 kBq/mL:
A systematic approximately 10 % error in the radium-223 NIST standard (NIST 2010)
means that the Xofigo® solution for injection with a radioactivity concentration claim of
1,000 kBq/mL, which has been tested in pivotal clinical trials and is currently marketed,
actually has a concentration of 1,100 kBq/mL. If the drug product concentration is
adjusted to 1,100 kBq/mL, the total activity in the vial (6 mL) must be changed from
6,000 kBq/vial to 6,600 kBq/vial (changed from 6.0 MBq/vial to 6.6 MBq/vial in many
countries). Xofigo® solution for injection produced according to the new NIST
standardization (NIST update), is the same product as before. NOTE: All product
received by sites will be labelled with the current standard activity of 1000 kBq/mL until
the implementation date in Q2 2016.
Now that the new radium-223 standard has been published, Bayer has applied for
labeling and packaging changes, in accordance with the new standards, with each
Health Authority for which Bayer holds a marketing application for radium-223
dichloride. Once all approvals have been received, the updated standard will be
applied to all active protocols that include radium-223 dichloride, including this one,
and the verification of the patient dose in treatment sites has to be performed using
up-dated dial-settings of dose calibrators.
The change in the NIST radium-223 standard has no impact on subjects; subjects are
receiving, and will continue to receive, the same actual dose that was studied in
ALSYMPCA and is associated with the proven safety and efficacy of radium-223
dichloride, though the stated nominal radiation dose received is being updated to
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reflect the new standard. Subjects who are on-treatment at the time the new NIST
calibration standard goes into effect will be notified of this change and will be required
to sign a Patient Information Sheet to acknowledge that they have received information
on the updated NIST standard calibration. All subjects randomized after the new
calibration standard in effect will sign a revised Informed Consent Formthat contains
the updated NIST standard calibration.
Note: throughout this document the dose of radium-223 dichloride is given as
50 kBq/kg, which is based on the original NIST standardization (NIST 2010);
however, when NIST issues the updated radium-223 dichloride standardization,
the dose administered will actually be 55 kBq/kg (based on a change to the
reference standard (NIST update) only), though the volume of radium-223
dichloride given to each subject will remain the same.

Radium-223 dichloride, 50 kBq/kg body weight (55 kBq/kg after implementation
of NIST update) will be administered as a slow bolus IV injection at intervals of
every 4 weeks for up to 6 cycles (24 weeks). Radium-223 will be administered
until disease progression or patient withdrawal.
Radium-223 is an alpha particle emitter with a physical half-life of 11.4 days. The
product is isotonic and has a pH of 6.0-8.0. The radioactive concentration at the
reference date is 1000 kBq/mL (1100 kBq/ mL after implementation of NIST
update). The product has a pre-calibration of 14 days. When administered on a
day other than the reference day, the volume should be corrected according to
the physical decay table provided with the vial.
12.1.2 Dose Calculation of Radium-223
Radium-223 dosing will be based on the patient weight. Weight will be measured
at the beginning of each cycle.
As of Amendment 1, NIST has established an updated standardization for
radium-223 dichloride, which indicates that an approximately 10 % difference
existed between activity values obtained using the current standard and the
updated standardization.
The current NIST standard for radium-223
dichloride (NIST 2010) will remain in effect for this protocol until all Health
Authorities for which Bayer holds a marketing application for radium-223
dichloride have approved the regulatory variations for Xofigo®, anticipated
Q 2 2016.All sites will be notified by Bayer when regulatory approvals are in place
and the updated NIST standardization is to be implemented. Upon notification,
and prior to the implementation, all sites will need to add a new dial-setting to
their dose calibrators for the new NIST standardization for radium-223 dichloride
(NIST update), which should be documented on the appropriate study forms.
This step will be performed so that all sites will have the new dial setting (NIST
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update) in place at the time of implementation. The current dial setting (NIST
2010) will be used until the worldwide global implementation date anticipated for
Q 2 2016.
The change in the NIST radium-223 standard has no impact on subjects;
subjects are receiving, and will continue to receive, the same actual dose and
volume that was studied in ALSYMPCA and is associated with the proven safety
and efficacy of radium-223 dichloride, though the stated nominal radiation dose
received is being updated to reflect the new standard. Subjects who are ontreatment at the time the new NIST reference standard goes into effect will be
notified of this change and will be required to sign a Patient Information Sheet to
acknowledge that they have received information on the updated NIST standard
calibration. All patients randomized after the new reference standard is in effect
will sign a revised Informed Consent Form that contains the updated NIST
standardization.
The formula for the calculation of the volume to be administered has to be
changed respectively.
The patient dose and total activity to be injected will be calculated volumetrically
using the:
Patient s body weight within 48 hours of administration of drug,
Dosage level (50 kBq) by body weight (kg), (55kBq/kg after implementation
of NIST update)
Radioactivity concentration of the product (1,000 kBq/mL - 1100 kBq/ml
after implementation of NIST update) at reference day.
Decay correction factor (DK) to correct for physical decay of Radium-223
dichloride. A table with DKs according to physical decay of the study
medication will be provided with each vial of Radium-223.
The volume to be administered will be calculated as follows:
Volume to be administered (mL) = Body weight (kg) x dose (50 kBq/kg body weight a)
DK factor x 1000 kBq/mL b
a

55 kBq/kg after implementation of NIST update

b

1100 kBq/mL after implementation of NIST update

12.1.3 Administration of Radium-223
Before administration of study drug, the patient must be well hydrated; the patient
should be instructed to drink ad libitum.
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Aseptic technique should be used in the administration of Radium-223. The
syringe should be handed over to the individual who will perform the injection.
The study medication will be administered as a slow bolus intravenous (IV)
injection. After administration, the equipment used in connection with the
preparation and administration of drug is to be treated as radioactive waste and
should be disposed in accordance with hospital procedure for the handling of
radioactive material.
In general, the administration of radioactive drugs involves a potential risk for
third parties, due to radiation from the patient and due to possible contamination
by spilling urine or faeces. When Radium-223 has been injected intravenously
into a patient, the risk for external radiation exposure to third parties is extremely
low, due to the short range of the alpha particles (<100 m) and the low portion
of beta and gamma radiation. For these reasons the product can be administered
on an out-patient basis. To minimise the risk of contamination, the patient and
his caregivers will receive instructions regarding hygiene precautions to abide by
after receiving the radioactive drug according to the investigational site radiation
protection guidelines.
On days when patients are due to receive both radium infusion AND IMRT
treatment same day, the patient will receive IMRT before attending nuclear
medicine department for radium infusion and home from there.
12.1.4 Dose Level Modifications
Dose reductions of Radium-223 will not be used and dose level adjustment is not
permitted. If a patient is intolerant, they should stop therapy.
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12.1.5 Dose Interval Modifications
Every effort should be made to keep the exact treatment interval of 4 weeks. If
the treatment needs to be delayed due to an AE or dose limiting toxicity (Section
12.1.4) Radium-223 administration can be delayed up to 4 weeks for recovery.
If a patient experiences any non-haematological CTCAE Grade 4 toxicity lasting
>1 week despite adequate treatment or if the period between injections is greater
than 8 weeks the patient will be withdrawn from the study.
12.1.6 Dose Limiting Toxicities
A dose limiting toxicity is defined as any haematological or non-haematological
Grade 4 toxicity lasting >1 week.
Haematological evaluation of patients must be performed at baseline and prior
to every dose of Radium-223 to ensure that:
-

Before the first administration the absolute neutrophil count (ANC) should
be 1.5 x 109/l, the platelet count 100 x 109/l and haemoglobin 10.0
g/dl.
- Before subsequent administrations, the ANC should be 1.0 x 10 9/l and
the platelet count 50 x 109/l.
- In case there is no recovery in these values within 6 weeks after the last
administration of Radium-223 further treatment with the investigational
drug should be continued only after a careful benefit/risk evaluation by the
trial steering committee.
In order to proceed with subsequent administrations of Radium-223 nonhaematological toxicities must resolve to CTCAE grade 2 (gastrointestinal
events) or grade 3 (other toxicity) prior to administration of the next dose.
Bone fracture: for traumatic fracture in weight bearing bones during treatment
phase, the study drug administration should be delayed 2-4 weeks from fracture.
12.2 ANDROGEN DEPRIVATION THERAPY
Androgen deprivation therapy will be administered to all patients (as is current
standard of care). Leutenising Hormone Releasing Hormone Agonists (LHRHa)
will be the variety of ADT employed. Patients will be treated with ADT for a
minimum of three months (achieving a PSA of <20ng/ml) prior to commencement
of IMRT and radium-223. Where patients have commenced LHRHa prior to
entering trial they may continue with established form, assuming PSA reaches
nadir of <20ng/ml; patients commencing LHRHa after entering trial will be
established on Goserelin.
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13 OTHER TREATMENTS
13.1 Radiotherapy
Patients will receive IMRT using the standard local Belfast Trust radiotherapy
department Prostate and Pelvic Lymph Node VMAT planning guidelines.
Patients will have daily pre and post treatment Cone Beam CT scans. These
images can be stored for future planning studies. Local procedures and guidelines
for preparing patients for radiotherapy will be followed.
13.2 Prohibited Medications
-

Any current cytotoxic chemotherapy
Any radionuclide therapy
Any systemic PCa treatment other than the trial treatment (ADT)
Any metastases targeted therapy
Any systemic bone specific treatment
Any ongoing investigational drugs

14 DRUG MANAGEMENT
14.1 Drug supplies
A risk adapted approach will be applied to the management of ADT therapy in
this study to allow supply as standard of care.
Bayer Healthcare will provide Radium-223 for the purposes of this study, which
will be manufactured by the Institute for Energy Technology, Isotope laboratories,
Kjeller, Norway. The product is produced according to Good Manufacturing
Practice (GMP).
The product will be delivered in a glass vial, ready-to-use with a certified activity.
Radium-223 is shipped in a lead container and Type A radioactive package
according to international transportation guidelines for radioactive materials. The
volume per vial is 6 mL, corresponding to 6 MBq (6.6MBq after implementation
of NIST update) at the calibration day. The drug will be received by the nuclear
medicine department of the Cancer Centre.
One vial is for single use only. Any solution not used in one administration for a
given patient must not be re-used.
Radium-223 has a shelf life of 28 days from production day, when stored at
ambient temperature. The shelf life has been demonstrated for temperatures
from cold storage (2-8°C) up to 40°C. In addition, it has been shown that the
product quality is not jeopardised upon freezing.
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All Radium-223 supplies will be stored as per the manufacturer s
recommendations and the standard hospital procedures. Temperature logs of all
storage conditions will be maintained as per standard operating procedures.
14.2 Labelling and Packaging
Radium-223 is a ready-to-use, sterile, non-pyrogenic, clear and colourless
aqueous solution of Radium-223 dichloride (223RaCl2) for IV administration.
Both the box label and vial label will fulfil all requirements specified by governing
regulations.
14.3 Drug Accountability
Radium-223 will be handled by the nuclear medicine department. Standard
operating procedures for radionuclide therapy will be followed.
Drug accountability will be the responsibility of an assigned dedicated person at
the study site. The study medication should be kept in a secure place and must
be administered only to patients in the trial. A dedicated person representing the
Sponsor will monitor the overall drug accountability. The remains of radioactivity
and contaminated material should be disposed in accordance with the local
regulations and the hospital procedure, respectively. A log of study medication
(received, administered to patients and destructed) must be maintained and
signed by the dedicated person responsible for drug handling.
14.4 Drug Disposal
Radioactive waste will be disposed of using standard operating procedure and
local regulatory guidelines
IMP Safety Information
The most up to date version of the Summary of Product Characteristics (SPC)
will be held in the Pharmacy File, Trial Master File (TMF) and Investigator Site
File (ISF).

15 EVALUATION OF RESPONSE
15.1 Measurement of Disease at baseline
Baseline bone scan (performed at most 28 days before commencing ADT) and
Whole body MRI
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15.2 Tumour response
Whole Body MRI scan at 2 months and 6 months post completion of Radium223
15.3 Other definitions of outcome
Other definitions of outcome will include:
PSA response as defined by PSW working group
Time to PSA progression
Time to ALP progression.
Time to first symptomatic skeletal events (SSE defined as any of: first
use of external beam radiotherapy to relieve skeletal symptoms; new
symptomatic pathological vertebral or non-vertebral bone fracture; spinal
cord compression; tumour-related orthopaedic surgical intervention.)

16 SAFETY
16.1 Safety Definitions
An adverse event (AE) is defined as any untoward medical occurrence in a trial
participant to whom a medicinal product has been administered, including
occurrences which are not necessarily caused by or related to that product. Each
initial AE will be considered for severity, causality or expectedness and may be
reclassified as a serious event or reaction based on prevailing circumstances.
An adverse reaction (AR) is any untoward and unintended response in a trial
participant to an investigational medicinal product which is related to any dose
administered to that subject.

An Unexpected Adverse Reaction (UAR) is an AR, the nature or severity of
which is not consistent with the product information provided in the Summary of
Product Characteristics (SPC)
A serious adverse event (SAE), serious adverse reaction (SAR) is any AE,
AR respectively that at any dose:
1. results in death;
2. is life threatening (i.e. the subject was at risk of death at the time of the
event; it does not refer to an event which hypothetically might have
caused death if it were more severe);
3. requires hospitalisation or prolongation of existing hospitalisation;
4. results in persistent or significant disability or incapacity;
5. is a congenital anomaly or birth defect.
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Suspected Unexpected Serious Adverse Reaction (SUSAR)
Any adverse reaction that is classed in nature as serious and is not consistent
with the information about the medicinal product in question in the summary of
product characteristics (SPC) for that product

16.2 Evaluation of AEs and SAEs
Seriousness, causality, severity and expectedness should be evaluated.

16.2.1

Assessment of seriousness

The Investigator should make an assessment of seriousness as defined
above.
16.2.2

Assessment of severity

The Investigator should make an assessment of severity for each AE/SAE
and record this on the CRF according to one of the following categories
according to NCI CTCAE version 4.03:
Grade 1 Mild; asymptomatic or mild symptoms; clinical or diagnostic
observations only; intervention not indicated.
Grade 2 Moderate: minimal, local or non invasive intervention
indicated; limiting age-appropriate instrumental ADL*.
Grade 3 Severe or medically significant but not immediately lifethreatening; hospitalization or prolongation of hospitalization
indicated; disabling; limiting self care ADL**.
Grade 4 Life-threatening consequences; urgent intervention
indicated.
Grade 5 Death related to AE
Activities of Daily Living (ADL)
*Instrumental ADL refer to preparing meals, shopping for groceries or clothes, using the telephone,
managing money, etc.
**Self care ADL refer to bathing, dressing and undressing, feeding self, using the toilet, taking
medications, and not bedridden.

16.2.3 Assessment of causality
The Investigator must make an assessment of whether the AE/SAE is likely
to be related to treatment according to the following definitions:
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Not related: Temporal relationship of the onset of the event, relative to
administration of the product, is not reasonable or another cause can by
itself explain the occurrence of the event
Unlikely: Temporal relationship of the onset of the event, relative to
administration of the product, is likely to have another cause which can by
itself explain the occurrence of the event
Possibly*: Temporal relationship of the onset of the event, relative to
administration of the product, is reasonable but the event could have been
due to another, equally likely cause
Probably*: Temporal relationship of the onset of the event, relative to
administration of the product, is reasonable and the event is more likely
explained by the product than any other cause
Definitely*: Temporal relationship of the onset, relative to administration
of the product, is reasonable and there is no other cause to explain the
event, or a re-challenge (if feasible) is positive

16.2.4 Assessment of expectedness
If an event is judged to be an AR/SAR, the evaluation of expectedness
should be made based on knowledge of the reaction and the relevant
product information documented in the Reference Safety Information (RSI)
in the SPC as classed as either,
Expected: The AR/SAR is consistent with the toxicity of the study drug
listed in the SPC
Unexpected: The AR/SAR is not consistent with the toxicity in the SPC
16.3 Reporting of Adverse Events
16.3.1 Adverse events/Adverse Reactions
All adverse events will be reportable up to 2 months post last administration
of Radium-223. Abnormal laboratory values judged by the Investigator to
be clinically significant will be reported as adverse events. NCI CTCAE
version 4.03 must be used to grade severity of AEs which will be collected
from consent until 8 weeks post final radium 223 administration.
16.3.2 SAEs/SARs
All SAEs/SARs must be reported to the BHSCT Research Office
immediately or within 24 h of becoming aware of the event, using the
following dedicated BHSCT reporting email address:Clinical.Trials@belfasttrust.hscni.net
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Furthermore, all SAEs/SARs must be reported to Bayer immediately or
within 24 h of becoming aware of the event, using the following dedicated
email address:pvuk@bayer.com
All SAEs should be reported on the study SAE reporting form. The SAE
form should be completed as thoroughly as possible. The SAE report must
provide an assessment of Causality (according to Sections 16.2.3) and
Expectedness (according to Section 16.2.4) at the time of the initial report.
The Investigator must ensure that any missing information is provided in a
follow-up report as soon as this becomes available.
Follow up will continue until all the necessary safety data for the event has
been gathered. Any SAE that is ongoing when a subject completes his/her
participation in the trial must be followed up until any of the following occurs:
The event resolves or stabilises
The event returns to baseline
The event is attributed to other agent(s) or to factors unrelated to
study conduct

16.3.3 SUSARs
The CI should contact the BHSCT Research Office immediately in the case
of a suspected unexpected serious adverse reaction, using the following
dedicated BHSCT reporting email address:Clinical.Trials@belfasttrust.hscni.net
The BHSCT Research Office is responsible for reporting SUSARs to the
MHRA and main REC according to the following time lines:For fatal or life-threatening SUSARs (7 day reporting), the Research Office
in collaboration with the CI will submit the SUSAR report as soon as
possible but, within seven days of the becoming aware of the event.
For non-fatal or life-threatening SUSARs (15 day reporting), the Research
Office in collaboration with the CI will submit the SUSAR as soon as
possible but within fifteen days of becoming aware of the event.
16.4 Events exempt from being reported as AE/SAEs
Clinical symptoms of disease progression
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16.5 Urgent Safety Measures
If the CI or other clinician becomes aware of information that necessitates
immediate change in a study procedure to protect trial participants from any
immediate hazard to their health and safety they should phone the Clinical Trial
Unit at the MHRA and discuss the issue with a medical assessor immediately
once an urgent safety measure is taken. The CI should report the urgent safety
measure to the BHSCT Research Office immediately, using the dedicated
reporting email address, as above. The Research Office will notify the MHRA
and REC in writing in three days of such actions.
16.6 Pregnancy Reporting
Pregnancy is not considered an AE or SAE however the investigator must collect
pregnancy information for female partners of male trial subjects who become
pregnant while participating in this study. The Investigator should record the
information on the BHSCT Pregnancy Reporting Form and submit this to the
BHSCT Research Office immediately after being made aware of the pregnancy.
16.7 Annual reporting requirements
16.7.1 Developmental Safety Update Reports (DSURs)
A Development Safety Update Report (DSUR) will be submitted to the
MHRA and the main REC listing all SARs and SUSARs. The BHSCT
Research Office is responsible for submitting the DSUR to the MHRA and
the main REC on the Development International Birth Date (DIBD).
16.7.2 Annual Progress Report
A NRES annual progress report form will be prepared and submitted by the
CI to the REC and copied to the BHSCT Research Office on the anniversary
date of the REC favourable opinion.
17 DEFINING THE END OF TRIAL
Final patient visit will be six months after last Radium-223 injection. End of trial will be
date of database lock.
18 DATA COLLECTION AND MANAGEMENT
18.1 Confidentiality
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All data will be handled in accordance with the UK data protection Act 1998. The
Case Report Forms (CRFs) will not bear the subject s name or other personal
identifiable data.
18.2 Case Reports Forms (CRFs) and Source Document Identification
The Investigator and study site staff will ensure that data collected on each
subject is recorded on the CRF as accurately and completely as possible.
19 CLINICAL STUDY REPORT
All clinical data will be presented at the end of the study as data listings. These will
be checked to confirm the lists accurately represents the data collected during the
course of the study. The trial data will then be locked and a final data listing produced.
The clinical study report will be based on the final data listings. The locked trial data
may then be used for analysis and publication.

20 RECORD KEEPING AND ARCHIVING
During the clinical trial and after trial closure the investigator must maintain adequate
and accurate records to enable both the conduct of a clinical trial and the quality of the
data produced to be evaluated and verified. All essential documents required must
be stored in such a way that ensures that they are readily available, upon request, to
the Regulatory Agency or Sponsor, for the minimum period required by national
legislation.
21 STATISTICAL CONSIDERATIONS
The target accrual number for this trial is 30 randomised patients. We estimate a
recruitment rate of 2 per month and therefore estimate 15-20 months for trial
enrolment. This initial study will involve a single site (Belfast Trust) only, however if
this trial is successful with regards to its feasibility endpoints, we anticipate it leading
into a larger, multicentre randomised trial to rigorously evaluate the efficacy of this
combination of treatments.
As this is a feasibility study of a single group, detailed statistical analysis is premature
at this stage. All analyses will be presented using descriptive statistics only.
21.1 Sample size calculation
The sample is size is an estimate based on a pragmatic assessment of acceptable
toxicity rates of less than 20% grade 3 or 4. It was felt that 30 patients would be enough
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to allow a reasonable assessment of toxicity within the study and inform any future
research.
21.2 Statistical analysis
21.2.1 Primary Endpoints
Assessed to demonstrate safety and feasibility of this combination of treatments using
three outcome measures:
1. Adequate recruitment (30 patients in 24 months)
2. Acute GI and GU toxicity acceptable: <20% Grade 3/4 bowel and bladder toxicity
as assessed by CTCAE v4.03
3. Quality of life as assessed by EPIC, a validated, QoL assessment for use in
radiotherapy for prostate cancer. Crude scores will be transformed for analysis into
standardised scores by validated matrix supplied by authors of questionnaire and
widely used in the literature, thus allowing comparison of results with previously
reported trials.
These endpoints can be calculated as absolutes and will not require further statistical
analysis.
21.2.2 Secondary Endpoints
To assess efficacy of ADT + Radium-223 + IMRT in this population:
1. Radiological response time to radiological progression as assessed by whole
body MRI
2. PSA response as defined by prostate cancer working group II definitions.
3. Time to ALP progression.
4. Time to first SSE.
Radiological and biochemical progression free survival and SSE-free survival will be
described by Kaplan Meier survival curves.
21.2.3 Exploratory Endpoints
1. To assay for the presence of DDRD gene signature in primary prostate biopsy tissue
and correlate with secondary endpoint measures of efficacy.
2(a). To capture and enumerate CTCs.and describe the change in concentration of
CTCs at different phases of multimodality treatment.
2(b). To quantify foci and background phosphorylation of H2AX within CTCs and
lymphocytes as a marker of DNA damage.
3. To develop a biobank of tissue from treated patients including bone marrow, blood
and urine.
4. To determine the utility of using radiation induced heritable DNA damage in
circulating blood cells as marker of bone marrow dose.
5. To determine overall survival of the trial cohort.
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These endpoints will be calculated as absolutes and will not require further statistical
analysis.
22 TRIAL MANAGEMENT
Formally, the trial will be subject to monitoring and audit by, and in accordance with,
Belfast Health and Social Care Trust standard operating procedures as sponsor of the
study with these being dependent on the risk assessment of the trial.
22.1 Trial Management Group
A Trial Management Group (TMG) will be convened to oversee the day- to-day
management of the study, including review of safety data. This group will report
quarterly to the CTIMP oversight committee of the Belfast Health and Social Care
Trust (Sponsor). The TMG group will meet monthly. Trial management group will
review safety data after 3, 5, 10, 15, 20, 25 and 30 patients have reached cycle
five of Radium-223 treatment.
22.2 Trial Steering Committee / Data Monitoring Committee
No formal Trial steering committee will be convened for this study.
Data Monitoring Committee
An independent data monitoring committee will be established. The committee
will be populated and frequency of its meetings decided based on risk
assessment of sponsor.

23 REGULATORY AND ETHICAL CONSIDERATIONS
The Sponsor and Investigators will ensure that this protocol will be conducted in
compliance with the UK clinical Trial Regulations and the principles of Good Clinical
practice (GCP). Together, these implement the ethical principles of the Declaration of
Helsinki (1996) and the regulatory requirements for clinical trials of an investigational
medicinal product under the European Union Clinical Trials Directive.
23.1 Ethical Considerations
The protocol, patient information sheets, informed consent forms and any other
documentation that will be presented to potential trial patients (e.g
advertisements or information that supports or supplements informed consent)
will be approved by an independent Research Ethics Committee (REC).
23.2 Regulatory Authority Approval
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This study will be conducted under a UK Medicines and Healthcare Products
Regulatory Agency (MHRA) Clinical Trials Authorisation (CTA). Approval to
conduct the study will be obtained from the MHRA prior to initiating the study.
23.3 NHS Approvals
Appropriate NHS R&D permission(s) will be obtained prior to commencement of
the Study.
24 QUALITY ASSURANCE
24.1 Risk Assessment and Site monitoring
The frequency and extent of site visits will be performed according to the
monitoring plan and as determined by a risk assessment. Data will be evaluated
for compliance with the protocol and accuracy in relation to source documents.
Monitoring visits will be followed up with reports that will be sent to the site.
24.2 Audit and Regulatory Inspection
All aspects of the study may be subject to internal or external quality assurance
audit to ensure compliance with the protocol, GCP requirements and other
applicable regulation or standards.
25 SPONSORSHIP AND INDEMINITY
25.1 Sponsorship
The Belfast Health and Social Care Trust (BHSCT) will provide written confirmation of
sponsorship and authorise the trial commencement once satisfied that all
arrangements and approvals for the proper conduct of the trial are in place. A separate
study delegation agreement, setting out the responsibilities of the Chief Investigator
and Sponsor will be put in place between the parties.
25.2 Indemnity
Indemnity will be provided by the Belfast Health and Social Care Trust
The Chief Investigator is an employee of the BHSCT which is sponsoring the trial as
the host medical institution. Negligent harm will therefore be covered by standard NHS
indemnity. If there is negligent harm during the trial when BHSCT owes a duty of care
to the person harmed, NHS indemnity covers NHS staff, medical academic staff with
honorary contracts, and those conducting the trial.
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26 PUBLICATION POLICY
The intention is to publish this research in a specialist peer reviewed scientific journal
on completion of the study. The results may also be presented at scientific meetings
and/or used for a thesis. Any papers reporting the results of this clinical trial will be
provided to collaborators and/or the Sponsors for advisory review and comment prior
to submission for publication
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APPENDIX 1 – SCHEDULE OF EVENTS BY VISIT

Phase 1 Screening and Pre-radiation ADT
Imaging
No study related procedures will take place prior to study consent. As part of normal
diagnostic process, most patients ultimately confirmed with T1-4, N0-1, M1b prostate
cancer (and therefore eligible for study) will have had technetium bone scan
performed, some may have had CT chest abdomen and pelvis performed. Where CT
has been performed and where bone scan has been performed at most 28 days before
commencing ADT, they will be used for study screening in terms of confirming number
and site of bone metastases and excluding visceral metastases. Where these have
not been performed or if bone scan has been performed >28days pre-ADT, patients
will have these carried out as part of study, post-consent.
MDM discussion
Patients potentially meeting inclusion criteria are identified and appointed to academic
uro-oncology clinic for further discussion of options.
Clinic Visit 1 – Introductory Visit
Routine uro-oncology new patient appointment. Standard of care offered, trial
introduced and written information given if appropriate. Offered Androgen Deprivation
Therapy (if not established)
this is standard of care and not a study related
procedure.
Clinic Visit 2 – Consent Visit
If, after minimum 24hrs, patient has considered and wishes to consent to take part in
trial, further appointment offered for consent process:
Written informed consent for trial
DOB recorded on CRF
Weight
Medical history
Chemotherapy history
Physical exam
Vital signs (Blood pressure, pulse rate, resp rate)
ECOG performance status
Concomitant medications
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Urinalysis
Circulating tumour cells blood sample
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If patient declines trial, continues on standard of care under routine uro-oncology
follow up.
Between consent and commencement of Ra223 and IMRT:
Whole body MRI scan
Bone scan (if none performed at most 28 days before commencing ADT)
CT Chest abdomen pelvis (if not performed for staging)
Clinic visit 3 – Bone Marrow and/or Blood and Urine for Biobanking (consenting
patients)
Blood, urine samples acquired for NIBiobank.
(Archive tumour material transferred to NIBiobank by research staff post consent)
Written informed consent for bone marrow biopsy and aspirate (DoH/BHSCT consent
form - Pink Form regarding procedure)
Bone marrow biopsy and aspirate acquired for biobank.
Clinic visit 4 – Radiotherapy planning
Written informed consent for IMRT delivered radiotherapy to prostate and pelvic lymph
nodes (DoH/BHSCT consent form - Pink Form regarding procedure)
EPIC radiotherapy toxicity form (baseline)
CT radiotherapy planning scan
PSA/Testosterone (to ensure PSA falling to <20ng/ml to allow entry to treatment
phase)

Phase 2 Treatment
Treatment Day 0 Clinic visit 5 - Assessment for Cycle 1 Radium-223 = baseline
bloods for secondary endpoints + safety bloods pre treatment delivery
Written informed consent for Radium-223 treatment (DoH/BHSCT consent form - Pink
Form regarding procedure)
Weight
ECOG performance status
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Oncology profile
Testosterone
PSA
Alkaline phosphatase
Blood for MFISH
EPIC radiotherapy toxicity assessment
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Treatment Day 1 Clinic visit 6 – Day 1 IMRT, Cycle 1 day 1 Radium-223
IMRT delivery (patients continue to attend daily mon-fri thereafter for 37 treatments in
total)
Radium-223 administration
On days of concurrent IMRT and radium infusion (radium cycle 1 and 2), IMRT should
be delivered before radium infusion.
Treatment Day 8 Clinic visit 7 – Week 2 IMRT on treatment review
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Treatment Day 15 Clinic visit 8 – Week 3 IMRT on treatment review
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Treatment Day 22 Clinic visit 9 – Week 4 IMRT on treatment review
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Treatment Day 28 Clinic visit 10 – Assessment for Cycle 2 Radium-223
Weight
ECOG performance status
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
Blood for MFISH
EPIC radiotherapy toxicity assessment
Treatment Day 29 Clinic visit 11 – Cycle 2 day 1 Radium-223
Radium-223 administration
On days of concurrent IMRT and radium infusion (radium cycle 1 and 2), IMRT should
be delivered before radium infusion.
Treatment Day 36 Clinic visit 12 – Week 6 IMRT on treatment review
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Treatment Day 43 Clinic visit 13 – Week 7 IMRT on treatment review
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
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Treatment Day 50 Clinic visit 14 – Week 8 IMRT on treatment review
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Treatment Day 56 Clinic visit 15 – Assessment for Cycle 3 Radium-223
Weight
ECOG performance status
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
Blood for MFISH
EPIC radiotherapy toxicity assessment
Treatment Day 57 Clinic visit 16 – Cycle 3 day 1 Radium-223
Radium-223 administration
Treatment Day 84 Clinic visit 17 – Assessment for Cycle 4 Radium-223
Weight
ECOG performance status
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
Blood for MFISH
EPIC radiotherapy toxicity assessment
Treatment Day 85 Clinic visit 18 – Cycle 4 day 1 Radium-223
Radium-223 administration
Treatment Day 112 Clinic visit 19 – Assessment for Cycle 5 Radium-223
Weight
ECOG performance status
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Testosterone
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PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
Blood for MFISH
EPIC radiotherapy toxicity assessment
Treatment Day 113 Clinic visit 20 – Cycle 5 day 1 Radium-223
Radium-223 administration
Treatment Day 140 Clinic visit 21 – Assessment for Cycle 6 Radium-223
Weight
ECOG performance status
Concomitant medications and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
Blood for MFISH
EPIC radiotherapy toxicity assessment
Treatment Day 141 Clinic visit 22 – Cycle 6 day 1 Radium-223
Radium-223 administration

Phase 3 Follow Up
Treatment Day 196 Clinic Visit 23 – Assessment 8 weeks post Cycle 6 Radium223
Physical exam
ECOG performance status
Concomitant medication and ADT concordance check
Adverse events including CTCAE grading
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
Blood for MFISH
EPIC radiotherapy toxicity assessment
Whole body MRI
Fracture data up to 2 years post RADIUM-223 treatment initiation
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Treatment Day 365 Clinic visit 24 – End of study assessment
Physical exam
ECOG performance status
Concomitant medication and ADT concordance check
Haematology profile
Testosterone
PSA
Alkaline phosphatase
Oncology profile
Circulating tumour cells
EPIC radiotherapy toxicity assessment
Whole body MRI
3 monthly survival status for 2 years
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Office for Research Ethics Committees
Northern Ireland
(ORECNI)
Customer Care & Performance Directorate
Office Suite 3
Lisburn Square House
Haslem’s Lane
Lisburn
Co. Antrim BT28 1TW
Tel:+44 (0) 28 9260 3107
www.orecni.hscni.net

HSC REC A
04 June 2015
Prof Joe O'Sullivan
Professor of Radiation Oncology, Queen's University Belfast
BHSCT and Queen's University Belfast
Northern Ireland Cancer Centre
Belfast, BT9 7AB
Dear Prof O'Sullivan
Study title:
REC reference:
EudraCT number:
IRAS project ID:

Neo-adjuvant Androgen Deprivation Therapy, Pelvic
Radiotherapy and RADium-223 for new presentation T14 N0/1 M1B adenocarcinoma of prostate (ADRRAD Trial)
15/NI/0074
2014-000273-39
162270

Thank you for your letter of 03 June 2015, responding to the Committee’s request for further
information on the above research and submitting revised documentation.
The further information has been considered behalf of the Chair by the HSC REC A Manager as
delegated by the Committee.
We plan to publish your research summary wording for the above study on the HRA website,
together with your contact details. Publication will be no earlier than three months from the date of
this favourable opinion letter. The expectation is that this information will be published for all studies
that receive an ethical opinion but should you wish to provide a substitute contact point, wish to
make a request to defer, or require further information, please contact the REC Manager, Kathryn
Taylor, RECA@hscni.net. Under very limited circumstances (e.g. for student research which has
received an unfavourable opinion), it may be possible to grant an exemption to the publication of the
study.
Confirmation of ethical opinion
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for the above
research on the basis described in the application form, protocol and supporting documentation as
revised, subject to the conditions specified below.
Conditions of the favourable opinion
The favourable opinion is subject to the following conditions being met prior to the start of the study.

You should notify the REC in writing once all conditions have been met (except for site
approvals from host organisations) and provide copies of any revised documentation with
updated version numbers. The REC will acknowledge receipt and provide a final list of the
approved documentation for the study, which can be made available to host organisations to
facilitate their permission for the study. Failure to provide the final versions to the REC may
cause delay in obtaining permissions.
Management permission or approval must be obtained from each host organisation prior to the start
of the study at the site concerned.
Management permission ("R&D approval") should be sought from all NHS organisations involved in
the study in accordance with NHS research governance arrangements.
Guidance on applying for NHS permission for research is available in the Integrated Research
Application System or at http://www.rdforum.nhs.uk.
Whe e a NHS ga i a i
le i he
d i limi ed ide if i g a d efe i g
e ial
participants to research sites ("participant identification centre"), guidance should be sought from the
R&D office on the information it requires to give permission for this activity.
For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the relevant host organisation.
Sponsors are not required to notify the Committee of approvals from host organisations
Registration of Clinical Trials
All clinical trials (defined as the first four categories on the IRAS filter page) must be registered on a
publically accessible database. This should be before the first participant is recruited but no later than
6 weeks after recruitment of the first participant.
There is no requirement to separately notify the REC but you should do so at the earliest opportunity
e.g. when submitting an amendment. We will audit the registration details as part of the annual
progress reporting process.
To ensure transparency in research, we strongly recommend that all research is registered but for
non-clinical trials this is not currently mandatory.
If a sponsor wishes to request a deferral for study registration within the required timeframe, they
should contact hra.studyregistration@nhs.net. The expectation is that all clinical trials will be
registered, however, in exceptional circumstances non registration may be permissible with prior
agreement from NRES. Guidance on where to register is provided on the HRA website.
Clinical trial authorisation must be obtained from the Medicines and Healthcare products Regulatory
Agency (MHRA).
The sponsor is asked to provide the Committee with a copy of the notice from the MHRA, either
confirming clinical trial authorisation or giving grounds for non-acceptance, as soon as this is
available.
It is the responsibility of the sponsor to ensure that all the conditions are complied with before
the start of the study or its initiation at a particular site (as applicable).
Ethical review of research sites
NHS sites
The favourable opinion applies to all NHS sites listed in the application, subject to management
permission being obtained from the NHS/HSC R&D office prior to the start of the study (see
"Conditions of the favourable opinion" below).

Non-NHS sites
The Committee has not yet completed any site-specific assessment (SSA) for the non-NHS research
site(s) taking part in this study. The favourable opinion does not therefore apply to any non-NHS site
at present. We will write to you again as soon as an SSA application(s) has been reviewed. In the
meantime no study procedures should be initiated at non-NHS sites.
Approved documents
The final list of documents reviewed and approved by the Committee is as follows:
Document
Covering letter on headed paper [Covering letter on headed paper]

Version

Date
08 April 2015

GP/consultant information sheets or letters [GP information sheet]

1

01 April 2015

IRAS Checklist XML [Checklist_08042015]

08 April 2015

IRAS Checklist XML [Checklist_03062015]

03 June 2015

Other [SmPC Decapeptyl SR 11.25mg]

20 May 2014

Other [SmPC Prostap 3 DCS]

17 November 2014

Other [EPIC Questionnaire]
Other [EPIC Scoring Instructions]
Other [SmPC Prostap SR DCS]

17 November 2014

Other [SmPC Xofigo 1000 kBq/mL]

10 February 2015

Other [SmPC Zoladex 3.6mg implant]

15 January 2015

Other [SmPC Zoladex LA 10.8mg]

15 January 2015

Other [Radiotherapy Planning and Delivery Document]

1

01 April 2015

Other [Proposal for the risk adapted management of androgen
deprivation therapy as investigational medicinal products in
ADRRAD clinical trial ]
Other [CV - Dr S Jain]

1

01 April 2015
16 January 2015

Other [CV - Prof K Prise]
Other [CV - Dr P Turner]

11 September 2012

Other [Response to Ethics Provisional Opinion]

03 June 2015

Participant consent form [Participant consent form clean ]

1.1

08 May 2015

Participant consent form [Participant consent form tracked]

1.1

08 May 2015

Participant information sheet (PIS) [Participant Information Sheet
(PIS) clean ]
Participant information sheet (PIS) [Participant information sheet
(PIS) tracked]
REC Application Form [REC_Form_08042015]

1.1

08 May 2015

1.1

08 May 2015

Research protocol or project proposal [Protocol]

1

01 April 2015

Sample diary card/patient card [Patient card]

1

01 April 2015

08 April 2015

Summary CV for Chief Investigator (CI) [Chief Investigator CV]
Summary of product characteristics (SmPC) [SPC Decapeptyl SR
3mg]

20 May 2014

Statement of compliance
The Committee is constituted in accordance with the Governance Arrangements for Research Ethics
Committees and complies fully with the Standard Operating Procedures for Research Ethics
Committees in the UK.

After ethical review
Reporting requirements
The attached document Af e e hical e ie
g ida ce f e ea che
reporting requirements for studies with a favourable opinion, including:

gives detailed guidance on

Notifying substantial amendments
Adding new sites and investigators
Notification of serious breaches of the protocol
Progress and safety reports
Notifying the end of the study
The HRA website also provides guidance on these topics, which is updated in the light of changes in
reporting requirements or procedures.
User Feedback
The Health Research Authority is continually striving to provide a high quality service to all applicants
and sponsors. You are invited to give your view of the service you have received and the application
procedure. If you wish to make your views known please use the feedback form available on the HRA
website: http://www.hra.nhs.uk/about-the-hra/governance/quality-assurance/
HRA Training
We are pleased to welcome researchers and R&D staff at our training days – see details at
http://www.hra.nhs.uk/hra-training/
15/NI/0074

Please quote this number on all correspondence

With the Committee’s best wishes for the success of this project.
Yours sincerely

pp Dr Catherine Hack
Chair
Email: RECA@hscni.net
Enclosures:
Copy to:

“After ethical review – guidance for researchers”
Alison Murphy, Belfast Health and Social Care Trust

APPENDIX 3 – RTOG TOXICITY

RTOG Acute and Late GI and GU toxicity taken from Cox JD, Stetz J, Pajak TF. Toxicity
criteria of the Radiation Therapy Oncology Group (RTOG) and the European organization for
research and treatment of cancer (EORTC). Int J Radiat Oncol Biol Phys. 1995
Apr;31(5):1341–6.

Table 1 RTOG Acute GU toxicity

0

2

3

4

Frequency
of
urination
or
nocturia
twice
pretreatment
habit/
dysuria,
urgency
not
requiring
medication

Frequency
of
urination
or
nocturia which is
less frequent than
every
hour.
Dysuria, urgency,
bladder
spasm
requiring
local
anesthetic (e.g.,
Pyridium)

Frequency with
urgency
and
nocturia hourly or
more frequently/
dysuria,
pelvis
pain or bladder
spasm requiring
regular, frequent
narcotic/gross
hematuria with/
without
clot
passage

Hematuria
requiring
transfusion/ acute
bladder
obstruction
not
secondary to clot
passage,
ulceration
or
necrosis

5
Death

No Change

1

Table 2 RTOG Late GU toxicity

None

1

2

3

4

5

Slight epithelial
atrophy

Moderate
frequency

Severe frequency
and dysuria

Minor
telangiectasia
(microscopic
hematuria)

Generalized
telangiectasia

Severe
generalized
telangiectasia
(often with
petechiae)

Necrosis/
Contracted
bladder (capacity
<100 cc)

Death

0

Intermittent
macroscopic
hematuria

Frequent
hematuria
Reduction in
bladder capacity
(<150 cc)

Severe
hemorrhagic
cystitis

Table 3 RTOG Acute GI toxicity
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5

Increased
frequency or
change in quality
of bowel habits
not requiring
medication/ rectal
discomfort not
requiring
analgesics

Diarrhea
requiring
parasympatholyti
c drugs (e.g.,
Lomotil)/ mucous
discharge not
necessitating
sanitary pads/
rectal or
abdominal pain
requiring
analgesics

Diarrhea
requiring
parenteral
support/ severe
mucous or blood
discharge
necessitating
sanitary
pads/abdominal
distention (flat
plate radiograph
demonstrates
distended bowel
loops)

Acute or sub
acute obstruction,
fistula or
perforation; GI
bleeding requiring
transfusion;
abdominal pain or
tenses requiring
tube
decompression or
bowel diversion

3

4

5
Death

None

1

Death

0

Table 4 RTOG Late GI toxicity

0
None

1

2

Mild diarrhea

Moderate diarrhea Obstruction or
and colic
bleeding

Necrosis/
Perforation

Bowel movement
>5 times daily

Fistula

Mild cramping
Bowel movement
5 times daily
Slight rectal
discharge or
bleeding

Excessive rectal
mucus or
intermittent
bleeding

requiring surgery

APPENDIX 4 – BHSCT RADIOTHERAPY PROTOCOL

CLINICAL PROTOCOLS
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1. Responsibilities
Referrer
Consultant Clinical Oncologists, Inter HSC/NHS Employee Placement Activity Consultant
Clinical Oncologists, Acting, Locum Consultant Clinical Oncologists or Non-Consultant
Grades with FRCR, FFRRCSI or EU equivalent or named Non-Consultant Grades are
entitled to act as referrer for all external beam Radiotherapy and Brachytherapy treatments,
within their scope of practice.
Practitioner
Only employees of the BHSCT or those working under an Inter HSC/NHS Employee Activity
Placement Agreement can act as a practitioner for a medical exposure carried out in the
BHSCT. A Consultant Clinical Oncologist or Acting, Locum Consultant Clinical Oncologists
or Non-Consultant Grades with FRCR, FFRRCSI or EU equivalent are entitled to act as
practitioner for external beam radiotherapy treatments including all concomitant exposures
specified in the associated treatment protocols, within their scope of practice.
Operator
A Consultant Clinical Oncologist or Inter HSC/NHS Employee Placement Consultant Clinical
Oncologist or Acting, Locum Consultant Clinical Oncologists or Non- Consultant Grades with
FRCR Part 1 or FFRRCSI Part 1 or EU equivalent are entitled to act as an operator to
undertake certain practical aspects of external beam treatment planning, delivery and clinical
evaluation, as detailed specifically within the respective procedures and work instructions
listed and contained within Radiotherapy and Medical Physics, Quality Management
Systems.
An appropriately trained therapy radiographer, or Inter HSC/NHS Employee Activity
Placement Radiographer is entitled to act as operator for the practical aspects of external
beam radiotherapy treatment or brachytherapy as detailed specifically within the respective
procedures and work instructions listed and contained within the Radiotherapy Quality
Management System.
An appropriately trained Clinical Scientist or appropriately trained Medical Technical Officer
or Inter HSC/NHS Employee Activity Placement Clinical Scientist/Medical Technical Officer
is entitled to act as an operator for those relevant practical aspects supporting external beam
exposures, or brachytherapy and practical aspects of the treatment process as detailed in
the Medical Physics and Radiotherapy Quality Management System procedures.
All responsible personnel must be familiar with and observe: • BHSCT Employer s Procedures for Persons Undergoing Medical Exposures as Required
by IR(ME)R(NI)2000 (& 2011 Amendment)
• Radiotherapy Department & Radiotherapy Physics Department ISO 9001 quality
documentation.
• Departmental Protocol for Management of Planned and Unplanned Gaps in
Radiotherapy to Minimise Extension to Treatment Duration
• Departmental Imaging Protocols
These documents are located in the QA Office, Cancer Centre and/or T Drive
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2. Scope of protocol
The following protocol has been developed to provide current guidelines for the radiotherapy
treatment of Prostate Cancer. Refer to QAP 14.2 Procedure for Concessions for actions
required if non protocol doses are prescribed.

3. Summary of doses prescribed
Prostate+/-SV
volume

Total Dose
60Gy 20# 4 wks (low or intermediate
risk)

IMRT/VMAT
60Gy +/-1% in 20#
74Gy +/-1% in 37#

(74-78Gy 37-39# 7.5-8wks high risk)
78Gy +/-1% in 39#
Pelvis/prostate
nodal volume

Adjuvant
radiotherapy
post
prostatectomy
Salvage
radiotherapy
post
prostatectomy
Combination
Therapy
(External Beam
Radiotherapy
followed by Low
Dose Rate
Brachytherapy
(LDR) or High
Dose Rate
Brachytherapy
(HDR)

74Gy 37# 7.5 wks
(55-60Gy to LN)

74Gy +/-1% in 37#
(refer to page 11)

78Gy 39# 8wks for high risk
(56-61.2Gy to LN)
60Gy 30 # 6wks

78Gy +/-1% in 39#

66Gy in 33# 6.5wks
(52Gy to LN if required)

66Gy +/-1% in 33#

66Gy in 33# 6.5wks
(Visible recurrent disease should be
boosted to a total of 70Gy in 35fractions
provided DVH s are acceptable)
52Gy in 33# 6.5wks (to include nodal
region)
45Gy 25# 5wks
When combined with a 110Gy I125
implant

66Gy +/-1% in 33#

37.5Gy 15# 3wks (Prostate+SV)
When combined with a 15Gy HDR
implant.

37.5Gy +/-1% in 15#

46Gy in 23# 4.5wks (Pelvis + Prostate)
When combined with a 15Gy HDR
implant.

46GY +/-1% in 23#

60Gy +/-1% in 30#

45GY +/-1% in 25#

3D Conformal Radiotherapy/V Sim
Palliative
Radiotherapy

50-55Gy 20 # 4 wks (CT planned 3D
conformal)

50-55Gy 20#

30-35Gy in 10# 2 wks

30-35Gy in 10#

36Gy in 6# 6wks

36Gy 6# (6wks)
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4. Treatment Rationale
Primary treatment options for non-metastatic prostate cancer include:
Active surveillance
External Beam Radiotherapy with hormone therapy
External Beam radiotherapy alone for low risk prostate cancer
Low dose rate permanent prostate brachytherapy
High dose rate brachytherapy
Low Dose Rate (LDR) permanent prostate brachytherapy combined with external beam
radiotherapy (+/- ADT)
Radical Prostatectomy
High Dose Rate (HDR) prostate brachytherapy in combination with External Beam
Radiotherapy (EBRT) (+/- ADT)
Hormonal therapy alone
Radiotherapy also has a role in:
Adjuvant or salvage therapy after radical prostatectomy.
Palliation of local or metastatic disease
TREATMENT OPTIONS:
The prognosis following radical treatment is highly dependent on Clinical stage, Gleason Score,
Prostate-specific antigen (PSA) and the life expectancy of the patient. These factors can be
combined to allow a risk grouping assignment for outcomes after 3D conformal radiotherapy.
The single factor model appears to be the most accurate(1) and is used in this protocol to define
treatment volumes as well as direct the duration of adjuvant hormonal therapy.
Low risk:
Intermediate risk:
High risk:

T1-2 and PSA <10ng/ml and Gleason 6 (Gleason group 1)
T1-2, with PSA 10-20 or Gleason =7 (Gleason group 2 or 3)
PSA >20ng/ml or T3/4 or Gleason >7 (Gleason group 4 or 5)

Predictive nomograms are available to accurately inform men of the benefit of radical
radiotherapy.
http://www.mskcc.org/mskcc/html/1008.8.cfm
http://urology.jhu.edu/prostate/partintables.php
In addition, the equation below provides a useful method for predicting the risk of pelvic lymph
node involvement. It can be used to help to identify men who may benefit from elective pelvic
lymph node irradiation.(2)
[2/3PSA + (Gleason score-6) x10]
Treatment Options by risk group:
1. Low risk:
a. Radical prostatectomy
b. Radical radiotherapy(58)
c. Permanent prostate Brachytherapy (LDR)
d. Active surveillance(3,4)
2. Intermediate risk (LOW TIER G3+4 and PSA<15ng/ml):
File Name: Prostate Clinical Protocol
Issue No: 9
Review Due: Sept 2019

Page 4 of 32
Auth By:
Reviewed By

Date of Issue: Sept 2017
Issued By:
Reviewed on:

a. Radical prostatectomy
b. Neo-adjuvant and concurrent hormonal therapy with radical radiotherapy
(Adjuvant hormonal therapy for up to 6 months can be used).(58)
c. Permanent prostate Brachytherapy*.
d. Active surveillance.(5-12)
3. Intermediate risk (HIGH TIER G4+3, or PSA >15ng/ml):
a. Radical prostatectomy.
b. Neo-adjuvant and concurrent hormonal therapy with radical radiotherapy.
(Adjuvant hormonal therapy for up to 6 months can be used).
c. Brachytherapy either LDR +/- EBRT, HDR* + EBRT.
4. High risk:
a. Neo-adjuvant and concurrent hormonal therapy with radical radiotherapy.
b. High Dose Rate (HDR*) prostate brachytherapy in combination with external beam
radiotherapy (Adjuvant hormonal therapy for at least 24 months should be used in
men with Gleason score 8. (NICE)
c. Hormone therapy alone may be suitable for very selected patients, noting the
reported benefits of radiotherapy in addition to hormonal manipulation.
5. High risk node positive non-metastatic:
a. Neo-adjuvant and concurrent hormonal therapy with radical radiotherapy to the
pelvis.
b. Hormone therapy alone may be suitable for selected patients noting the reported
benefits of radiotherapy in addition to hormonal manipulation. (52,53)

Active surveillance:
Active surveillance is a suitable option for patients with:
PSA<15ng/ml, Gleason ≤7 (3+4), T1-2a, <50% cores positive.
Timing
At enrolment in active surveillance

Tests1
Multiparametric MRI if not previously
performed
Year 1 of active surveillance
Every 3 4 months: measure PSA2
Throughout active surveillance: monitor PSA
kinetics3
Every 6 12 months: DRE4
At 12 months: prostate rebiopsy8
Years 2 4 of active surveillance
Every 3 6 months: measure PSA2
Throughout active surveillance: monitor PSA
kinetics3
Every 6 12 months: DRE
Year 5 and every year thereafter until active Every 6 months: measure PSA2
surveillance ends
Throughout active surveillance: monitor PSA
kinetics3
Every 12 months: DRE4
1 If there is concern about clinical or PSA changes at any time during active surveillance,
reassess with multi-parametric MRI and/or re-biopsy.
2 May be carried out in primary care if there are agreed shared-care protocols and recall
systems.
3 May include PSA doubling time and velocity.
4 Should be performed by a healthcare professional with expertise and confidence in
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performing DRE (digital rectal examination).

Treatment should be considered for PSA velocity >1ng/ml/year, repeat biopsy findings of
Gleason 4+3 or >50% cores involved.

Definition of hormonal therapy:
Neo-adjuvant:

Treatment for at least 3 months before the commencement of radiotherapy.
For very large prostate glands or patients with high risk prostate cancer or
pelvic node positive prostate cancer a longer period of neo-adjuvant
hormone therapy may be required.(41,42)

Concurrent:

Treatment for the duration of the radiotherapy course.

Adjuvant:

Hormone therapy after primary treatment.
For at least 2 years in men with high risk prostate cancer, before, during
and after radiotherapy. The benefits and risks of long term androgen
deprivation therapy should be discussed. (NICE 20140(13)
For 6 months in men with intermediate and high risk localised prostate
cancer before, during or after radical external beam radiotherapy. (NICE
2014)

LHRH agonists:Zoladex (goserelin) 3.6mg subcut every 4 weeks or
Prostap (leuproreline) 3.75 mg IM every 4 weeks or
Decapeptyl (triptorelin) 3mg IM every 4 weeks
Request GP to prescribe. (Appendix 2)
Consider transferring to the 12weekly preparation of androgen deprivation therapy if the
4weekly preparation is tolerated and the intention is to proceed with long term therapy.
In order to prevent testosterone flare, anti-androgen cover with Bicalutamide 50mg for 3 weeks
starting 1 week before first LHRH agonist injection.
Bicalutamide 150mg OD monotherapy can be used as neoadjuvant, concurrent and adjuvant
hormone therapy especially in men where preservation of physical capacity or sexual function is
important or in those who may not tolerate hot flushes.
The cardiovascular and metabolic toxicities of LHRHa should be discussed and the patient
advised to address cardiovascular risk factors with their GP.
(Refer to NICAN ADT policy)

Brachytherapy:
Low Dose Rate (LDR)* permanent prostate brachytherapy (I125) is a treatment option for
selected men with prostate cancer. It involves the planning and subsequent implantation of
radioactive sources (also known as seeds) directly into the prostate. These seeds then release
radiation to the surrounding tissue over the following months.
Suitable patients should have:
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Estimated life expectancy >10yrs
Gleason 6 or less and PSA <20ng/ml
Gleason 7 and PSA <15ng/ml
Prostate volume of less than 50ml (or less than 65ml prior to hormonal cytoreduction) as
assessed by TRUS or calculated using the ellipsoid formula on staging MRI scan.
International Prostate Symptom Score (IPSS) should be less than 15 and ideally less than 9
Urometry should be performed in patient with an IPSS >9 and only proceed with implant if their
Qmax is >12ml/sec and a post void residual of <100mls.
No previous TURP (If >1year discuss with relevant consultant).
Refer to Clinical Protocol for the Radical Treatment of Prostate Cancer with I 125 Permanent
Prostate Brachytherapy
High Dose Rate (HDR) prostate brachytherapy is a treatment option for selected men with
prostate cancer. It involves the temporary placement of hollow catheters into the prostate under
GA. An Iridium 192 source then travels briefly into each catheter before the catheters are
removed.
High Dose Rate (HDR) prostate brachytherapy may be used in one of three scenarios.
As a BOOST to EBRT(59)
Clinical inclusion criteria:
Histologically confirmed prostate cancer
Absence of metastatic disease on imaging
Estimated life expectancy >10yrs
Able to provide informed consent
IPSS <20
Qmax >10ml/sec (if concerned re IPSS)
Clinical exclusion criteria:
TURP in the preceding 12 months or a significant residual TURP cavity on MRI
Comorbid conditions that would prohibit HDR brachytherapy
Rectal fistula
Relative exclusion criteria:
Previous pelvic RT
Inflammatory bowel disease (see HDR protocol)
As a MONOTHERAPY
Clinical inclusion criteria:
Histologically confirmed localized prostate cancer
PSA <20ng/ml
Absence of nodal or metastatic disease on imaging
Estimated life expectancy >10yrs
IPSS <20
Qmax >10ml/sec (if concerned re IPSS)
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Clinical exclusion criteria:
TURP in the preceding 12 months or a significant residual TURP cavity on MRI.
Comorbid conditions that would prohibit HDR brachytherapy.
Rectal fistula
Relative exclusion criteria:
Previous pelvic RT
Inflammatory bowel disease (See HDR protocol)
As a SALVAGE treatment option for biopsy proven localized recurrence after EBRT
or LDR brachytherapy
Clinical inclusion criteria:
Histologically confirmed recurrent/persistent prostate cancer following EBRT or
LDR.
Absence of nodal or metastatic disease on imaging (IBS, CT-CAP, MRI)
Estimated life expectancy >10yrs
IPSS <20
Qmax >10ml/sec (if concerned re IPSS)
Clinical exclusion criteria:
TURP in the preceding 12 months or a significant residual TURP cavity on MRI.
Comorbid conditions that would prohibit HDR brachytherapy.
Inflammatory bowel disease (see HDR Protocol)
Rectal fistula
For men having combination treatment with EBRT + HDR, the HDR component would occur
1.5-3.5 weeks after the external beam radiotherapy component (37.5Gy in 15# or 46Gy in 23#)
A prostate volume study may be offered prior to or during EBRT to ensure suitability for HDR.
The external beam radiotherapy (37.5Gy 15#) would be to a prostate + SV and a margin, or in
higher risk cases (46Gy in 23#) would be to the prostate + SV and a margin united to a pelvic
nodal PTV volume to create a single PTV.
Dose:
Volume:

37.5Gy in 15# s over 3 weeks.
Prostate + seminal vesicles with uniform 5mm margin

or
Dose:
46Gy in 23# over 4.5 weeks
Volume:
Prostate + seminal vesicles with uniform 5mm margin united to a nodal PTV
volume to create a single PTV.
Refer to Clinical Protocol for the Treatment of Prostate Cancer using HDR Permanent Prostate
Brachytherapy.
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For selected cases a combination treatment with LDR may be offered rather
than HDR
Dose:

45Gy in 25# s over 5 weeks.

Volume:

Prostate + seminal vesicles with 1cm margin (7mm posteriorly if possible)
Use of a pelvic nodal volume instead should be discussed with the implanting
oncologist.
A prostate volume study would occur during EBRT and 2-4weeks after the EBRT
component the patient will proceed with a 110Gy I125 implant.(36-39)

Refer to Clinical Protocol for the Treatment of Prostate Cancer using I125 Permanent Prostate
Brachytherapy.

Node positive prostate cancer:
The benefit of radiotherapy to the pelvis and prostate in addition to Hormonal manipulation has
been highlighted recently(47,48) and should be considered when patient fitness and planning
tolerances can be achieved. The optimum dose to the pelvic nodes remains undefined. Where
possible the pivotal protocol should be used for contouring and dose escalation to the involved
nodal disease can be considered when supported by peer review (consider the stampede
study).

Radiotherapy after radical prostatectomy
Radiotherapy may be used after radical prostatectomy in either the adjuvant or salvage setting.
Patients with adverse prognostic features should be informed of the uncertainty of the timing of
treatment after surgery and the 2 options of early (Adjuvant) vs PSA monitoring and delayed
(Salvage) therapy explained.

Adjuvant radiotherapy
There is now randomized trial evidence of an overall survival benefit for post-operative
radiotherapy to the prostate bed in addition to a reduced incidence of metastasis and reduced
need for salvage LHRHa.(17-20) In the PSA era, it is unknown if adjuvant radiotherapy is superior
to salvage radiotherapy at the time of PSA relapse, the results of the RADICALs trial are
awaited.
Adjuvant radiotherapy should be considered where there is pathological evidence of:
Extra-capsular disease (T3a) and/or
Seminal vesicle invasion (T3b) and/or
Positive surgical margins
Positive nodes (53)

Treatment should begin with 16 weeks of surgery where possible.(18-20,23) Guidance on target
volume delineation is available in the planning department from the published consensus
documents.(21-23)
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The use of concurrent and adjuvant androgen deprivation therapy in the adjuvant node negative
setting remains undefined and is used at the discretion of the treating oncologist.
The use of hormonal manipulation is required when there is pathological evidence of involved
nodes(53,54) or in the present of high grade disease (Gleason 8-10) (Gleason Group 4 or 5).

Salvage radiotherapy
Salvage radiotherapy to the prostate bed can be considered in selected cases with a rising PSA
after prostatectomy. The long natural history of prostate cancer and the patient s life expectancy
should be considered.
The use of super sensitive PSA assay to detect biochemical failure after prostatectomy remains
unclear, but recognized guidelines identify a PSA 0.2ng/ml as evidence of failure after radical
prostate surgery.
The RADICALs study defined biochemical failure as two sequential rises after surgery with the
second level >0.1, or 3 sequential rises of any magnitude.
Were possible salvage radiotherapy should occur before the PSA is >0.5ng/ml.
MRI can be used to assess for local recurrence in men with PSA >2ng/ml allowing more
accurate targeting of radiotherapy.
Predictive nomograms are available to accurately inform men of the benefit of salvage
radiotherapy.
http://www.mskcc.org/mskcc/html/10088.cfm
The following factors will make salvage radiotherapy more likely to succeed:
-T1/T2 prior to surgery
-Life expectancy >10years
-PSA <2ng/ml
-PSADT >1 year
-PSA failure >1 year post-prostatectomy(24-33)
The use of concurrent and adjuvant bicalutamide 150mg improved overall survival in patients
with pT2 margin positive and pT3 disease who had PSA values of 0.2-4ng/ml and should be
considered in this setting.(55,56)
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5. Essential Investigations and Staging
Investigations
FBC/ U + E, Creatinine, Alkaline Phosphatase
PSA
Prostate biopsy
Bone scan (Not routinely performed in low risk cases)
MRI prostate and pelvis
CT Pelvis + Abdomen should only be used in patients in whom MRI is contraindicated
Staging
PROSTATE CANCER - TNM STAGING (AJCC 2010):
T1
Not palpable or visible
T1a
< 5% of chippings
T1b
> 5% of chippings
T1c
Needle biopsy
T2
Either palpable or visible and confined within prostate
T2a
<50% of one lobe
T2b
>50% of one lobe
T2c
Both lobes
T3
Through prostatic capsule
T3a
Extra-capsular extension and or microscopic invasion of bladder neck.
T3b
Seminal vesicle(s) involved
T4
Fixed or invades adjacent structures: bladder neck, external sphincter, rectum,
levator ani muscles, pelvic wall.
N1

Regional lymph node(s)

M1a
M1b
M1c

Non-regional lymph node(s)
Bone(s)
Other site(s)

Histological grading - Gleason group
Group 1 = Gleason Grade 6 (3+3)
Group 2 = Gleason Grade 7 (3+4)
Group 3 = Gleason Grade 7 (4+3)
Group 4 = Gleason Grade 8 (4+4 or 3+5 or 5+3)
Group 5 = Gleason Grade 9 or 10 (4+5 or 5+4 or 5+5)

6. Information for patients
Patients are given information about treatment during the consent process and they are also
given the following leaflets:
Additional Information for patients having radiotherapy to the prostate using micro
enemas for radiotherapy planning and treatment
Additional Information for patients having radiotherapy to the prostate; preparation,
planning and treatment
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Prostate Cancer UK patient information leaflets on external beam radiotherapy, prostate
brachytherapy and hormone therapy when appropriate.

7. Consent
All patients should be advised of the potential risk of important acute and late toxicities of
treatment listed below and the aim of careful radiotherapy planning and appropriate dose
fractionation to minimise long term risk of radiation induced damage. Site specific pre-printed
consent forms should be used.

8. Localisation and imaging required for planning
CT scanning
Patient is localized using a multi-slice CT scanner.
Patient is supine, with arms on chest; ankle supports and a knee immobilization device are used
to stabilize the legs and pelvis.
Preparation
The patient is scanned with an empty rectum and bladder comfortably full. Daily micro-enema
60 minutes prior to radiotherapy to encourage reproducible prostate positioning for planning and
treatment should be used were possible. Refer to Prostate Care Pathway (Appendix 3).
Ideally, patients should have none , minimal , or small rectal distension as assessed on the
Padhani scale (Appendix 1). Were moderate or large rectal distension is noted, the patient
should receive an additional micro-enema and be re-scanned either on the same day or within
the next week.
Scanning Parameters
CT images are acquired from the top of L4 to 1cm below pubic rami.
Slice increment is 2.5mm
A single control scan mid symphysis and up to 3 additional control scans per data series may
be obtained to ensure adequate bladder filling or bowel preparation prior to full series
acquisition.
CT images are transferred to treatment planning via DICOM.
Planning Data Form F7.5.6a, along with Patient notes and hard copy images if available, are
logged into the Treatment Planning Department.

9. Planning Technique
9.1 - Radical radiotherapy is delivered using IMRT/VMAT.
Treatment volume is defined according to risk group. Consideration should be given to elective
pelvic nodal irradiation in selected high risk cases (Roach formula: [2/3PSA + (Gleason score6) x10] >15%).
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Prostate only
LOW RISK – PROSTATE ONLY
GTV T(p) is the prostate and most proximal base of the seminal vesicles.
PTV is T(p) with a universal 10mm margin except for a 7mm margin posteriorly.
The median dose to the PTV will be the equivalent to 60Gy in 20# s (ie 100% ± 1%) with a
minimum of 95% isodose coverage.(58)
If the dose volume constraints are not acceptable the posterior margin should be reduced to
5mm. The dose fall off would be predicted to give 76% of the prescription dose to a posterior
7mm margin.
The prescription to the isocentre should not be greater than 105%.
INTERMEDIATE RISK - PROSTATE ONLY
GTV T(p) is the prostate and proximal 1-2cm of the seminal vesicles.
PTV is T(p) with a universal 10mm margin except for a 7mm margin posteriorly.
The median dose to the PTV will be the equivalent to 60Gy in 20# s (ie 100% ± 1%) with a
minimum of 95% isodose coverage.(58)
If the dose volume constraints are not acceptable the posterior margin should be reduced to
5mm. The dose fall off would be predicted to give 76% of the prescription dose to a posterior
7mm margin.
The prescription to the isocentre should not be greater than 105%.
HIGH RISK - PROSTATE ONLY
High risk cases should be considered for elective nodal irradiation if their predicted risk of pelvic
nodal disease is >15% and the planning target and mandatory dose constraints can be
achieved.
GTV- T(psv) is the prostate and seminal vesicles (either the disease bearing SV or proximal
2cm of the vesicles may be used if not involved radiologically and there is difficulty in achieving
mandatory DVH constraints).
PTV is T(psv) with a universal 10mm margin except for a 7mm margin posteriorly.
The median dose to the PTV will be the equivalent to 78Gy in 39# s (ie 100% ± 1%) with a
minimum of 95% isodose coverage.
If the dose volume constraints are not acceptable the posterior margin should be reduced to
5mm. The dose fall off would be predicted to give 76% of the prescription dose to a posterior
7mm margin.
If mandatory DVH constraints are not met with a 5mm posterior margin at 78Gy in 39# s
consider reducing to 74Gy in 37# s.

File Name: Prostate Clinical Protocol
Issue No: 9
Review Due: Sept 2019

Page 13 of 32
Auth By:
Reviewed By

Date of Issue: Sept 2017
Issued By:
Reviewed on:

The prescription to the isocentre should not be greater than 105%.

Pelvis and prostate radiotherapy
Elective pelvic nodal irradiation (ENI)
The departmental pelvic nodal volume contouring guidelines should be used to define the
relevant nodal volume PTV (LN) and prostate & seminal vesicles for selected high-risk cases
with a Roach calculation of >15% ([2/3PSA + (Gleason score-6) x10]) and no contraindications.
GTV T(psv) is the prostate and seminal vesicles (either the disease bearing SV or proximal 2cm
of the vesicles may be used if not involved radiologicaly and there is difficulty in achieving
mandatory DVH constraints).
PTV (prostate) is T(psv) with a universal 10mm margin except for a 7mm margin posteriorly.
The median dose to the PTV (prostate) will be the equivalent to 78Gy in 39# s (ie 100% ± 1%)
with a minimum of 95% isodose coverage.
If the dose volume constraints are not acceptable the posterior margin should be reduced to
5mm. The dose fall off would be predicted to give 76% of the prescription dose to a posterior
7mm margin.
If mandatory DVH constraints are not met with a 5mm posterior margin at 78Gy in 39# s
consider reducing to 74Gy in 37# s. (Note PTV (LN) dose reduction in line with reduction in
fraction number from 39# s to 37# s). If this still fails to achieve mandatory dose constraints then
revert to the prostate only protocol for high risk cases.
The median dose to the PTV (LN) will be the equivalent to 61.2Gy in 39# s (56Gy in 39# s is
acceptable if mandatory DVH s cannot be achieved at 61.2Gy).
If the PTV (prostate) dose has been reduced to 74Gy in 37# s then the median dose to the PTV
(LN) will be the equivalent to 60Gy in 37# s (55Gy 37# s is acceptable if mandatory DVH s
cannot be achieved at 60Gy).
Involved nodal irradiation
High risk cases (Non-metastatic) with positive pelvic nodes should be contoured according to
the pivotal protocol and consideration given to dose escalation to the nodal disease provided
the planning target and dose constraints can be achieved and with the support of the GU peer
review meeting.(51,52)
Refer to Clinician s Prostate Pelvis Countouring Guidelines 78Gy (Appendix 5) and Prostate &
Pelvic Node IMRT Map (Appendix 4).
9.2 - Adjuvant radiotherapy post prostatectomy.
Guidance on target volume delineation is available in the planning department from several
published consensus documents.(51,52)
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VOLUME:
DOSE:

To include the limits of surgical excision, from the tips of the seminal vesicles to
the apex.
IMRT should be considered in all cases with the prescription dose of 60Gy +/-1%
in 30# over 6 weeks to the isocentre.(66GY +/- 1% in in 33# over 6.5weeks in
selected cases)

9.3 - Salvage radiotherapy post prostatectomy
Guidance on target volume delineation is available in the planning department from several
published consensus documents.(21-23)
VOLUME:

To include the visible disease (were MRI has been performed) and the limits of
surgical excision, from the tips of the seminal vesicles to the apex.

DOSE:

IMRT should be considered in all cases with the prescription dose of 66Gy +/-1%
in 33# over 6.5 weeks to the isocentre.
When the nodal regions are included then the nodal volume should be treated to
52Gy in 33 Fractions pending DVH constraints.

(Visible recurrent disease should be boosted to a total of 70Gy in 35# s provided DVH s are
acceptable)
9.4 - Radiotherapy as planned supplemental treatment to Prostate Brachytherapy
Volume:

To include the prostate and at least the base of the seminal vesicles (selected
high risk cases may be offered pelvic nodal irradiation with the prostate volume
included.

Dose:
Dose:

Before LDR - 45Gy in 25fractions over 5weeks
Before HDR - 37.5Gy in 15fractions over 3 weeks (P+SV) or
46Gy in 23 fractions over 4.5weeks (ENI + P + SV)

9.5 - Palliative radiotherapy
Palliative radiotherapy dose fractionation should comply with the Radiotherapy Palliative Clinical
Protocol.
For patients with local prostate symptoms higher dose regimes may be used.
55Gy in 20 fractions provides an EQD2 of 66.45Gy ( / = 1.6) which while inferior to the current
radical treatment dose of 74Gy in 37# s allows a high dose to be delivered in a more convenient
treatment timeframe for selected patients.(40)
50-55Gy in 20 fractions over 4 weeks (CT planned)
30-35Gy in 10 fractions over 2 weeks
36Gy in 6 fractions over 6 weeks.(CT planned)

10.

Volume definition and critical structures

Organs at risk dose calculations
The organs at risk are defined as follows:
Rectum:
The external margin of the rectum should be outlined from the anus (usually
at the level of the ischial tuberosities or 1cm below the lower margin of the
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Bladder:
Femoral Heads:
Penile Bulb:

PTV whichever is more inferior) to the recto-sigmoid junction. The rectosigmoid junction can usually be identified on the CT slice where the bowel
turns anteriorly and to the left (if not or 1cm above the superior border of
the PTV).
The external margin of the whole bladder should be outlined.
The external margin of the visible femoral head from the top of the hip joint
to the lesser trochanter.
The external margin of the penile bulb should be outlined.

The punctual maximal dose to the rectum should not exceed 74Gy; the rectal volume which
receives a dose > 72 Gy should not exceed 25% of the rectal volume.
The punctual maximal dose to the bladder should not exceed 78Gy.
Organs at risk (OAR) dose constraints
PTV and OAR mandatory constraints (figures in brackets are optimal constraints)
78 Gy 39#

74Gy 37#

66Gy/33#

60Gy/30#

60Gy 20#

74.1 Gy
81.9 Gy
99% - 101%

70.3 Gy
77.7 Gy
99% - 101%

62.7 Gy
69.3 Gy
99% - 101%

57.0 Gy
63.0 Gy
99% - 101%

(80%)
(70%)
60% (50%)
50% (35%)
30%
25% (15%)

(80%)
(65%)
60% (50%)
50% (35%)
30%
15%
3%

(80%)
(65%)
60% (50%)
50% (35%)
30%

(80%)
(65%)
60% (50%)
50% (35%)
30%

25 Gy
32 Gy
41 Gy
49 Gy
53 Gy
57 Gy
60 Gy

50%
25%
5%

50%
25%

50%
25%

41 Gy 50%
49 Gy 25%
60 Gy 5%

25% (5%)

25% (5%)

25% (5%)

41 Gy 25% (5%)

158cc (78cc)

158cc (78cc)

158cc (78cc)

110cc (17cc)

110cc (17cc)

110cc (17cc)

28cc (14cc)
6cc (0.5cc)
0cc

28cc (14cc)
6cc (0.5cc)
0cc

158cc
(78cc)
110cc
(17cc)
28cc (14cc)
6cc (0.5cc)
0cc

(50%)
(10%)

(50%)
(10%)

(50%)
(10%)

PTV
D99%
D1%
median

D99%
D1%
media
n

57.0 Gy
63.0 Gy
99% - 101%

Rectum
30 Gy
40 Gy
50 Gy
60 Gy
65 Gy
70 Gy
74 Gy
75 Gy

(80%)
(65%)
60% (50%)
50% (35%)
30%
15%
3%

15% (5%)

Bladder
50 Gy 50%
60 Gy 25%
74 Gy 15%

Femoral heads
50 Gy 25% (5%)

Bowel
45 Gy
50 Gy

55 Gy 28cc (14cc)
60 Gy 6cc (0.5cc)
65 Gy 0cc

37 Gy
41 Gy

158cc (78cc)
110cc (17cc)

44 Gy 28cc (14cc)
49 Gy 6cc (0.5cc)
53 Gy 0cc

Urethral Bulb
50 Gy (50%)
60 Gy (10%)
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PreHDR implant: PTV and OAR mandatory constraints
37.5Gy 15#

46Gy 23#

PTV
D99%
D1%
median

35.6 Gy
39.4 Gy
99% - 101%

D99%
D1%
median

43.7 Gy
48.3 Gy
99% - 101%

Rectum
24 Gy 50%
29 Gy 35%
33 Gy 20%

27.6 Gy
36.8 Gy
41.4 Gy
46 Gy

75%
65%
50%
15%

Bladder
29 Gy 35%

41.4 Gy <60%

Femoral Heads
24 Gy 5%

11. Pre-treatment simulator verification
All patients are verified on-set as per the imaging and site specific imaging protocols.

12. Treatment Delivery
Patients are treated using a linear accelerator 6MV or 15 MV photons.

13. Treatment Verification
Verification images are obtained in accordance with the Departmental Imaging Protocols.

14. Gaps
As per RCR guidelines and departmental protocol.
Radical radiotherapy for Prostate Cancer is a category 2 treatment.

15. On–treatment review
Monitoring Bloods
PSA, FBC and ONC profile week 1 +/- testosterone (To ensure adequate hormone therapy
effect and compliance).
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PSA penultimate week of treatment (not required for brachytherapy boost cases or patients
receiving a 20 fractionated course).

Patient Review
Patients with uncomplicated prostate cancer receiving radical radiotherapy should be reviewed
every week by a suitably qualified radiographer. Clinician review should be performed in the
final week to confirm follow-up arrangements and discuss hormonal therapy duration were
appropriate.
Toxicity
Commonly (more than 20%) occurring side effects: Inflammation of the bladder (cystitis)
which may cause urine to be passed frequently during the day and night (urinary frequency),
and cause discomfort or a burning sensation when passing urine. Irritation of the back passage
or rectum (proctitis), which may cause soreness around the skin at the back passage (anus)
and cause discomfort. Bowel frequency. Loss of sexual function (impotence). Infertility.
Tiredness (fatigue). Skin reaction (erythema). Hair loss (pubic hair).
Less commonly occurring but serious side effects: Narrowing of the tube that takes urine
from the bladder (urinary stricture). Urinary incontinence, urinary obstruction, blood in the urine
(haematuria). Diarrhoea, rectal bleeding (i.e. occasional bleeding from the back passage, about
5%). Arthritis of both hips. Pelvic insufficiency fractures. Risks of radiotherapy induced cancers
are rare (1 in 500 at 10 years).
Cardiovascular risk factors associated with long term LHRHa use should be evaluated.

16. Follow-up
First review should be at 6-8 weeks after completion of treatment to ensure resolution of toxicity,
compliance with planned hormonal therapy and to co-ordinate future follow-up.
Subsequent follow-up should include PSA evaluation at 6 monthly intervals for 2 years and then
yearly. Patients with high risk cancers should be seen more frequently according to physician
preference. This may be alternated with the referring urologist or uro-oncology CNS or suitably
qualified radiographer.
Men with stable PSA and no significant toxicities following radiotherapy can be considered for
nurse led or remote/telephone follow-up were agreed protocols are in place.
Toxicity should be clearly documented at follow up visits.
Management of biochemical recurrence following radiotherapy
Biochemical recurrence following radiotherapy is defined by the PHOENIX definition.
PHOENIX - a rise of 2 ng/mL or more above the nadir PSA.
Options for treatment at the time of biochemical failure can be considered as either
Salvage/potentially curative or non-curative.
Salvage therapy after biochemical failure post EBRT
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Options include salvage retropubic prostatectomy, high intensity focused ultrasound therapy,
cryotherapy or interstitial radiotherapy. All options carry considerable morbidity including
incontinence and rectal injury as well as a risk of further local or distant recurrence.
Life expectancy should be>10years.
Patient should have had organ confined, Gleason <8, at initial diagnosis.
Salvage prostate brachytherapy can be considered in men with biochemical failure after EBRT
provided they do not have distant metastasis or pelvic nodal recurrence on re-staging.
Their tumour factors at the time of initial treatment would have been deemed suitable for
brachytherapy at their initial presentation. They should have no significant lower urinary tract
symptoms (IPSS<7), and will require template biopsy to confirm the presence of persistent local
disease prior to salvage implant. (Discuss with Dr Jain/Mitchell).
Isolated oligo-metastatic recurrence should be considered for clinical trials when available.
Non-curative therapy.
Hormone therapy.
There is limited available evidence on the timing of hormone therapy after biochemical failure, a
secondary analysis from the RTOG suggest that commencing hormone therapy before the PSA
is 10ng/ml in men with unfavourable prognosis prostate carcinoma who have failed
biochemically results in improved overall survival.(46)
Early hormone therapy should also be considered in patients with a PSAdt of <12months,
Gleason 8-10 or evidence of symptomatic local recurrence.(45)
NICE recommends that men with biochemical recurrence should not be offered hormonal
therapy unless they have:
Symptomatic local disease progression.
Or proven metastasis.
Or a PSA doubling time of less than 3 months.
The PROTECT(57) study recommended initiation of hormonal manipulation at 20ng/ml.
The decision to initiate hormone therapy is therefore at the discretion of the individual consultant
following informed discussion with the individual patient.
Intermittent hormone therapy
Is considered non-inferior to continuous hormone therapy in metastatic or biochemically
recurrent disease.(49,50)
EAU recommendations are that:
The induction phase of castration based therapy should be for between 6-9 months.
There should be a clear demonstration of response before the therapy is discontinued. This is
empirically defined as PSA <4ng/ml in metastatic disease and <0.5ng/ml in non-metastatic
patients.
Therapy should be re-commenced if there is either clinical progression or the PSA value rises to
4ng/ml in non-metastatic or 10-15ng/ml in metastatic patients.
File Name: Prostate Clinical Protocol
Issue No: 9
Review Due: Sept 2019

Page 19 of 32
Auth By:
Reviewed By

Date of Issue: Sept 2017
Issued By:
Reviewed on:

Treatment would then be as per the induction therapy for 6-9 months, depending to the time to
achieve a PSA nadir.
PSA monitoring should be 3 monthly.(43-45)

17. Clinical Trials
Patients entered into clinical trials will be treated as per the trial protocol.
PACE

SBRT 36.25Gy in 5 fractions (alternate day) vs 62Gy in 20fractions
Low or Low tier intermediate risk prostate ca (Gleason 3+3 or 3+4)
Suitable for Gold Fiducal insertion.
NO Androgen Deprivation Therapy (ADT).

SPORT

SBRT 36.25Gy in 5fractions +/- Pelvic radiotherapy 25Gy
High tier IM or High risk localised prostate cancer (G 4+3, PSA>20 or G8-10)
Suitable for ENI and gold fiducial/SpaceOAR insertion and prostate biopsy.
ADT.

ADRRAD

Radical radiotherapy (as per protocol) to pelvis and prostate + Radium223
De novo bone metastasis
Suitable for Radium223 and Bone marrow biopsy.

PRC

Currently patients with low or low-tier intermediate risk prostate cancer treated
with LDR brachytherapy.

CORE

Stereotactic radiotherapy for oligometastasis.

Radiotherapy should be conducted according to the clinical trial protocol.

18. Arrangements for treatment summary
At the conclusion of treatment an end of treatment summary is documented on the patients
treatment chart. This summary includes details of the dose and fractionation (TD and maximum
dose or final brachytherapy dose), treatment technique, overall treatment duration and beam
energy. Any decisions to deviate from the intended treatment prescription and the reasons are
documented on the treatment chart. On the final day of treatment the radiographer undertaking
post treatment information and follow-up instructions will make a final note on the Patient
Monitoring Form in respect of the acute toxicities.
Refer to Procedure I Employers Procedures
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Addressograph
Dear Doctor,
The above patient attended the oncology outpatient clinic today and should be commenced on
hormone treatment. I would appreciate if you would please prescribe the following and arrange
administration. A detailed clinic letter will follow.
Bicalutamide (Casodex) 50mg daily for 21 days
Depot Leutenising Hormone Releasing Hormone agonist (LHRHa) of your choice to be given
during week 2 of the course of Bicalutamide.
Available LHRHa include
Goseralin 3.6mg S/C injection
Leuprorelin Acetate 3.75mg S/C or IM injection
Triptorelin 4.2mg IM injection
The patient should complete the course of tablets after the first injection.
The injection therapy is to be given every 4 weeks prior to radiotherapy and if tolerated can be
changed to the 12weekly injection dose
Injections should be continued for a total of _____________months.
We now routinely use RELAXIT enemas prior to radiotherapy planning and treatment. An
information leaflet has been given to the patient and I would appreciate if you could also
prescribe:
Relaxit enema OD x38 to be used as instructed.
Finally I would also appreciate if his cardiovascular risk factors including blood pressure and
cholesterol could be assessed at your convenience since LHRHa have recently been
associated with a small increase in cardiovascular events.
If you experience any problems, please contact us at the above address.
Yours sincerely
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Appendix 4 Clinician s Prostate Pelvis Contouring Guidelines 78Gy.

Step
Label
Colour
1 Contour Prostate and seminal vesicles
T (psv)
Red
2 Expand T (psv) by 10mm uniformly but 7mm posteriorly to create - PTV (psv)
Dark Blue
Bowel, bladder, rectum
3 Confirm OARs - Bowel should be contoured to L4/5 interspace
penile bulb
4 Expand Bowel by 3mm uniformly to create
Bowel +3mm
Contour Iliac Vessels from the Sacral promontory. Stop contouring
the internal Iliacs at the S3/4 interspace. Stop contouring the
External Iliacs at the top of the femoral head. Vessels inside the
bony pelvis are contoured to 1cm above the top of the pubic
5 symphysis.
Iliac Vessels
Cyan
6 Expand Iliac vessels by 7mm AP and Lat to create
CTV (ln)
Orange
7 CTV (ln) should have excluded Bowel +3mm , bone, bladder, rectum and muscle
Join the CTV (ln) vol from the promontory to the S3/4 interspace to create
8 a pre-sacral nodal volume using a 12mm roller ball along the anterior surface of the sacrum
Create a lateral CTV (ln) volume by joining the internal iliac and external Iliac CTV(ln) by an 18mm
roller ball, running the rollerball along the bone of the lateral pelvic side wall or muscle. This
9 18mm roller ball continues below the femoral head but stops at the top of the pubic symphysis.
10 CTV (ln) should have excluded Bowel +3mm , bone, bladder, rectum and muscle
11 Expand the CTV (ln) by 5mm uniformly to createPTV (ln)
Blue
If bowel/bladder DVH unacceptable then consider reducing the
pelvic dose to 56.0Gy in 39f.
If rectal/bladder DVH unacceptable then consider reducing the
dose to 74Gy in 37f or reducing the posterior margin expansion of
T(psv) to PTV (psv) to 5mm, or both.
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Appendix 5 Clinician s Prostate IMRT Contouring Guidelines
LOW RISK 60Gy
Step
Contour Prostate and base
of seminal vesicles (proximal
1 5mm of the central SV)
Expand T (p) by 10mm
uniformly except 7mm
2 posteriorly to create

Label Colour

T (p)

Red

PTV

Dark Blue

If DVH unacceptable use a
5mm posterior margin

INTERMEDIATE RISK 60Gy
Step
Contour Prostate and
proximal 1-2cm of seminal
1 vesicles
Expand T (psv) by 10mm
uniformly except 7mm
2 posteriorly to create
If DVH unacceptable use a
5mm posterior margin

Label

Colour

T
(psv)

Red

PTV

Dark Blue

HIGH RISK 78Gy
Step
Contour Prostate and entire
1 seminal vesicles
Expand T (psv) by 10mm
uniformly except 7mm
2 posteriorly to create

Label
T
(psv)

Colour

PTV

Dark Blue

Red

If DVH unacceptable use a
5mm posterior margin
If DVH still acceptable use
74Gy.
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APPENDIX 5 – RISK ADAPTED MANAGEMENT OF IMPS

Proposal for the risk adapted management of androgen deprivation
therapy as investigational medicinal products in ADRRAD clinical
trial Version 1 01/04/15
Study Title:
Neo-Adjuvant Androgen Deprivation Therapy, Pelvic Radiotherapy and Radium-223 for new
presentation T1-4, N0-1, M1B adenocarcinoma of prostate
EudraCT Number:
HSC Trust Reference Number: TBC
2014-000273-39
Sponsor Name:
Local Chief/Principal Investigator Name:
Belfast HSCT
PI = Prof J O S lli an. Co-Investigators = Dr P
Turner, Dr S Jain
Background:
The ADRRAD trial is an academic, investigator-led, Trust-sponsored, open label,
single arm trial testing the addition of Radium-223 and intensity modulated
radiotherapy (IMRT) to the standard of care [Androgen deprivation therapy (ADT)] in
men with newly diagnosed prostate cancer with metastases to bone. Androgen
deprivation therapy with either leutenising hormone releasing hormone agonist
(LHRHa) or leutenising hormone releasing hormone antagonist (LHRHan) is the
current standard of care for patients with prostate cancer diagnosed at this stage.
Within this trial, only LHRH agonists will be utilised. In the trial these compounds
will be being used wholly within the terms of their marketing authorisation and SPC
entry. In email correspondence the trial investigators had asked MHRA helpline to
clarify if, in this context of combination with IMRT and Radium-223, LHRHa should
be considered as IMPs. It was the view of the MHRA that this was the case and these
compounds should be considered as IMPs within the trial.
Issues raised:
This poses several problems with regard to managing these medicines. In the trial,
in estigators ill be screening patients to enter the trial hen the patient s case is
discussed at the regional Uro-oncology multi-disciplinary meeting. By the time
patients are presented at this meeting they will have had biopsy performed by their
treating urologist and may already have commenced androgen deprivation therapy.
Deferring the start of treatment until such time as the patients are seen by the
oncology service, have been given information on the trial and have made their mind
up as to whether to proceed or not may result in a significant delay to patients
commencing their evidence-based, standard of care treatment. Alternatively, it may
result in having to deny patients the opportunity of entry into this trial if they are
already established on LHRHa. In the view of the investigators this would be
unacceptable. Further, ADT is administered by monthly or three monthly depot
injection under standard of care arrangements this is given in primary care under the
advice of treating urologist/oncologist. To transfer the prescription and administration
of this medicine to secondary care would result in significant inconvenience to
patients in terms of extra trips to hospital as opposed to their local practice nurse. This
transfer would also have significant cost implications for the Trust. For these reasons
it is not feasible for the sponsoring Trust to supply ADT directly to trial participants
nor to comply fully with IMP labelling and accountability requirements.

Solution:
In order to address these problems, it is proposed that patients recruited into trial
should continue on or commence treatment with androgen deprivation therapy
dispensed, labelled and administered in the primary care setting in accordance with a
prescription given by the General Practitioner. The risk assessment of managing the
medicines in this manner, including mitigating actions to minimise such risks, is
included below and has been devised in accordance with MRC/DH/MHRA joint
doc ment, Risk-adapted approaches to the management of clinical trials of
in estigational medicinal prod cts. It is felt that ADT ithin ADRRAD is a t pe A
IMP that is, not associated with any increased risk above standard of care. Note also
the sponsor will manage Radium-223 in full compliance with IMP regulations. A risk
adapted approach will apply to management of ADT therapy only.

Hazard
Incorrect
product
administered

Concordance
issues
scheduling errors

Magnitude of risk Mitigating
(Low, Medium or comments/actions
High)
being

L

and

L

Written prescribing instructions
to GP.
Supply and administration as
per normal current clinical
practice
Patients are currently managed
on these treatments as standard
of care and clinical experience
suggests this is generally very
successful and well tolerated.
Written prescribing instructions
(including
scheduling
information) will be provided to
GP.
At review appointments, it will
be protocol mandated that
patients are asked regarding
dates of ADT injections and any
discrepancies followed up with
GP.
Serum testosterone will be
checked at review appointments
(marker of effective ADT
therapy)

Hazard
Atypical reaction to ADT when
given in combination with
IMRT and Radium-223

Magnitude of risk
Medium or High)
L

(Low,

Mitigating comments/actions
ADT along with IMRT to
prostate and pelvis is standard
of care for patients with
localised, high risk prostate
cancer. The combination of the
two treatments results in greater
overall survival than either
treatment used alone. The two
treatments are routinely used
alongside each other without
undue or unpredictable toxicity.
1-3

Changes
to
SPC
of
LHRHa/LHRHan during study.

L

Non-compliance with
labelling requirements

IMP

L

not

L

IMP storage conditions
monitored by Sponsor

Radium 223 has recently been
licensed in the treatment of
advanced prostate cancer with
bone metastases. In the phase 3
trial leading to the MA being
issued,
patients
receiving
maintenance
androgen
deprivation
therapy
were
required to continue with it
during the study. In this context
Radium223 had a favourable
safety profile as compared to
placebo and no undue or
unpredictable toxicity associated
with the combination of
androgen deprivation therapy
and radium223 was reported4
SPCs will be accessed by
pharmacist monthly to ensure no
changes have occurred. These
are now established compounds,
well into post-marketing phase.
Product used within terms of
marketing
authorisation,
dispensed in accordance with
authorised prescription and
labelled in accordance with
relevant regulations applying to
dispensed medicinal products.
Authorised product.
Clinical use well established.
Product administered in primary
healthcare facility. Storage
conditions as per SPC and
normal clinical practice. Product
not stored by patients in home
setting
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APPENDIX 6 – PROTOCOL FOR TESTING CTC ENUMERATION IN HEALTHY HUMAN BLOOD
SPIKED WITH CULTURED PROSTATE CANCER CELLS.

Structured Protocol version 1.3 (20/11/2014)

Title
Development of protocols to test methodologies for isolating circulating tumour cells (CTCs) from
samples of healthy donor blood inoculated with cultured prostate cancer cells; testing for markers of
DNA damage in such isolated CTCs when tumour cells have been irradiated prior to inoculation.

Aims and Objectives
The aim of this study is to collect blood from healthy volunteers and inoculate these samples with
cultured prostate cancer cells. These inoculated samples will then be used to test laboratory
methodologies for separating and enumerating circulating tumour cells (CTCs) from whole blood. If
these methodologies are successful we plan to extend the experiments to test for markers of DNA
damage ( H2AX) in CTCs when the tumour cells have been irradiated with photons prior to their
being inoculated into healthy donor blood samples.

Outcomes to be measured
1. Number of tumour cells detectable in 10 mls of healthy donor blood after inoculation with a
range of concentrations of prostate cancer cell lines cultured in vitro.
2. Number of H2AX foci-positive tumour cells detectable in 10mls of healthy donor blood
after inoculation with a range of concentrations of pre-irradiated prostate cancer cell lines
cultured in vitro.

Structured Protocol version 1.3 (20/11/2014)
Development of protocols to test CTC recovery, enumeration and DNA damage assay from spiked healthy
human blood.

Background
The presence and concentration of circulating tumour cells (CTCs) has been found to be a prognostic
marker in a range of human malignancies (1-3) . More recently, MacManus et al, demonstrated that
CTC numbers can increase during external beam radiotherapy treatment for non-small cell lung
cancer (4) . Initial CTC trials (1-3) used the Cellsearch® platform to identify and enumerate

CTCs, a semi-automated methodology marketed by Janssen and which is described in detail in the
literature (5). More recently, the MacManus group and others have used alternative methods of CTC
identification and enumeration that rely on standard laboratory techniques and can incorporate
measures of DNA damage namely by assaying for H2AX, a marker of radiation induced DNA
damage (4) . We plan to utilise similar methodology in upcoming phase I/II feasibility trial within the
Prostate Cancer UK Centre of Excellence (ADRRAD trial see below). The purpose of these preliminary
experiments will be to test our methodology by “spiking” healthy donor blood with prostate cancer
cells and using our laboratory based method to identify, enumerate and assay for radiation induced
damage in these samples prior to use of the same laboratory protocols to analyse patient samples as
part of ADRRAD (under a separate ethics proposal).
Current projects
At present we have an on-going PhD project “ADRRAD: Neo-Adjuvant Androgen Deprivation
Therapy, Pelvic Radiotherapy and Radium-223 for new presentation T1-4 N0/1 M1b adenocarcinoma
of prostate” (EudraCT No: 2014-000273-39). This study involves treating men with new presentation
T1-4, N0-1, M1b prostate cancer with trimodality treatment – androgen deprivation, pelvic external
beam radiotherapy and Radium-223 bone seeking radionuclide injections. Considering the studies
quoted above which show 1) the prognostic significance of CTCs in metastatic castration resistant
prostate cancer and 2) increased CTC numbers during radiotherapy for non-small cell lung cancer,
we plan to track CTC numbers from baseline in our metastatic castration sensitive population to
determine if a) there is a signal towards prognostic significance of CTCs in this population and b) if
using two forms of radiotherapy leads to rise in CTC numbers as found by MacManus et al (4) . We
will also aim to determine if CTCs released show evidence of recent exposure to radiation by
assaying for DNA damage using γH2AX (4) .
The following documents relating to this PhD project are enclosed
1.ADRRAD trial protocol version 3.2

Experimental methods
Cell preparation
10 mls of whole blood will be drawn from subjects who have given written informed consent. This
will be collected into EDTA containing vials and processed within 3 hrs.
CTC Enumeration – adapted from MacManus et al (4)
1. Whole donor blood will be inoculated with a number of prostate cancer cells from cell lines
cultured in vitro. A range of concentrations of prostate cancer cells will be used from 5 cells per
10 mls whole blood up to 1000 per 10 mls whole blood to allow determination of assay
Structured Protocol version 1.3 (20/11/2014)
Development of protocols to test CTC recovery, enumeration and DNA damage assay from spiked healthy
human blood.

2.
3.
4.
5.
6.

7.
8.

sensitivity which is currently unknown for the detection of CTCs in prostate cancer. In the
literature, the cut off value for prognostic significance of CTCs in metastatic castrate resistant
prostate cancer is 5 per 7.5 mls of blood (3) . However, in non-small cell lung cancer, MacManus
et al, found significantly greater variation in numbers seen during radiotherapy ranging from 3
cells per 10ml up to 1125 cells per 10 mls. We therefore plan to test across a range of
exploratory concentrations: 5, 10, 50, 100, 500, 1000 CTCs per 10mls blood.
Plasma will be separated from blood cells by centrifuging first for 10 minutes at 2000 g and then
for 10 minutes at 4000 g.
The blood cell pellet is resuspended in 10 mls phosphate buffered saline.
5 ml aliquots of this mixture are layered onto a Ficoll-Paque separation gradient and centrifuged
for 20 mins at 1200 g without braking.
The CTC containing buffy coat fraction from Ficoll-Paque separation is cytospun onto microscopy
slides.
Samples will be stained in various combinations for initially the markers EpCAM, cytokeratin
8/18 and CD45 to allow epithelial derived CTCs (EpCAM/CK +ive) to be distinguished from
contaminating blood cells (CD45 positive).
Samples will be imaged using a fluorescence microscope.
As new biomarkers of CTC phenotype become available in the literature we plan to include these
to better validate results seen with initial markers listed above.

Biomarker assays
Depending upon the success of the method described above at enumerating CTCs, we plan to go on
to assay for biomarkers of radiation damage. This will involve the donor blood being processed as
above, however inoculating prostate cancer cells will have been pre-irradiated in vitro.
In vitro irradiation
Cells will be irradiated with 225 kVp X-rays using X-Rad 225 Generator at the CCRCB. This produces
X-rays in a manner similar to medical imaging X-ray devices. X-rays are generated in a shielded
cabinet by an electric current. There is no radioactive source or residual radioactivity. The health and
safety regulations for X-ray generators are different than those required for radioactive materials as
there is a very low risk of accidental exposure, dispersion in the environment or loss of the material.
As this is a commercial, electrically driven source, it is manufactured with "fail to safety" standards
which mean that if anything goes wrong or if it is used improperly, it will shut itself down and will
not produce radiation. Only appropriately trained personnel are permitted to use the X-ray cabinet.
The following documents relating to the use of the X-ray cabinet are enclosed
1.XRAD risk assessment
2.Safety standards
3.XRAD225 local Rules
4.Risk assessment
1. T175 Flasks containing confluent, growing prostate cancer cell lines will be irradiated in a single
dose of 10 Gy using XRAD225 cabinet.
2. Cells are immediately washed with 10mls of PBS and trypsinised
3. Trypsinised cells are centrifuged for 5 minutes at 4000 g.
Structured Protocol version 1.3 (20/11/2014)
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4. The cellular pellet is resuspended in PBS and various appropriately concentrated aliquots of cells
are prepared using cell and particle counter and serial dilution technique.
Post irradiation analysis – adapted from MacManus et al. (4)
1. Whole donor blood will be inoculated with a number of irradiated prostate cancer cells from cell
lines cultured in vitro and prepared as detailed above in in vitro irradiation section. (Irradiation
within 4 hours of inoculation into normal blood). A range of concentrations of prostate cancer
cells will be used from 5 per 10 mls whole blood up to 1000 per 10 mls whole blood to allow
determination of sensitivity of the assay.
2. Plasma is separated from cells by centrifuging first for 10 minutes at 2000 g and then for 10
minutes at 4000 g.
3. The cell pellet is resuspended in 10 mls phosphate buffered saline.
4. The resuspended cellular mixture is incubated with Rosettesep™ human circulating tumour cell
cocktail to enrich epithelial tumour cells from whole blood by negative selection.
5. After incubation, 5ml aliquots of blood-RosetteSep mixture are layered onto a Ficoll-Paque
separation gradient and centrifuged for 20 mins at 1200g without braking.
6. The desired CTC fraction is collected from the interface between the plasma/PBS and FicollPaque and washed with PBS.
7. Cells are washed with ice-cold PBS and permeabilised in 1ml ice cold PBS containing 0.2%
Tween-20 and 4% FBS for five minutes before being washed again with PBS and incubated with
primary mouse anti- γH2AX antibody, secondary anti-mouse IgG antibody and mouse anti-CD45
conjugated with phycoerythrin (PE)-Cy7 (BD) antibody.
8. After incubation the cells are washed with PBS and resuspended in 500μl PBS containing 50
μg/ml of propidium iodide and 0.5mg/ml RNAse A.
9. The samples are analysed in flow cytometer.

Plan of Investigation
Recruitment
Staff and Students within the CCRCB building at QUB will be invited by email to volunteer for blood
donation. The email will include the subject information sheet, a sample consent form and a copy of
the questionnaire to be completed. The blood sampling process and questionnaire completion is
expected to take no more than 15 minutes. No financial incentive will be offered. Blood withdrawal
will occur within an approved blood sampling room in the CCRCB. Subjects will have the option to
donate a single sample (10 ml) or multiple samples throughout the year. Subjects wishing to donate
multiple samples will be limited to a maximum of 2 withdrawals per month to a maximum of 240 ml
per year. This is below the sampling schedule used by the Health Protection agency for a similarly
ethically approved study. Each subject will complete a questionnaire prior to blood sampling.
Subjects with a known history of HIV or Hepatitis will not be eligible. We will use the same
questionnaire used at the Health Protection Agency. Following consent 10 ml of blood will be
withdrawn from normal healthy volunteers. This will be processed and CTC fraction extracted as
Structured Protocol version 1.3 (20/11/2014)
Development of protocols to test CTC recovery, enumeration and DNA damage assay from spiked healthy
human blood.

above. This fraction will either be immediately analysed or stored for future analysis. All slides and
cellular material will be disposed of within 7 days.
The following documents relating to recruitment are enclosed
7. Subject information sheet
8. Consent form
9. Email recruitment template

Sample numbers and sample frequency
Number of samples required to test CTC enumeration
The sensitivity of this approach for detection of CTCs in prostate cancer is unknown. In the literature,
the cut off value for prognostic significance of CTCs in metastatic castrate resistant prostate cancer is
5 per 7.5 mls of blood (3) . However in non-small cell lung cancer, MacManus et al, found
significantly greater variation in numbers seen during radiotherapy ranging from 3 per 10 ml up to
1125 per 10 mls. We therefore plan to test across a broad range of exploratory concentrations: 5,
10, 50, 100, 500, 1000 CTCs per 10mls blood. For each concentration of tumour cells, resuspended
cellular fraction will be split into 2 x 5 ml aliquots for analysis. The entire experiment will then be
repeated with a further set of 6 samples giving ultimately 24 data points from 12 volunteer blood
samples.
Number of samples required for γH2AX assay
MacManus et al, (4) were able to accurately separate both 10 Gy irradiated and unirradiated
tumour cells from normal nucleated blood cells by their γH2AX signal intensity. Enrichment of
tumour cells with RosetteSep™ was necessary to eliminate lymphocytes and with that step included,
overall recovery of enriched tumour cells was >50%. We therefore plan to test across a range of
exploratory concentrations: 5, 10, 50, 100, 500, 1000 CTCs per 10 mls blood to allow a sensitivity
estimate to be made of this approach at various concentrations across the range found in human
trials (3,4) . For each concentration of tumour cells, resuspended cellular fraction will be split into 2
x 5ml aliquots for analysis. The entire experiment will then be repeated with a further set of 6
samples giving ultimately 24 data points from 12 volunteer blood samples.
Total number of Patients and samples
To test our initial ability to identify and enumerate CTCs, we will require a minimum of 12 healthy
volunteers (6 per repeat); if grossly discordant results are apparent between repeats, we plan to
repeat a third time therefore maximum number of volunteers is 18. If we are successful in
identifying CTCs, we will then proceed to assay for γH2AX in pre-irradiated cells. Again, we will
require a minimum of 12 healthy volunteers (6 per repeat); if grossly discordant results are apparent
between repeats, we plan to repeat a third time therefore maximum number of volunteers is 18.
Therefore in total a minimum of 24 and a maximum of 36 samples are required.

Structured Protocol version 1.3 (20/11/2014)
Development of protocols to test CTC recovery, enumeration and DNA damage assay from spiked healthy
human blood.

Data Protection issues
Each individual participating in the study will be assigned a study number which will be maintained
throughout the study; all specimen samples will be stored and referred to by this study number only;
and the identity of the volunteers will not be available to anyone in the research team who will use
the samples. A link anonymised system will be used with the master subject ID and name list held in
a locked filling cabinet with Prof Prise’s office. The link anonymised method hides the subjects ID
from the researcher but enables volunteers who give repeat samples to be identified with the same
study ID number each time. All data will be stored and recorded in accordance with university
guidelines and entered on to the Human subject database.
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Dr Phil Turner, Clinical Research Fellow, NI Cancer Centre and CCRCB
Pturner03@qub.ac.uk 02890972805
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APPENDIX 7 – LIST OF GENES IN DDRD ASSAY

Ranking
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Genes Detected by the DDRD assay
Gene
Weights*
Bias
Gene Function
Symbol
CXCL10
0.023
2.03931
Immune response
MX1
0.0226
3.43549
Immune response
IDO1
0.0221
0.72570
Immune response
IFI44L
0.0191
1.17581
Immune response
CD2
0.019
4.09036
Immune response
GBP5
0.0181
1.39771
Immune response
PRAME
0.0177
2.24990
Cell proliferation
differentiation and mitosis
ITGAL
0.0176
3.21615
Immune response
LRP4
-0.0159
0.30645
Cell adhesion and cell
signaling
APOL3
0.0151
2.20356
Lipid transport and
localization
CDR1
-0.0149
4.79794
Immune response
FYB
0.0149
1.56179
Cell proliferation and
adhesion
TSPAN7
-0.0148
1.65843
Signal transduction,
growth and motility
RAC2
0.0148
3.03644
Signal transduction,
growth and motility
KLHDC7B
0.014
1.43954
Protein binding
GRB14
0.0137
0.26963
Signal transduction,
growth and metabolism
AC138128.1
-0.0136
1.40710
Unreported
KIF26A
-0.0136
2.05036
Transport and signaling
CD274
0.0133
1.37297
Immune response
CD109
-0.0129
0.94767
Immune response
ETV7
0.0124
1.46783 Transcriptional regulation
MFAP5
-0.0121
2.69918
ECM remodeling
OLFM4
-0.0117
0.63668
Mediates cell-adhesion
PI15
-0.0115
0.33548
Proteolysis
FOSB
-0.0111
1.85886
Immune response
FAM19A5
-0.011
0.41368
Immune response
NLRC5
0.0101
2.26863
Immune response
PRICKLE1
-0.0089
1.77018
Nuclear trafficking
EGR1
-0.0086
2.18651 Transcriptional regulation
CLDN10
-0.0086
Cell adhesion
0.34464
ADAMTS4
-0.0085
1.95693
Proteolysis
SP140L
0.0084
0.55054
DNA, protein and metal
ion binding
ANXA1
-0.0082
2.00146
Immune response
RSAD2
0.0081
1.44894
Immune response
ESR1
0.0079
0.85121 Transcriptional regulation
IKZF3
0.0073
Immune response
0.58991

Ranking
37
38
39
40
41
42
43
44

Genes Detected by the DDRD assay
Gene
Weights*
Bias
Gene Function
Symbol
OR2I1P
0.007
Olfactory receptor activity
1.30235
EGFR
-0.0066
Proliferation and
0.17669
apoptosis
NAT1
0.0065
Metabolism
0.79732
LATS2
-0.0063
0.48625 Proliferation and mitosis
CYP2B6
0.0061
0.92183
Metabolism
PTPRC
0.0051
Proliferation,
1.11824 differentiation and mitosis
PPP1R1A
-0.0041
1.76371 Potentiation and meiosis
AL137218.1
-0.0017
Unreported
1.17440
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16.1

Introduction

Ionising radiation is utilised in a variety of situations in the management of prostate cancer.
Beyond the scope of this book is the use of
brachytherapy and external beam radiotherapy
(EBRT) as efficacious, radical treatment modalities in the management of localised prostate cancer. Earlier chapters have covered the use of EBRT
as a therapeutic option for the treatment of symptomatic bone metastases. This chapter focuses on
the place of radionuclide therapy for the management of bone metastases. Recent development of
radium-223 dichloride has reinvigorated this field
of therapy. Here, analysis is made of the history of
radionuclides and their current role in the modern
treatment paradigm; the chapter closes by horizonscanning for the potential future applications of
radionuclide therapy, both as part of novel combinations with other agents and in new settings
beyond current licensed indications.
Radionuclides are radioactive forms of chemical elements. Chemical elements are composed of
atoms, and most chemical elements generally exist
in a non-radioactive form. Atoms can be described
in terms of two numbers, the atomic number and

mass number. The atomic number describes the
number of protons in the nucleus. The mass number describes the number of protons plus the number of neutrons in the nucleus. The atomic number
defines elements; for example, any atom containing 6 protons will always have an atomic number
of 6 and will always be the element carbon.
However it is possible for elements to exist in different forms – the atomic number (number of protons) remains constant but the number of neutrons,
and therefore the mass number, changes. Stable
carbon atoms containing 6 protons and 6 neutrons
have a mass number of 12; carbon can also occur
as atoms containing 6 protons and 8 neutrons, having a mass number of 14, the so-called carbon-14.
These different forms are said to be isotopes of the
element. There is an optimal ratio of protons and
neutrons, and the isotope with this ratio will exist
as the stable form of the element. Deviations from
this optimal ratio form unstable isotopes. These
unstable isotopes can convert to a more stable
form by altering their nuclear configuration of
neutrons and protons; the process by which they
do this is radioactive decay. This is covered in
more detail in Sect. 16.3 below.
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Bone-Seeking Compounds

The physiology of bone metastases has been covered in earlier chapters. To summarise, there is
evidence that tumour cells utilise similar
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mechanisms used by haematopoietic stem cells to
home into the haematopoietic stem cell niche [1].
A milieu of signalling pathways are engaged
which result in the activation of both osteoclasts
and osteoblasts in the complex process of bone
remodelling at metastatic sites [2]. It is this process of new bone being laid down that has been
exploited by a range of radionuclide compounds
that target these sites by virtue of incorporation
into this newly formed bone. Thus, in the classical
theory of bone-targeted radionuclides, the aim has
been to preferentially concentrate radionuclide at
sites of metastases by utilising either a radionuclide that has native affinity for newly developing
bone matrix or by stably binding a radionuclide to
a moiety with such affinity. In this classical
description, it is hypothesised that tumour cell
death occurs secondary to the radiation emitted at
sites of metastases as a consequence of DNA
damage from direct and indirect ionisation events,
discussed further in Sect. 16.3.2.
The major mineral constituent of bone
is hydroxyapatite, largely composed of calcium and phosphate with chemical formula
Ca10
4)6(OH)2. Complex pathways are beginning to be understood about the process by which
living bone is mineralised [3]. When sclerotic
metastases are forming, an excess of hydroxyapatite is laid down. It is by “hijacking” the pathways that lead to hydroxyapatite formation that
allows sequestration of bone-seeking radionuclides within sclerotic metastases. As mentioned
previously, two broad options are possible: utilising a radionuclide that has a natural affinity for
developing bone matrix or chelating an appropriate radionuclide with another compound which
itself has tropism for developing bone. Both these
strategies have been used clinically. The clinically utilised radionuclides with natural affinity
for bone are elements or compounds that will
be processed in a manner analogous to calcium
or phosphate. Radioactive isotopes of calcium
itself are not used clinically, but radioisotopes of
other metals from group 2 of the periodic table
including strontium and radium are. Given their
chemical resemblance to calcium, it is hypothesised that they are incorporated into developing
bone as radium/strontium hydroxyapatite salts.

In the case of radioisotopes of phosphorus, this
can be administered as phosphate, which, having
identical chemistry to phosphate bearing stable
phosphorus, is incorporated directly into forming
hydroxyapatite.
Radioisotopes of group 2 metals and phosphorus (as phosphate) can be described as having a
“natural” tropism for bone. However other radioisotopes can be targeted to a developing bone by
binding them to an appropriate carrier molecule.
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molecules for this purpose, being relatively easily synthesised and readily absorbed into developing bone. Those that have been utilised
clinically are ethylenediaminetetramethylene-
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16.3

Radioactivity

We have described in the introduction the basic
subatomic structure as being a nucleus consisting
of protons and neutrons; we have stated that an
optimum ratio between the number of protons
and neutrons results in stable (non-radioactive)
nuclei and that deviations away from this optimum ratio result in unstable nuclei that can
become more stable by undergoing radioactive
decay. The decay of radioactive nuclei results in
the release of energy by one or a combination of
the following forms of radiation: alpha, beta and
gamma. Detailed analyses of the physics underlying these processes are beyond the scope of this
chapter but are readily available in the literature
[4, 5]. An appreciation of some fundamental
principles of radiation and radiobiology is
required; basic concepts reviewed here are forms
of radiation, DNA damage, half-life, dose and
linear energy transfer (LET).

16.3.1 Forms of Radiation
Alpha particles are energetic particles consisting
of 2 protons and 2 neutrons. They are relatively
massive in atomic terms (4 amu) and are charged
(2+). Alpha particles are released when an
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unstable atomic nucleus shifts into a more stable
form by ejecting 2 protons and 2 neutrons accompanied by kinetic energy. It should be clear from
preceding discussion that the element left behind
will have an atomic number reduced by 2 and a
mass number reduced by 4 relative to the parent
element.
Beta particles are high-energy electrons (or
more rarely positrons). They are significantly less
massive than alpha particles (1/2000 AMU) and
carry a charge (−1 electron or +1 positron). They
are released when an unstable nucleus shifts to a
more stable configuring in a change that involves
a neutron converting into a proton and ejecting an
electron (beta minus) or, conversely, a proton
converting to a neutron and ejecting a positron
(beta positive). For the purposes of this chapter,
beta radiation will refer to electron (−1 charge)
particles only as there is no current licensed therapeutic agent employing positron radiation.
Both alpha and beta radiation occur when a
decaying nucleus releases energy in the form of a
high-energy particle. Gamma radiation involves
an unstable nucleus simply releasing energy as a
photon, part of the electromagnetic spectrum and
thus without any mass or charge. Gamma radiation as a process in itself doesn’t involve any
change in atomic or mass number; however it
usually accompanies either alpha or beta decay.
In terms of origin, it should be clear that
related, although quite distinct, processes result
in the generation of alpha, beta and gamma radiation, respectively. They differ in terms of mass
and charge. In terms of biological effect however,
they all share a characteristic property: their ability to create ions in material with which they
come into contact. They are so-called forms of
ionising radiation. It is this ionising ability that
confers upon them their unique and profound
biological actions, namely, mutagenesis and
cytotoxicity.

16.3.2 DNA Damage
There is a large body of evidence [6] supporting
the hypothesis that the key process by which any
form of ionising radiation generates its biological

actions is ionisation resulting in DNA damage.
This DNA damage can occur either directly (by
radiation directly ionising DNA) or indirectly (by
radiation creating aqueous ions which secondarily ionise DNA). Both direct and indirect ionisation of DNA can result in either single-strand
or double-strand DNA breakage. The cell has
mechanisms for repair of these; however if sufficient DNA damage is induced, it is beyond the
limits of repair and cell death ensues [6].

16.3.3 Half-Life
Half-life is an important concept to understand in
relation to radionuclide therapy. The SI unit of
radioactivity is the Becquerel, where 1 Bq is
defined as the amount of radiation resulting from
one nucleus decaying per second. In any given
sample of material, there are a fixed number of
nuclei available to decay and release radiation.
The decay of unstable nuclei and corresponding
release of radiation is a random process. If all
nuclei present have an equal probability of decay,
then the overall rate of decay will be greatest at
some initial time point. Later, relative to that initial point in time, there will be fewer undecayed
nuclei remaining and therefore a reduced rate of
overall decay. This type of system, where a quantity decreases at a rate proportional to its current
value, is called exponential decay. The half-life is
the time taken for the radioactivity present to
reduce to a half of its current value. After one
half-life, the radioactivity present will be reduced
to half its current value, and after a second halflife, it will be reduced by half again, therefore to
one-quarter of its current value. Half-lives are
constant for a given radionuclide but vary considerably between different radionuclides, ranging
from fractions of seconds to thousands of years.
This has important implications for the choice of
any radionuclide used clinically. Radionuclides
with extremely short half-lives will prove very
difficult to manufacture, quality assure and
administer to a patient before their radioactivity
has dropped to a subtherapeutic level. Conversely,
radionuclides with extremely long half-lives will
pose significant radiation protection issues for
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Table 16.1 Comparing types of ionising radiation taken from Turner and O’Sullivan [7]
Type of decay
Alpha
Beta
Gamma

Helium nucleus
Electron (or positron)

Relative mass (AMU)
4
1/2000
0

both the patient and wider society, as they will
remain radioactive for many years after initial
administration to a patient.

16.3.4 Dose and LET
The SI unit for measuring radiation dose delivered is the Gray where 1 Gy = 1 J per kilogramme matter irradiated. This is purely a
physical measure of the net energy transfer arising from exposure and takes no account of the
biological effects of this irradiation. Irradiation
with 1 Gy of each of the different forms of radiation will have significantly different consequences. For both alpha and beta particles, the
amount of energy carried varies depending upon
the energy with which they are released from
their parent radionuclide. Similarly gamma photons can carry a range of energies (within the
X-ray portion of the EM spectrum) depending
on the precise mass-to-energy change occurring
when they are released from their parent isotope. A final important characteristic used to
describe any of these forms of radiation and that
in part explains their different biological actions
is linear energy transfer (LET). LET is a measure of amount of energy deposited per unit
length travelled in matter. It varies considerably
across different forms of radiation. Alpha particles, being massive and highly charged, interact
readily with matter through which they travel.
This results in energy being readily given up
along their path of travel and therefore a high
LET. Beta particles, being significantly lower in
mass and charge than alpha particles, stand a
much lower chance of interacting with their surrounding atoms per unit length travelled and
thus release their energy over a relatively longer
path. Further along this spectrum of LET is

Charge
+2
−1 electron (+1 positron)
0

Typical LET (kV/μm)
60–300
0.1–1
0.3 (LET associated
with secondary
electrons)

gamma irradiation. Lacking any mass and
charge, it is less likely again to interact with surrounding atoms per unit length travelled and
thus generally has the lowest LET of all.
If we take this understanding of LET and
apply it to the biological situation of radiation
interacting with DNA, we can say that alpha particles will travel over a relatively short range but
deposit very large amounts of energy along their
path; therefore if this path traverses, cell nuclei
alpha particles stand a relatively high chance of
causing significant DNA damage. Conversely,
relative to alpha radiation, gamma radiation will
travel further, but a given dose in Gray will tend
to result in less DNA damage along the path
taken by its constituent photons. Beta radiation
exists somewhere between these two extremes,
moderately penetrating and with LET typically
between that of alpha or gamma irradiation
(Table 16.1).

16.4

Clinical Applications of Beta
Emitters

16.4.1 Beta Emitters as Single Agents
The early radionuclide compounds used in the
modern era were beta emitters. As discussed
above, strontium and phosphate have an innate
bone-seeking tendency, and radioactive forms of
these were used therapeutically, specifically
strontium-89 and phosphorus-32 (administered
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compounds were developed incorporating an
appropriate radionuclide with a bone-targeting
-
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The following table compares the physical
properties of each of these.
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16.4.1.1 Phosphorus-32
Radioactive phosphorus was one of the first
radionuclides used to treat metastatic bone disease dating back to the 1950s [8]. It is rarely used
clinically now particularly in the developed
world. Medline searches involving “phosphorus”
and “neoplasms” or “bone neoplasms” reveal no
recent developments. A small study was performed in India in 1999, comparing the palliative

320
321
322
323
324
325

cheaper and more readily available in the developing world than imported alternatives. This
small study randomised 31 patients with a range
of malignancies metastatic to bone, to receive
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331
332
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335
336
337
338
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341
342
343
344
345
346
347
348
349
350
351

found them to broadly equivalent in terms of
analgesic benefit with at least 50 % pain relief
reported by 14 of 15 patients given Sr-89 and 14
9].

16.4.1.2 Strontium-89
Sr-89 has been extensively studied as a therapeutic radionuclide. In their robust review, Finlay
et al. [10] describe 16 prospective clinical observational studies involving Sr-89. These are conglomerate data from various studies using
different mechanisms of determining the very
subjective experience of “change in intensity of
pain” so conclusions are limited. However, “complete response” and “no response” should be consistent across trials – Finlay et al. concluded that
complete response of pain to treatment with
Sr-89 occurred in between 8 and 77 % of patients
(mean 32 %), whilst no response occurred in
between 14 and 52 % (mean of 25 %). Between
these extremes, some response was reported by a
mean of 44 % of patients, giving a mean overall
for “some” or “complete” control of pain of 76 %.
Randomised controlled trial evidence is scant.
A 1991 study randomised 32 patients with metastatic castration-resistant prostate cancer

352
353
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357

of either 150 MBq of Sr-89 or stable strontium as
placebo [11
number of domains including general condition,
mobility, analgesia requirements and pain score;
these were used to give an overall categorical

score between “deteriorated” and “dramatic
improvement”. In this small trial, there is a trend
to improved outcome with the active agent, with
all patients in the “dramatic improvement” category and a minority in the “deteriorated” category having received Sr-89. An older again and
very small RCT from 1988 randomised 25
patients with metastatic prostate cancer to receive
three injections of 75Mbq Sr-89 or saline placebo
[12] at monthly intervals. This found no difference in palliation, but 2-year overall survival was
improved in the Sr-89 group. However, this trial
was underpowered to assess for survival benefit,
and these results have not been demonstrated
elsewhere. No recent randomised controlled trials have been undertaken examining any diseasemodifying or overall survival endpoints with
Sr-89 as a single agent.

16.4.1.3 Re-188 HEDP/Re-186 HEDP
As is shown in Table 16.2, two radioisotopes of
rhenium have been used clinically as therapeutic
nantly via beta decay with the release of a beta
particle Emax 1.08 MeV (9 % by gamma decay,
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377
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predominantly by beta decay with release of beta
particle Emax 2.1 MeV (15 % by gamma decay,
photon 155 keV) [13].
14]. They
treated 22 patients with disseminated prostate
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doses (1.3, 2.6, 3.3 and 4.4 GBq). Improvement
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Table 16.2 Comparison
radionuclides

t2.1
t2.2

of

commonly

used

T1/2
(days)
14.3
50.5

Beta
energy
(MeV)
1.71
1.46

Maximum
range (mm)
8
7

0.7

2.1

11

t2.9
t2.10

t2.3
t2.4
t2.5

Re-188

Targeting
mechanism
As phosphate
Calcium
mimetic
Via chelation

Re-186

Via chelation 3.7

1.08

4.5

t2.11
t2.12

Sm-153

Via chelation 1.9

0.81

2.5

t2.13
t2.14

Therapy
Sr-89

t2.6
t2.7
t2.8
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in pain occurred in 64 % of patients, lasting on
average 7.5 weeks. In the eight patients treated at
the highest dose level, 3 of 8 developed grade 3/4
thrombocytopenia and 1 of 8 developed grade 3/4
leucopenia.
O’Sullivan et al. conducted both phase I and
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along with autologous blood stem cell transplantation to abrogate the myelosuppressive effects of
the radionuclide. In their phase I trial [15], 25
lowed by return 14 days later of previously
harvested autologous peripheral blood stem cells.
Grade III thrombocytopenia lasting >7 days
occurred in 2 of 6 patients treated with 5 GBq,
making this the maximum tolerated activity.
Eight of ten patients with “significant” pain at
baseline had reduction in pain by ≥50 % lasting at
least 4 weeks. These authors also looked for
markers of disease response; 5 of 25 patients had
≥50 % lasting for ≥4 weeks.
These authors progressed on to phase II study

weeks after administration. Analgesia consumption was reduced in the active groups and rose in
the placebo group; although this difference was
non-significant, it does suggest that the significant improvement in pain scores seen in the highdose group is not due to changes in analgesia.
Thrombocytopenia and leucopenia did occur in
treated groups; however this was transient, correcting by week 8. No grade 4 toxicities were
reported. A second and more recent phase III trial
was undertaken by Sartor et al. [18]. One hundomised 2 to 1 to receive either a single 37 MBq/
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ments were seen both in subjective measures of
patient pain response and analgesia consumption.
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treated group with 9 % of patients recording fall
≥50 versus 2 % in placebo. Sm-153
cytopenia and leucopenia, with counts correcting
by week 8.
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lowed 14 days later by autologous peripheral
blood stem cell transplantation [16]. Rates of
grade 3 thrombocytopenia, leucopenia and anaemia were 21 %, 11 % and 3 %, respectively.
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of ≥50 % sustained for at least 4 weeks. Of patients
with pain at baseline, 74 % had a response of at
least 1-point reduction on a 5-point pain score.

16.4.1.4 Samarium-153
The most robust phase III RCT evidence for
single-agent beta emitters exists for Sm-153
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conducted. Serafini et al. conducted a blinded
RCT comparing pain response to Sm-153
17]. One hundred and
eighteen patients with a range of malignancies
metastatic to bone were randomly assigned to
receive a single dose of 0.5 mCi/kg (18.5 MBq/
kg), 1 mCi/kg (37 MBq/kg) or placebo. The highdose group showed statistically significant
improvements over placebo in both patient-rated
and physician-rated pain scores at each of 4

16.4.2 Beta Emitters in Relation
to External Beam
Radiotherapy
Two small studies have sought to examine the
relationship between palliative EBRT to areas of
painful bone metastases and radionuclides
designed to target the same sites; both utilised
Sr-89 as the radionuclide. One examined Sr-89 as
adjuvant therapy to EBRT and the other examined Sr-89 versus EBRT. Smeland et al. [19] conducted an RCT in 95 patients with various types
of cancer, all of whom had skeletal metastases.
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painful skeletal metastases, treated to a dose of
either 30 Gy in 10 fractions or a single 8 Gy frac-
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either a single dose of Sr-89 chloride at 150 MBq
or saline placebo on day 1 of radiotherapy. The
primary endpoint was the number of patients
with physician-assessed subjective progression
(progression being any of increase in pain,
increase in analgesia, WHO performance status
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deterioration and need for additional pain treatment). No difference was found in rates of progression. Maximal haematological toxicity
was ≤ grade 2 but occurred more often in patients
receiving Sr-89 (≤ grade 2 haematological toxicity in 23 patients vs. 8, p = 0.02).
Oosterhof et al. conducted an RCT randomis-

counts, the risk of further myelotoxicity may be
so great as to preclude radionuclide therapy with
beta agents.

16.4.3 Beta Emitters in Combination
with Cytotoxic Agents
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EBRT or a single dose of 150 MBq of Sr-89 chloride [20]. The radiotherapy regimes were by physician preference and ranged widely from 4 Gy in
1 fraction to 43 Gy in 24 fractions. A subjective
improvement in pain was seen in 34.7 % of
patients treated with Sr-89 and 33.3 % of patients
treated with EBRT.

16.4.2.1 Summary of Beta Emitters
as Single Agents
and in Relation to EBRT
In summary, a number of beta-emitting compounds have been used in a range of metastatic
malignancies. Broadly, there is observational
evidence of their palliative benefit. More specifi-
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evidence for a significant palliative benefit over
placebo. They are all associated with some
degree of toxicity, and their dose-limiting toxicity tends to be haematological. In a single RCT,
there appeared to be no palliative benefit gained
from the addition of Sr-89 to EBRT. A single
RCT also suggests that where disease is encompassable by EBRT, there is no significant difference in rate of improvement in symptoms for
EBRT versus Sr-89.
Thus beta emitters may be effective adjuncts
to analgesic medication, but for limited disease,
they appear to offer little above EBRT. Where the
diffuse nature and/or high volume of disease
makes adequate coverage with EBRT difficult,
beta-emitting radionuclides may offer a more
practical and efficacious alternative. However,
myelosuppression is a significant toxicity. This
problem is compounded by the fact that the more
diffuse a patient’s disease, the more likely they
are to already be relatively myelosuppressed by
virtue of the skeletal disease diminishing their
bone marrow function. Thus for many patients
with diffuse disease and already reduced blood

The studies above have been single-systemicagent, bone-targeted therapies in a range of
malignancies. In malignancies with a particular
predilection (e.g. prostate cancer) for forming
bone metastases, several groups have examined
the strategy of using a systemic cytotoxic coupled with a bone-targeted radionuclide. Several
rationales have been proffered for these strategies. It is possible that a systemic cytotoxic might
have disease-modifying action at all sites of disease, with bone-targeting agents then acting as a
“consolidation” agent on the bone-based metastases. An alternative idea is that the systemic
agents might act as a radiosensitiser, compounding the ultimate effect of the bone-targeted agent.
A number of trials have examined this concept in
beta emitters. These are covered, by radioactive
agent, below.

16.4.3.1 Sr-89
A small, early study by Tu et al. [21] treated 103
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systemic therapies as “induction” agents (doxorubicin, ketoconazole, vinblastine and estramustine)
followed by randomisation into “consolidation”
therapy with either doxorubicin alone or doxorubicin + a single dose of Sr-89 (2.035 MBq/kg
body weight). The trial was not designed to power
any formal hypothesis testing. The authors report
an increase in progression-free and overall survival in the Sr-89 arm but concede that these data
are non-conclusive and merely generate the
hypothesis that this type of regime may confer
benefit. This combination was associated with
significant toxicity. Neutropenia (<104/L)
occurred in 10 patients during induction, 8
patients during consolidation without Sr-89 and
16 patients during consolidation including Sr-89.
Two treatment-related deaths occurred as a result
of an MI and an episode of severe neutropenic
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sepsis; two additional nonfatal MIs occurred.
Eleven patients developed DVT.
In a departure from other studies into combination agents that concentrated on bone metasta-
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examined the concept in hormone-sensitive pros-
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as there has been a move towards more aggressive therapy earlier in the course of metastatic
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Subsequent to this group publishing their results,
phase III data have been published showing a survival benefit for the use of chemotherapy during
the hormone-sensitive phase of the illness [22,
23]. This has prompted a shift in practice across
most of the developed world to offering docetaxel

higher in the combined treatment group (91 vs.
63 % p < 0.01). Response scans were performed,
and in the 6 months after treatment, radiological
progression occurred in 27 % of patients in combined treatment group and 64 % of patients in
control group (p = 0.01). Maximal haematological toxicity was grade 4 anaemia; this affected
two patients in combined arm and one patient in
placebo arm. No significant differences were
found in platelets, leucocytes or haemoglobin in
the 3 months after treatment, though there is a
trend to reduced leucocytes in the combined
treatment arm.

16.4.3.2 Re-186 HEDP and Re-188
HEDP
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et al. [24] treated 79 men with a combination of
ADT and two cycles of anthracycline chemotherapy plus six cycles of zoledronic acid; men were
randomised to either receive additionally a dose
of Sr-89 (148 MBq) or no radionuclide. In contrast to Tu et al. no study-related deaths are
reported. Grade 3 bone marrow toxicity occurred
in one patient in the control arm and two patients
in the Sr-89 arm. No statistically significant dif-
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been used in combination with cytotoxic agents.
Lam et al. [26] conducted a phase 1 dose escala-
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anti-metabolite cytotoxic, in patients with

641
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dose of capecitabine when combined with Re-188
2
of
capecitabine when given once daily orally for 14
days followed 2 days later by an infusion of

643
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arm. As the authors note, given the success of
ADT, detecting a significant improvement with
any additional therapy requires a study powered
with very large numbers of patients.
In a final Sr-89 study, Sciuto et al. [25] tested
whether or not a sensitising effect was seen by
the addition of a cytotoxic to radionuclide treatment versus the radionuclide alone, rather than
testing the impact of a radionuclide with a cytotoxic versus cytotoxic alone. They randomised 70
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either 148 MBq of Sr-89 plus 50 mg/m cisplatin
or 148 MBq of Sr-89 plus placebo. The cytotoxic
effect of cisplatin is mediated by its formation of
DNA adducts and cross-links. Its ability to potentiate the anti-neoplastic effects of radiation is
well studied, and it is used as an adjunct to radical radiotherapy in multiple forms of squamous
cell carcinoma including cervical, anal and head
and neck. In this study, the percentage of patients
whose pain score improved was significantly
2

capecitabine resulted in unacceptable bone marrow toxicity. A phase II trial is planned according
to the authors.
Taxanes are the only cytotoxic agents for
which there is robust, RCT evidence of prolonga27, 28]. The TAXIUM
trial was a phase I trial designed to test the safety
of combining a taxane with a radionuclide [29].
A dose escalation schedule was designed consisting of four dose levels of radionuclide with a
standard dosage of docetaxel (75 mg/m2 3 times
weekly
activities (1250 up to 2500 MBq) after the third
and sixth cycle of docetaxel. Dose-limiting toxicity (DLT) was defined as any grade 4 toxicity
lasting more than 7 days or any grade 3 toxicity
lasting more than 10 days. Three patients were
planned for each dose level expanding to six if a
DLT occurred. Grade 3 thrombocytopenia lasting
>10 days occurred in one patient treated at dose
level three (i.e. after first infusion of Sr-153
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2500 Mbq), and treatment was stopped after one
further cycle of docetaxel without the patient
receiving their second dose of radionuclide. This
dose level was expanded to six and a further
patient experienced acute renal failure. During
the trial, there were production problems with

innate bone-seeking tendency. Its half-life of
11.4 days makes it long-lived enough to be practical to generate and transport to sites of clinical
use but not so long-lived as to cause radiation
protection concerns.

II trial using a similar regime but with Re-188

16.5.1 Preclinical

results are awaited.

692

Summary of Beta Emitters and Cytotoxics
In summary, there is hypothesis-generating data
from small trials that there is a synergistic effect
when cytotoxics and bone-targeting radionuclides are used in combination; however this can
result in significant toxicity as was seen in the Tu
et al. study [21]. Comparing the Tu et al. study
with Sciuto et al. [25], Lam et al. [26] and
TAXIUM trials [29], there is a suggestion that
single-agent cytotoxics in combination with
radionuclides are preferable to regimes with multiple cytotoxic agents from a toxicity point of
view, as one would expect. A number of phase II
trials of combination regimes are planned.

Early preclinical animal work by Henriksen et al.
[30] delivered Ra-223 as the chloride salt by
intravenous injection to mice and then calculated
activity in a range of tissues with animals sacrificed at various times post-injection. This confirmed that Ra-223 preferentially and quickly
concentrated within the skeleton of mice and was
retained there, with no statistically significant
change in skeletal concentration of dose over initial 14 days following administration – femur-toblood ratio increased from 118 to 691 within a
period of 1 h to 3 days. The post-sacrifice tissue
activity data were then used to calculate absorbed
dose estimates for a range of tissues again showing significant preferential dose delivery to
skeleton.
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16.5

16.5.2 Phase I
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Alpha Emitters: Radium-223

A combination of both physical characteristics of
alpha particle radiation and biological responses
to that radiation led researchers to hypothesise
that alpha emitters might hold several advantages
over beta emitters as radionuclide therapeutics.
In terms of physical characteristics, it was postulated that the intense dose deposition over a very
short range might concentrate dose within immediate microenvironment of metastases with minimal crossfire into bone marrow compartment,
thus limiting myelosuppression. Further, it is
known from basic radiobiological studies that
high-LET radiation offers a number of tumouricidal advantages over low LET radiation in terms
of increased radiobiological effectiveness (RBE)
and reduced oxygen enhancement ratio (OER).
These concepts are more thoroughly reviewed
elsewhere [6, 7]. Recent work has focused on
Ra-223; it is a group II metal therefore possessing

A phase I trial utilising Ra-223 in metastatic
cancer patients was conducted by Nilsson et al.
[31]. Fifteen prostate and ten breast cancer
patients were treated with a single IV injection
of 22Ra. Five dose levels were examined with
five patients per dose level: 46, 93, 163, 213 and
250 kBq/kg. Maximum CTC grade for haematological toxicity was grade 2 anaemia and grade
1 thrombocytopenia; two patients experienced
grade 3 neutropenia. Also, 10 of 25 patients expe-
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studies showed that blood radioactivity dropped
to <1 % initial at 24 h post-infusion, and in six
patients who had gamma scintigraphy performed,
the small amount of gamma radiation released by
daughter nuclides showed that the parent Ra-223
was accumulating preferentially at sites of metastasis as identified previously on 99 m-Tc scans.
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Ra-223 infusion. A detailed phase I pharmacokinetic and biodistribution trial was conducted
by Carrasquillo et al. [32]. This treated three
patients at 50 kBq/kg, three at 100 kBq/kg and
four at 200 kBq/kg. The drug was well tolerated
at all dose levels with no MTD being reached.
Leucopenia and diarrhoea were the commonest
adverse events with 30 % of patients experiencing grade 3–4 leucopenia and 60 % of patients
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was seen in 50 % of patients treated, with a trend
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in all treated patients. Dosimetry data are discussed in later dosimetry section.

16.5.3 Phase II
These encouraging phase I data led to three phase
marised in Table 16.3 taken from Turner and
O’Sullivan [7]. In an initial dose-response trial,
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single infusion of Ra-223 at one of four dose levels: 5, 25, 50 or 100 kBq/kg [33]. The drug was
well tolerated at all dose levels, and a dosedependent improvement in pain was seen.
Haematological toxicity was acceptable with
grade 3–4 anaemia, neutropenia and thrombocytopenia in 8 %, 3 % and 6 % of treated patients,
respectively, and a slight trend to reduced platelet, white cell and neutrophil counts in the two
highest dose levels. GI toxicity was more common overall with 43 %, 24 % and 22 % of patients
experiencing nausea, vomiting and diarrhoea,
respectively, and no differences between dose
groups. A randomised, double-blind phase II trial
34]. In this, 122
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three infusions of Ra-223 at 6-week intervals at a
dose per injection of 25 or 50 or 80 kBq/kg. Its
firmed a statistically significant dose-response
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25 kBq/kg group, 6 % patients in the 50 kBq/kg
group and 13 % patients in the 80 kBq/kg group.
Commonest toxicities were GI and haematological with 21 % of patients experiencing diarrhoea

and 16 % experiencing nausea. Grade 3/4 haematological toxicity was seen in 2 of 41 patients in
25 kBq/kg group, 6 of 39 in the 50 kBq/kg group
and 7 of 42 in the 80 kBq/kg group. There was no
significant difference in haematological toxicity
between dose groups. Finally, in a randomised,
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patients undergoing EBRT for pain control were
randomised to receive either four injections of
Ra-223 at 50 kBq/kg given 4 times weekly or placebo [35]. Thirty-three patients were assigned to
EBRT and Ra-223 and 31 to EBRT and placebo.
As in other trials, Ra-223 treatment was acceptable with the only significant toxicity difference
between treatment and placebo groups being
increased constipation in the treatment group. In
the treatment group, constipation was mild to
moderate in 11 patients and severe in 1. Median
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16–39) for Ra-223 compared with 8 weeks (95 %
CI 4–12) for placebo (p = 0.048); significant

819
820
821

trend (albeit within this small trial) to improved
OS in the treatment group.

16.5.4 Phase III ALSYMPCA
Following the positive phase I and II data in relation to radium, a large, multicentre, placebocontrolled and double-blinded RCT was
undertaken with the aim of definitively determin-
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receive either Ra-223 at 50 kBq/kg given 4 times
weekly for 6 cycles or placebo given on same
time schedule. Overall survival was improved in
the Ra-223 treatment group (14.9 vs. 11.3 months
HR 0.7 p < 0.001) [36]. The main secondary endpoint was time to first symptomatic skeletal
event. These were defined as any of the following: (i) the first use of external beam radiation
therapy to relieve skeletal symptoms, (ii) new
symptomatic pathologic vertebral or nonvertebral bone fractures, (iii) spinal cord compression and (iv) tumour-related orthopaedic
surgical intervention. Time to first symptomatic
skeletal event was prolonged in the Ra-223
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7]

Table 16.3
Name
BC-102 [35]

2

BC-103 [33]

2

BC-104 [34]

2

36]

845
846

3

Method
Number
4 injections 223Ra of N = 33 223Ra
50 kBq/kg (or
N = 31 placebo
placebo) at 4-week
intervals
Vs. placebo

Single injection
223
Ra 5, 25, 50 or
100 kBq/kg

849
850
851
852
853
854
855
856

Outcomes

Ra group
Tendency to reduced rate of
SRE and improved survival in
223
Ra group
Well tolerated
Dose-dependent improvement
in pain
Well tolerated at all dose levels
223

N = 26@5 kBq/kg
N = 25@25 kBq/kg
N = 25@50 kBq/kg
N = 24@100 kBq/kg
3 injections 223Ra
N = 37@25 kBq/kg
N = 36@50 kBq/kg
per subject at
Well tolerated at all dose levels
N = 39@80 kBq/kg
6-week intervals,
(These N are those treated
Either 25,50 or
80 kBq/kg (no dose per protocol and analysed
in efficacy calculations. In
escalation within
each group, respectively,
groups)
4, 3 and 3 additional
patients received 1 or 2
injections and are
analysed as part of safety
population.)
223
N = 614 223Ra
6 injections of
Ra associated with
223Ra of 50 kBq/kg N = 307 placebo
significant improvement in OS
(or placebo) at
(14.9 vs. 11.3 months
4-week intervals
p < 0.001)
223
Vs. placebo
Ra associated with
significant delay to first SSE
of care
(15.6 vs. 9.8 months p < 0.001)
Number of patients
experiencing adverse events
lower in 223Ra group (all
grades)
Signal to increased (low grade)
diarrhoea in 223Ra group
Signal to increased (low grade)
myelosuppression in 223Ra
group

treatment group (15.6 months vs. 9.8 p < 0.001).
A subsequent detailed analysis of different types

847
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t3.1

risk of requiring EBRT and of developing spinal
cord compression to be reduced in Ra-223
groups, whilst there did not seem to be a significant reduction in the risk of symptomatic pathological bone fracture of need for tumour-related
orthopaedic intervention [37
longed by Ra-223 [36]. The authors provide a
detailed breakdown of adverse events. The total

number of patients experiencing adverse events
was lower in the Ra-223 group, and this was true
for AE all grades, AE grade 3/4, serious AE and
drug discontinuation due to AE. Rates of haematological toxicity were similar between groups
with all grades anaemia 31 % Ra-223 vs. 31 %
placebo, all grades thrombocytopenia 12 %
Ra-223 vs. 6 % placebo and all grades neutropenia 5 % Ra-223 vs. 1 % placebo. There is a signal
pointing towards increased, low-grade diarrhoea
in Ra-223 treated individuals with 25 % of
Ra-223 vs. 15 % placebo experiencing diarrhoea
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in all grades, 2 % in each group experiencing
grade 3 and none in either group experiencing
grades 4 or 5 [36]. In a further, prespecified subgroup analysis of the trial, both the improvement
in OS and the improvement in most of the secondary efficacy endpoints were present in Ra-223
group irrespective of previous docetaxel use [38].

16.5.5 Dosimetry
Modern dosimetry techniques in radiotherapy
have largely been developed in the realm of
EBRT. The process involves calculating electron densities of relevant tissues using CT data.
Then detailed knowledge of the behaviour of
therapeutic photon beams in material of various
electron densities is applied to the data gained
from CT scanning. This allows complex models
to be developed of dose delivered to different
regions of the body being irradiated. It should
be clear that an entirely different and more complex modelling set-up is required for dosimetry
on the molecular level, and this is an area of
intense research currently. A method described
above and suitable in preclinical animal experiments involves sacrificing the small animals
concerned and performing direct activity analysis on various tissues [30]. This is obviously not
feasible in the therapeutic setting and only provides an approximation of doses that may be
delivered in humans. A further method that has
been attempted is utilising the very small (1.1 %)
amount of Ra-223 decay that occurs with the
release of gamma photons; these penetrate extracorporeally and can be imaged using a gamma
camera; however acquisition times are long and
resolution poor. This was performed in Nilsson
et al. in the first human trials of Ra-223 in the
modern era [31]. This work was qualitative only
and allowed the general conclusions to be drawn
that Ra-223 accumulated preferentially at sites of
metastasis and that clearance was predominantly
by the GI tract. Carrasquillo et al. extended this
work with their biodistribution paper in 2013
[32]. By acquiring whole-body gamma camera
images, they also demonstrated faecal clearance
as being the major method of elimination. They

quantified gastrointestinal clearance estimating
that by day 6–8, a median of 76 % of administered Ra-223 had been excreted. No activity was
visualised within the bladder. Analysis was made
of energy spectra of gamma emissions being
recorded to assess for interorgan translocation
of daughter nuclides of parent Ra-223; this suggested equilibrium between parent and daughter
and insignificant interorgan translocation. These
investigators also acquired serial blood samples
post-Ra-223 infusion and assayed for radioactivity. Clearance was rapid and bi-exponential: the
total Ra-223 activity had decreased to 0.55 % of
infused activity by 24 h, and the half-lives of the
fast and slow elimination components were 0.8
and 19 h, respectively.
These data concentrate on pharmacokinetics
of Ra-223, rather than actual biodosimetry.
Chittenden and colleagues have recently published estimates of organ-level dosimetry [39].
Six patients received two injections of Ra-223 at
100 kBq/kg given 6 weeks apart. Dosimetry estimates were made for bone surfaces, red marrow,
kidneys and gut. Their biodistribution measurements were in keeping with previous studies
showing administered activity cleared rapidly
from blood (1.1 % remaining at 24 h), and most
of the administered activity was rapidly sequestered within bone (61 % at 4 h). Estimates of dose
delivered to bone surfaces from alpha particles
were 2331–13,118 mGy/MBq; doses delivered to
red marrow were estimated to be 177–994 and
1–5 mGy/MBQ from activity on bone surfaces
and activity in blood, respectively.

16.5.6 Clinical and Future Use
of Ra-223
Given the above findings (particularly phase III
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widely used in post-docetaxel chemotherapy and,
depending on jurisdiction and reimbursement
arrangements, also in the pre-chemotherapy setting. There are a number of potential extensions
to the use of Ra-223 in cancer care, and these are
being actively explored within a number of trials.
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there are two survival-prolonging cytotoxic
agents, docetaxel [27] and cabazitaxel [28]; in
addition there is phase III RCT evidence for the
survival-prolonging effects of 2 hormonal agents
abiraterone acetate [40, 41] and enzalutamide
[42, 43]. In earlier chapters, small trial evidence
has been presented for a synergistic effect
between beta-emitting radionuclides and systemic agents. Overlapping and potentially synergistic toxicity has always been a concern. Given
the extremely favourable safety profile of Ra-223,
it is possible that it may offer advantageous combination therapy – a systemic agent being used
treat disease in an untargeted fashion with Ra-223
being used to offer consolidation treatment to

phenotype include breast, lung and renal cell.
Further, certain malignancies arise within the
skeleton including myeloma, plasmacytoma and
osteosarcoma. It is an entirely reasonable hypothesis that some of the benefits seen with Ra-223 in
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all of these and trials are already underway in
breast cancer and osteosarcoma. Finally, and relevant to both prostate and other malignancies, the
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safe but may not be optimal. In phase I and II
studies, doses higher than 50 kBq/kg were tolerated [32–34], and it may be that even greater survival or symptomatic benefits can be seen by
dose escalation and trials to determine these are
underway in prostate cancer.
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of highest volume metastatic burden). Trials
examining the combination Ra-223 with
docetaxel and abiraterone acetate are already
recruiting. In the natural history of prostate cancer, bone metastases frequently predate the devel-
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ABSTRACT
Osseous metastases are a source of significant morbidity for patients with a variety of cancers. Radiotherapy is well
established as an effective means of palliating symptoms associated with such metastases. The role of external beam
radiotherapy is limited where sites of metastases are numerous and widespread. Low linear energy transfer (LET)
radionuclides have been utilized to allow targeted delivery of radiotherapy to disparate sites of disease, with evidence of
palliative benefit. More recently, the bone targeting, high LET radionuclide 223Ra has been shown to not only have
a palliative effect but also a survival prolonging effect in metastatic, castration-resistant prostate cancer with bone
metastases. This article reviews the different radionuclide-based approaches for targeting bone metastases, with an
emphasis on 223Ra, and key elements of the underlying radiobiology of these that will impact their clinical effectiveness.
Consideration is given to the remaining unknowns of both the basic radiobiological and applied clinical effects of 223Ra as
targets for future research.

A signiﬁcant burden is imposed on patients with cancer by
osseous metastases; they are common in many forms of
malignancy and are often highly symptomatic. In an early
autopsy series of 1000 patients dying from disseminated
malignancy of various primary sites, Abrams et al1 found
bone metastases present in 27.2% of their series. Metastases
have biologically deﬁned tropisms related to their site of
origin. Although the biochemical determinants of these
tropisms remain poorly understood, their effects are clear
in the clinic and mean that certain sites of cancers have
a particular preponderance for forming bone metastases.
Autopsy data adapted by Coleman2 show that 73% of
patients dying of breast cancer, 68% of patients dying of
prostate cancer and 36% of patients dying of lung cancer
have bone metastases present at post-mortem. Of those
patients with osseous metastases, a signiﬁcant proportion
goes on to develop skeletal-related events (SREs) in relation
to their metastases. The precise deﬁnition of SREs differs
between trials, but they generally refer to any of the following four clinical outcomes: the need for external beam
radiotherapy (EBRT) for bone pain, development of malignant spinal cord compression, pathological fracture
(symptomatic or asymptomatic) or the need for orthopaedic intervention to bone metastasis. In the context of a lifelimiting illness, any of the above is obviously of huge
detriment to a patient’s well-being on a number of fronts;

pain by its very nature, time spent attending hospital,
immobility associated with fracture/surgery etc. In their
review of Phase 3 randomized trials of bone-modifying
agents, Poon et al3 show that in the placebo arms of 11
such trials, the percentage of patients with bone metastases
experiencing SREs ranged from 23.47% to 67.2%. Thus
bone metastases are a common ﬁnding in advanced malignancy and within the cohort of patients experiencing
them; SREs are a common outcome, with obvious detriment to the quality of life of the patients affected.
EBRT is a proven and well-established means of managing
pain associated with bone metastases. In their systematic
review of studies examining the palliative beneﬁt of EBRT
for bone metastases, Chow et al4 found overall response
rates, with regard to pain, of 58% for single fraction and
59% for multiple fraction treatments. The same authors
found complete pain response rates of 23% in single
fraction and of 24% in multiple fraction treatments. A
large determinant of the degree of toxicity associated with
EBRT treatment is the volume of normal tissue that is
irradiated in pursuit of optimally irradiating disease. Thus,
with increasing number of metastases requiring treatment
by EBRT, there is increasing likelihood of signiﬁcant toxicity. For this reason, when targeting multiple disparate
sites of bone metastases within a single ﬁeld (wide-ﬁeld
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radiotherapy) dose deliverable is severely constrained by normal
tissue toxicity; the alternative approach of targeting individual
metastases as its own clinical target volume rapidly becomes
impractical as the number of metastases increases, from the
point of view of planning and set-up time. Thus, noting both the
beneﬁcial effect of radiotherapy and the limitations inherent
to EBRT, an alternative strategy of delivering radiotherapy is
needed for those patients with very widespread disease. This
cohort is not small; in a recent Phase 3, randomized trial,
patients with prostate cancer metastatic to bone at a minimum of
two sites, but not metastatic to the viscera were recruited. Within
the placebo group, 12% of patients had ,6 metastases, 48% had
6–20 metastases, 30% had .20 metastases and 10% had a socalled “superscan”, which is a scan with diffuse uptake throughout
the entire visualized skeleton, corresponding to very widespread
and advanced metastatic inﬁltration.5 It is in this cohort of
patients that the systemic delivery of radiotherapy by boneseeking radionuclide has long been utilized to circumvent the
limitations of EBRT. Any proposed radionuclide needs to exhibit certain characteristics as outlined in Table 1—a hypothetical
“ideal” radioisotope.
In the remainder of this article, ﬁrst the radiobiological principles underpinning the competing strengths and weakness of
different types of radionuclide therapies are examined, namely
linear energy transfer (LET) and DNA damage, Bystander effect
and inﬂuence of LET thereon, and oxygen enhancement ratio
(OER). Second, the clinical uses of radionuclides are reviewed
with particular emphasis on 223Ra.
Quality of radiation influences DNA damage and
thus biological effects
Radionuclides may obviously emit alpha, beta and gamma radiation or a combination thereof. A full comparison of the
physics of decay resulting in these different forms of radiation is
beyond the scope of this review and is covered elsewhere in the
literature.6,7 However, as might be expected, the signiﬁcant
differences in decay properties of various radionuclides lead to
signiﬁcant differences in their mechanisms of action. Alpha
particles, having a signiﬁcantly higher LET than either beta
particles or photons, deposit more energy (cause more

ionizations) along a shorter track and are thus signiﬁcantly more
densely ionizing than either secondary electrons from photons
or beta particles. To apply this to a cellular model of cell kill
resulting from ionizing radiation, one must factor in the means
by which charged particles and their resultant ionization events
result in cell death. As summarized well by Joiner and van der
Kogel,8 there is signiﬁcant evidence that cell death is related to
DNA lesions, with the most lethal lesion being clustered,
double-stranded DNA breaks. Being more densely ionizing, alpha particles are associated with a high probability of inducing
densely clustered lesions and are thus associated with signiﬁcantly higher cell kill per unit dose than either beta or gamma
radiation. Relative biological effectiveness (RBE),8 being an expression of the dose of radiation of different types required to
generate the same fraction cell kill, is calculated as:
Dose of reference radiation to cause fraction 3 cell kill
RBE5
Dose of test radiation to cause fraction 3 cell kill
The classic work by Barensden9 showed that in human tumour
cell lines, RBE rose with increasing LET up to an optimum LET
around 100 keV mm21 after which RBE fell; the fall off is taken
to be as a result of the phenomenon of “overkill” whereby with
very high LET radiation, more DNA double-strand breaks
(DSBs) occur than are actually required to kill the cell. Thus,
alpha particles, by virtue of this LET/RBE relationship, are likely
to result in higher cell kill per unit dose than either secondary
electrons from a photon beam or beta particles.
DNA damage markers
That survival is heavily dependent on the LET of incident radiation, supporting the idea that high LET radiation is having
a more damaging effect on DNA than low LET radiation. In
order to further verify this idea, investigators have sought evidence of this DNA damage itself in addition to work above using
cell death as a surrogate for such damage. Previously, the formation of foci of g-phosphorylated histone protein H2AX (to
form gH2AX) has been shown to be a sensitive marker of DNA
DSBs that occur following irradiation of cells.10 Different
patterns of gH2AX foci are seen after low LET vs high LET
radiation; this was demonstrated recently by Dokic et al11 in

Table 1. Characteristics of hypothetical “ideal radionuclide”

Characteristic

Ideal requirement

Availability

Relative ease of manufacture making it economically viable across a range of healthcare
systems

Mechanism of uptake

Innate afﬁnity for areas of bone metastases or easily chelated with other species
conferring such afﬁnity

Efﬁcacy

Response rates, with regard to pain, similar to or better than those seen with external
beam radiotherapy

Safety—patient

Acceptable toxicity proﬁle

Safety—public

Minimal radiation protection issues—avoiding isolation/inpatient treatment if possible

Safety—environment

Physical half-life allowing practical time from manufacture for delivery and
administration but ensuring safe and timely decay within subject or shortly after
excretion
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glioblastoma cell lines. They found that an increased proportion
of cells develop gH2AX foci following irradiation with high LET
(carbon ion) compared with low LET (320 kV X-ray) radiation.
Furthermore, foci were larger following irradiation with the high
LET radiation.11 High LET radiation has also been shown to
cause not only foci of gH2AX but also a lower intensity, pannuclear background phosphorylation of H2AX in chromatin
that has not suffered a DSB after some part of the DNA within
the same nucleus has suffered such a break.12 A similar ﬁnding
has been observed in human lymphocytes; namely, high LET
radiation induces a pan-nuclear signal in addition to discrete
foci of gH2AX with only discrete foci being seen following low
LET radiation as shown in Figure 1 (S Horn, Queen’s University
Belfast, 2014, personal communication).
Bystander effect
In addition to the direct tumouricidal effect of ionized particles
causing double-stranded DNA breaks as described above, a further effect giving rise to cell death is the bystander effect,
whereby cells that have themselves not been traversed by ionized
particles but that are in close proximity to traversed cells experience cell damage and death via the bystander effect. The
bystander effect with regard to radionuclides speciﬁcally has
been comprehensively reviewed by Brady et al13 who cite evidence of the phenomenon both in vitro and in vivo. In experiments by Bishayee et al,14 Chinese hamster cells were labelled
with tritiated thymidine and mixed with unlabelled cells to form
clusters. Tritiated thymidine was selected owing to short range of
the beta particles resulting from its decay, allowing selective selfirradiation of those cells labelled without irradiation of adjacent
cells. They found that in the case of 100% labelling of cells, the
survival of cells was dependent exponentially on the activity of

Figure 1. DNA changes following irradiation with low linear
energy transfer (LET) (X-rays) vs high LET (alpha particle)
radiation. Note foci of H2AX phosphorylation at sites of DNA
strand breaks present in both X-ray and alpha-irradiated cells
but background pan-nuclear phosphorylation in alpha irradiated only Figure provided by S Horn, Queen’s University
Belfast, 2014.
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the cluster (in kilobecquerel). By contrast, labelling 50% of cells
yielded a two-component dose response curve indicating that
labelled cells were certainly being killed but that also, unlabelled
cells continue to be killed as the activity in the labelled cells was
increased. Furthermore, the addition of gap-junction inhibitor
lindane had no effect on the survival for 100% labelled clusters,
however, in 50% labelled clusters, survival increased with the
addition of lindane in a dose-dependent manner up to a plateau
at a concentration of 100 mm.14 Thus there is evidence, in vitro,
for a bystander effect that is abrogated by the addition of a gapjunction inhibitor. Xue et al15 investigated the same phenomenon in vivo. They used a human colonic adenocarcinoma cell
line (LS174T) to grow subcutaneous tumours in nude mice,
with various combinations of radiolabelled, unlabelled and dead
cells used as initial inoculate. Radiolabelled cells had thymidine
analogue 5-[(125)I]iodo-29-deoxyuridine (125IUdR) incorporated into their DNA to a lethal dose. When only 125IUdRlabelled cells were inoculated, as expected, no tumour growth
resulted. However, when a combination of 125IUdR and live
LS174T were coadministered, signiﬁcant tumour growth retardation was seen relative to controls that had the same proportions of unlabelled live and dead LS174T inoculated.15
Influence of linear energy transfer on
bystander effect
There is evidence of an LET effect on the bystander phenomenon with regard to radionuclides. Boyd et al16 investigated this
using noradrenaline transporter (NAT)-labelled human cell
lines. NAT speciﬁcally accumulates meta-iodobenzyl-guanidine
(MIBG), thus radiolabelling MIBG allows speciﬁc uptake of
radioactive species into NAT-expressing cells. They then irradiated donor cells by external beam, low LET 131I-MIBG or high
LET 123I-MIBG and At211-MABG. When media from irradiated
donor cells was transferred into non-irradiated recipient cells,
decrease in clonogenic survival was evident. For external beam,
this effect plateaued with 30–40% cell kill after 2 Gy and was
maintained but did not increase with further dose increase. By
contrast, low LET radionuclide exposure showed no plateau in
bystander cell kill with a range of concentrations of 131I-MIBG.
High LET radionuclides showed U-shaped survival curves for
recipient cells, with decreasing survival over the lower dose
range but relatively higher survival as dose increased above
a maximally lethal level.16 In a further series of elegant bystander
experiments, the same group compared the high LET source 123I
and the low LET source 131I as radiolabels to the compounds
IUdR (localizing to DNA) and MIBG (localizing to extranuclear
sites in NAT-expressing cells). This allowed them to test both the
effect of radiation quality and the subcellular site of radiolabel
incorporation on the bystander effect. They found that for low
LET radiation (131I), when a culture of cells was exposed and
then the media from these irradiated donor cells was transferred
to unirradiated recipient cells, a dose-dependent decrease in
survival of recipient cells was seen. This was independent of
whether the carrier molecule was IUdR or MIBG, suggesting
independence on the subcellular location of the radioactive
species within the donor cells. For high LET radiation using 123I,
which again was used to irradiate a donor population whose
media was then transferred to a recipient population, at low
doses, a dose-dependent decrease in survival of donor cells was
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seen. However, as dose increased further, this effect diminished
resulting in relative increase in survival and a U-shaped survival
curve. Again, there was no signiﬁcant difference between those
cells targeted with IUdR and those targeted with MIBG. This
led the authors to conclude that at high doses, bystander effect
of high LET radiations may be in opposition to the effect on
irradiated cells; furthermore, the effect did not appear to be
dependent on subcellular location of radionuclide accumulation.
Oxygen enhancement ratio
The tumouricidal effect of radiation on cells depends on factors
inherent to the radiation as seen above. However, the relative
radiosensitivity of tumour cells can depend on their local environment as well as on the quality, fractionation etc. of the radiation to which they are exposed. This is particularly true of the
state of oxygenation of the tumour cells. Early work, subsequently repeated many times, showed that the tumouricidal
effect of radiation was signiﬁcantly greater in oxic as opposed
to hypoxic or anoxic conditions.17 This has important clinical
consequences, as it is also well established that oxygenation
status within solid tumours is heterogeneous and signiﬁcant
areas of hypoxia exist owing to oxygen requirements not being
met by the disordered tumour microcirculation.18 Indeed,
a body of evidence exists for tumour hypoxia being associated
with a poor clinical outcome, reviewed in detail by Vaupel and
Mayer.19 This may be particularly true in bone metastases since,
physiologically, bone is a relatively hypoxic tissue.20 In clonogenic experiments, this effect can be expressed as the OER, that
is, the ratio of dose required to kill a given fraction of cells in
hypoxic vs oxic conditions. Various investigators have demonstrated that OER decreases with increasing LET, with Barensden9
ﬁnding that OER reached 1 with LET of 165 keV mm21.21 Thus,
cells within relatively hypoxic and therefore radioresistant areas
of tumour are likely to be more effectively killed by radiation of
LET .100 keV mm21.
Clinical use of low linear energy
transfer radionuclides
Sources of low LET radiation used in the clinic tend to be beta
emitters with the two most extensively studied being 89Sr and
153
Sm. 89Sr decays with a half-life of 50.5 days releasing beta
particles with mean energy 1.46 MeV and maximum range of
7 mm.22 153Sm has a half-life of 1.9 days and releases beta
particles with mean energy of 0.81 MeV and maximum range
of 2.5 mm.22 89Sr has the advantage of sharing Group 2 of
the periodic table with calcium, thus its metabolism follows
similar pathways to that of calcium, and it has natural afﬁnity
for areas of high bone turnover. This is not the case for 153Sm; in
order to impart a tropism for areas of high bone turnover, it
must be chelated with a phosphate group, in the form 153Smethylenediamine tetra(methylene phosphonic acid) (153SmEDTMP). Finlay et al22 have reviewed the literature with
regard to 89Sr and identiﬁed 16 observational studies and 11
randomized controlled trials, where it was utilized as a palliative
agent. Systems used to monitor pain are, by their nature, subjective, and thus difﬁculties arise with intertrial variability in
reporting systems; however, Finlay et al22 concluded that complete
response of pain to treatment with 89Sr occurred in between 8%
and 77% of patients (mean 5 32%), whilst no response occurred
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in between 14% and 52% (mean of 25%). A randomized, doubleblind, placebo-controlled trial from the 1990s showed 153Sm-EDTMP
to signiﬁcantly reduce pain from bony metastases associated
with a range of cancers.23 Sartor et al24 more recently conducted
a randomized, controlled, double-blinded trial in which patients
were randomized to receive either radioactive 153Sm-EDTMP or
non-radioactive 152Sm-EDTMP. Both, the subjective end point
of patient-reported pain and the objective end point of analgesia
consumption were reduced by the active agent, however, there
was no improvement in survival. Although these low LET
emitters have continued to be used, given that no survival advantage was seen and problems with their common side effect of
bone marrow toxicity were relatively common, alternatives have
been sought (Table 2).
Clinical use of high linear energy
transfer radionuclides
Given the radiobiological differences between high and low LET
radiation as discussed above, it was postulated that high LET
radionuclides (and in particular alpha particles) might offer
a therapeutic advantage over those with low LET in a number of
realms:
(1) higher RBE
(2) greater bystander effect at low-to-moderate dose
(3) reduced OER
(4) shorter range of alpha particles making crossﬁre into highly
radiosensitive bone marrow compartment less likely.
With these potential advantages in mind, 223Ra has been developed as an alpha particle-emitting, bone-seeking radionuclide. Like 89Sr, it is a group 2 element and therefore has
natural bone-seeking afﬁnity and accumulates at areas of high
bone turnover. 223Ra decays via a six-stage process to 207Pb; the
fraction of energy released by alpha, beta and gamma radiation
is 95.3%, 3.6% and 1.1%, respectively; the alpha particles released have mean energy in the range 5.0–7.5 MeV.25
Pre-clinical/Phase 1 data
Initial pre-clinical work with mice conﬁrmed that 223Ra preferentially accumulated in the bone with only small amounts of
daughter radionuclides migrating from skeletal site of 223Ra
decay.26 Furthermore, a dosimetry estimate was made and found
that, as expected, high LET, short-range alpha radiation from
223
Ra showed substantial sparing of the bone marrow—the tissue associated with dose-limiting toxicity, compared with
beta-emitting 89Sr.26 This is shown schematically in Figure 2,
demonstrating the sparing of haematopoietic marrow cavity by
short-range alpha particles emitted from endosteal layer at sites
of bone metastasis.
In a Phase 1 clinical trial, increasing doses of 223Ra (from 46 up
to 250 kBq kg21) were administered to 25 patients with either
prostate or breast cancer, metastatic to the bone. The investigators utilized the small amount of penetrating gamma radiation released by decaying 223Ra to image the pattern of uptake
of the compound. Comparing these treatment images to pretreatment, 99mTc scans showed high concordance in terms of
sites of uptake, demonstrating that 223Ra preferentially targets
bone metastases rather than diffusely targeting healthy bone.28
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Table 2. Summary of commonly used therapeutic bone-targeting radionuclides

Treatment

89

Sr

153

223

Sm

Ra

Targeting

Calcium mimetic

Chelated to phosphate
moiety
[ethylenediaminetetra
(methylene
phosphonic acid)]

Calcium mimetic

Radiation
form

Beta particle

Beta particle

Alpha
particle

Physical
T1/2
(days)

50.5

1.9

11.4

Maximum
particle energy
(MeV)

1.46

0.81

27.78

Maximum
particle range
in tissue

Efficacy

Approximately
7 mm

RCT evidence of
symptomatic
beneﬁt from bone
pain in metastatic
cancer22

Approximately
2.5 mm

Placebo controlled
RCT evidence of
symptomatic
beneﬁt from bone
pain in castration
resistant prostate
cancer24

,100 mm

Double-blind,
placebo controlled
RCT evidence of
survival beneﬁt and
symptomatic
beneﬁt in castration
resistant prostate
cancer5

RCT, randomized controlled trial; T1/2, physical half-life.

In the same trial, blood clearance experiments showed that 12%
of post-injection activity remained in blood 10 min after infusion, falling to 6% at 1 h and ,1% after 24 h. The drug was
Figure 2. Representation of the marrow cavity. Small spheres
represent mix of various marrow cell types including osteoprogenitor (blue), haematopoietic (brown) and adipose
(white). Dark speckled ring represents 10 mm endosteal layer.
Ra is the range of the alpha particles from 223Ra decay, thus
showing significant sparing of deep marrow haematopoietic
stem cells. Reproduced from Hobbs et al27 with permission
from IOP Publishing. For colour images please see online.
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well tolerated with some reversible myelosuppression of generally grades 1 and 2; two patients experienced grade 3 leucopenia
and both these patients along with one further experienced
grade 3 neutropenia. Although a small study, patients were asked
about pain scores and beneﬁt to most individuals was seen at
4 weeks post infusion at which time 60% of patients reported
some improvement, 20% reported no change and 20% reported
worse pain.28
Phase 2/3 data
These pre-clinical and Phase 1 trials were followed by three
Phase 2 trials in metastatic castration-resistant prostate cancer
(mCRPC). One of these was a single-dose dose–response trial
involving 100 patients; each given a single infusion of 223Ra at
one of four dose levels (5, 25, 50 or 100 kBq kg21). This found
a dose-dependent improvement in pain and further found 223Ra
to be well tolerated at all dose levels up to the maximum of
100 kBq kg21. The commonest toxicities were haematological
and gastrointestinal with 43%, 24% and 22% experiencing
nausea, vomiting and diarrhoea, respectively, whilst grade 3–4
anaemia, leucopenia, neutropenia and thrombocytopaenia were
seen in 8%, 1%, 3% and 6% of patients treated, respectively.29 A
further Phase 2 trial administered each subject three injections at
a dose level of 25, 50 or 80 kBq kg21 with doses given at 6-week
intervals. A dose-dependent fall in alklaline phosphatase (ALP)
and prostate-speciﬁc antigen (PSA) were seen, and again 223Ra
was well tolerated. Gastrointestinal toxicity was again relatively
common with 21% of participants experiencing diarrhoea and
16% nausea. Grades 3 or 4 haematological side effects were seen
in 2 of 41 patients in 25 kBq kg21 group, 6 of 39 in the 50 kBq kg21
group and 7 of 42 in the 80 kBq kg21 group.30 In a randomized,
multicentre, placebo-controlled, Phase 2 trial, patients due to receive
EBRT for pain were additionally assigned to receive either four 223Ra
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injections at a dose of 50 kBq kg21 at 4-week intervals or placebo
on the same schedule. The group receiving 223Ra showed a signiﬁcant fall in ALP and delay in time to PSA progression, with
a tendency towards reduced rate of SRE and improved overall
survival (OS) also being seen. The safety proﬁle was acceptable,
with the only statistically signiﬁcant difference between treatment and placebo groups being increased constipation in the
treatment group that was mild to moderate in all but one patient
(Table 3).31
These positive Phase 2 data led to the large, multicentre,
randomized, placebo-controlled trial of 223Ra in mCRPC—
ALSYMPCA.5 This trial randomized males with mCRPC in
a 2 : 1 fashion to receive either six cycles of 223Ra given 4 weeks
apart or placebo given along the same schedule. There was
signiﬁcant improvement in survival among the patients treated
with 223Ra [14.9 vs 11.3 months; hazard ratio (HR), 0.7;
p , 0.001]. This result is ground breaking in so far as it was the
ﬁrst time any form of palliative radiotherapy had been shown to
improve survival in any form of metastatic cancer. Secondary
end points involving biochemical markers of disease also showed
improvement in 223Ra group, with prolongation in time to increase in PSA (HR, 0.64; p , 0.001) and in time to increase in
Table 3. Summary of

Name

223

Phase

BC-10329

BC-10430

ALSYMPCA5

2

Method

Number
21

–Four injections Ra of 50 kBq kg
(or placebo) at 4-week intervals
–vs placebo

2

3

N 5 33 223Ra
N 5 31 placebo

5 kBq kg21
25 kBq kg21
50 kBq kg21
100 kBq kg21

Outcomes
–Signiﬁcant delay in PSA progression
and fall in ALP in the 223Ra group
–Tendency towards reduced rate of
skeletal-related event and improved
survival in 223Ra group
–Well tolerated

–Single injection Ra
5, 25, 50 or 100 kBq kg21

N 5 26
N 5 25
N 5 25
N 5 24

–Three injections 223Ra per subject at
6-week intervals
–Either 25, 50 or 80 kBq kg21 (no
dose escalation within groups)

N 5 37 at 25 kBq kg21
N 5 36 at 50 kBq kg21
N 5 39 at 80 kBq kg21
(These N are those treated per
protocol and analysed in efﬁcacy
calculations. In each group,
respectively, 4, 3 and 3 additional
patients received 1 or 2 injections and
are analysed as part of the safety
population.)

–Dose-dependent fall in PSA and
ALP
–Well tolerated all dose levels

N 5 614 223Ra
N 5 307 placebo

–223Ra associated with signiﬁcant
improvement in overall survival (14.9
vs 11.3 months p , 0.001)
–223Ra associated with signiﬁcant
delay to ﬁrst symptomatic skeletal
event (15.6 vs 9.8 months p , 0.001)
–Number of patients experiencing
adverse events lower in 223Ra group
(all grades)
–Signal to increased (low-grade)
diarrhoea in 223Ra group
–Signal to increased (low-grade)
myelosuppression in 223Ra group

223

2

What we do not yet know—biological
From the above discussion, it should be clear that the radiobiology of high LET radiation suggests a therapeutic advantage
over low LET radiation in the context of radionuclides. This has

Ra Phase 2/3 efficacy and safety data

223

BC-10231

ALP (HR, 0.17; p , 0.001). 223Ra also showed beneﬁt from
a quality of life perspective with signiﬁcant improvement in time
to ﬁrst symptomatic SREs of 5.8 months (p , 0.001) and a signiﬁcantly higher proportion of patients reporting an improvement in quality of life (as measured by the Functional
Assessment of Cancer Therapy–Prostate questionnaire32). 223Ra
was well tolerated. The investigators provide a detailed breakdown of toxicities by type and grade. The total number of
patients experiencing adverse events (AEs) was consistently
lower in the treatment group than in placebo across all grades of
AE, grades 3 and 4 AE, serious AE and study drug discontinuation owing to AE.5 The authors report that “no clinically
meaningful differences” in the frequency of grades 3 or 4 AEs
were seen between groups. There is a signal pointing towards
increased, low-grade diarrhoea in 223Ra-treated individuals with
25% of 223Ra vs 15% placebo experiencing diarrhoea in all
grades, 2% in each group experiencing grade 3 and none in
either group experiencing grades 4 or 5.

–Six injections of 223Ra of 50 kBq kg21
(or placebo) at 4-week intervals
–vs placebo
–Plus best standard of care

at
at
at
at

–Dose-dependent improvement in
pain
–Well tolerated all dose levels

ALP, alkaline phosphatase; PSA, prostate-specific antigen.
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been born out in the results from early trials and, most impressively, from the ﬁrst large Phase 3 trial of 223Ra. These results
are encouraging, however, there is much still to understand with
regard to the biological action of high LET radionuclides. Much
of the above basic science research is comparative in nature,
comparing a given outcome following low LET vs high LET
irradiation. There is still little known regarding the different
biological processes that underpin these differences in behaviour. In particular, future work will be interesting in so far as it
clariﬁes how much the contribution of the increase in lethality
with high LET radiation is owing to a direct effect and what
component of it is owing to bystander effects. Furthermore,
what is the underlying biological system responsible for the
bystander effect in general and what allows high LET radiation to
accentuate its effect? The work quoted above by (separately)
Dokic, Mayer and Horn into gH2AX signalling following radiation exposure is exciting in so far as it is beginning to show
subcellular structural changes correlating with quality of incident radiation.
What we do not yet know—clinical
The proven efﬁcacy and safety of 223Ra make it a drug that
rightly inspires hope among mCRPC sufferers and those
treating them. With the ALSYMPCA data, 223 Ra has joined
a small number of treatments proven to extend life in
mCRPC namely docetaxel,33 cabazitaxel,34 abiraterone,35
enzalutamide36 and sipuleucel-T.37 With regard to 223Ra
alone, uncertainty exists regarding dosing. Doses higher than
the 50 kBq kg21 used in ALSYMPCA were well tolerated in
Phase 2 studies, 29,30 and it is unknown if dose escalation
could provide extra beneﬁt. Furthermore, in those patients
who achieve a good result with initial six cycles (as trialled in
ALSYMPCA), it is as yet unknown if re-challenge with the
same or dose-escalated regime on progression would result in
disease response. Then with regard to the position of 223Ra in
the overall treatment landscape of mCRPC, uncertainty exists
as to the sequence in which the above life-prolonging treatments should be used. It is also unknown if 223Ra can safely
and efﬁcaciously be given in combination with one or more
of these other agents. Trials examining the above questions
are under way. An exciting possibility is that combination
treatments may show a synergistic rather than simply additive effect. Recently, it has been shown that an isoform of the
androgen receptor encoded by the AR-V7 splice variant is associated with resistance to both abiraterone and enzalutamide.
In groups of AR-V7-positive patients treated with abiraterone
acetate or enzalutmide, 0% of patients in either group showed
a PSA response to respective treatment; this resistance
was also manifest as shorter OS in AR-V7 groups compared
with patients with wild-type receptor. 38 It is possible
that owing to its unique mechanism of action, 223 Ra may be
less susceptible to acquired or innate mechanisms of resistance; certainly less susceptible than those relying on
drug–receptor interactions as in the case of AR-V7 resistance
above. A ﬁnal area of combination therapy that engenders
much hope but also much uncertainty is the use of 223Ra in
combination with EBRT. It is known from renal cancer that

7 of 9

birpublications.org/bjr

BJR

aggressive cytoreduction (by surgery) of the site of a primary lesion can provide an improvement in OS even in the
metastatic setting.39 The use of advanced EBRT techniques
in combination with 223Ra offers for the ﬁrst time the option
of using highly conformal and targeted radiotherapy to provide cytoreduction at distinct harbours of disease, that is,
intensity-modulated radiotherapy to prostate primary and
pelvic nodes and targeted 223 Ra to bone metastases. This
approach is to be trialled in the ADRRAD (neo-adjuvant
androgen deprivation therapy, pelvic radiotherapy and
radium-223 for new presentation T1-4 N0/1 M1B adenocarcinoma of prostate) clinical trial due to open shortly in
the Belfast—Prostate Cancer UK Centre of Excellence. Finally, it was noted in the opening paragraph of this review
that there are other cancers with a predilection for bone
metastases, including breast and lung cancer. Early trials
of 223Ra in the breast have already begun. Pre-clinical experiments in nude mice inoculated with breast cancer cell
lines show that treatment with 223Ra inhibits tumour growth
and osteolysis, and increases survival both when mice are
treated prior to inoculation of tumour cells, at the stage of
micrometastases or with established metastases.40 A Phase 2a
non-randomized study of 223Ra in advanced breast cancer
treated patients failing endocrine therapy with four cycles
of 223Ra at 50 kBq kg21. This found treatment with 223Ra to be
associated with a reduction in markers of bone turnover along
with a reduction in metabolic activity within one-third of the
total number of bone metastases visualized across 23 patients;
223
Ra was well tolerated.41 Phase 3 trials in breast cancer are
set to open shortly.
CONCLUSION
There are fundamental differences in the radiobiology of low
vs high LET sources of radiation. The underlying biological
processes responsible for this are as yet poorly understood and
represent an exciting opportunity in primary radiation research. Low LET radionuclides have proven efﬁcacy in symptom control in mCRPC, however, they are associated with
signiﬁcant side effects relating to marrow suppression and
have no proven survival advantage. Basic radiobiology suggests
a higher LET source radionuclide with shorter range could
have a therapeutic advantage, and indeed, this has been borne
out in the ALSYMPCA data that showed 223Ra to be a welltolerated, alpha-emitting, bone-seeking radionuclide with
both symptom and survival improvement. The best time to
use 223Ra in sequence or combination with other survivalprolonging agents is as yet uncertain, as is its utility in cancers
other than that of the prostate. These, along with the possibility of combined EBRT/223Ra, are exciting avenues of clinical
research.
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Olivier P, Pecking A, et al. A randomized,
dose-response, multicenter phase II study of
radium-223 chloride for the palliation of
painful bone metastases in patients with
castration-resistant prostate cancer. Eur J
Cancer 2012; 48: 678–86. doi: 10.1016/j.
ejca.2011.12.023
Parker CC, Pascoe S, Chodacki A, O’Sullivan
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Introduction: Bone metastases are a frequent complication of many
malignancies and are particularly common in metastatic prostate cancer,
where they are associated with a high degree of morbidity. Until recently,
treatments relied on palliative bone targeting measures with no proven
survival-prolonging action or on systemic agents with general anti-prostate
cancer activity but significant toxicities. Radium-223 dichloride is a bone-seeking, a-emitting, radionuclide that has recently been licensed in the US and
Europe for the treatment of men with castration-resistant prostate cancer,
bone metastases and no known visceral metastases. Radium-223 is the first
bone-seeking radionuclide therapy proven to result in increased overall
survival versus placebo.
Areas covered: The existing market of bone-targeted agents is reviewed
before considering what radium-223 adds by examining its pharmacology,
pharmacokinetics and clinical efficacy and safety data. Initial relevant papers
were identified by searching PubMed using combinations of the terms,
‘Radium’, ‘Prostatic neoplasms’, ‘Bone’, ‘Neoplasm metastasis’.
Expert opinion: Consideration is given to further preclinical work needed into
the mechanism of action of radium-223 and future clinical directions of the
drug including combinations with other agents.
Keywords: bone metastases, prostate cancer, radioisotopes, radium-223
Expert Opin. Pharmacother. [Early Online]

1.

Introduction

Bone metastases are a frequent sequela from a wide range of malignancies; they
commonly result in pain, pathological fracture, metastatic spinal cord compression
and contribute to malignant hypercalcaemia. It is estimated that in the US 350,000 people die with bone metastases annually [1]. Specifically within prostate cancer, 90%
of patients with metastatic castration-resistant prostate cancer (mCRPC) have bone
metastases [2]. A subgroup of these patients have metastases confined to bone; the subgroup for whom radium-223 (223Ra) is licensed to treat. In their pooled analysis of
baseline demographic data from six separate clinical trials into mCRPC, with a sample
size of 760 men, Halabi et al. found that 92% of patients had bone metastases, and 32,
8 and 7% had lymph node, lung and liver metastases, respectively, demonstrable
during mCRPC phase [3]. The scale of symptomatic burden caused by skeletal metastases is difficult to quantify. However, in their review of the economic impact of
skeletal metastases, Groot et al. found that during a 24-month period there was an
average cost of e6973 per patient to treat skeletal-related events (SREs) from bone
metastases, including fractures, spinal cord compression and radiotherapy for
pain [4]. Metastatic prostate cancer is defined by its response to treatment as a disease
of two phases, metastatic castration-sensitive prostate cancer and mCRPC. The differentiation between these two states is marked by the initial dependence and later relative
independence of the tumour cells on androgens, particularly testosterone, for
10.1517/14656566.2014.955016 © 2014 Informa UK, Ltd. ISSN 1465-6566, e-ISSN 1744-7666
All rights reserved: reproduction in whole or in part not permitted
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Box 1. Drug summary.
Drug name
Phase
Indication
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Mechanism of
action
Route of
administration
Chemical structure
Pivotal trial(s)

Radium-223 dichloride
Post-marketing surveillance
The treatment of adults with
castration-resistant prostate cancer,
symptomatic bone metastases and
no known visceral metastases
Bone-seeking, a-emitting
radionuclide
Intravenous
223

Ra-Cl2
ALSYMPCA

proliferation. In early metastatic prostate cancer, the removal of
androgens by rendering the patient in the castrate state either
surgically or pharmacologically with androgen deprivation
therapy (ADT) can induce a period of control both symptomatically and in terms of markers of disease, with the most commonly measured being prostate-specific antigen (PSA). Data
recently presented from a large Medical Research Council randomised trial in androgen-sensitive metastatic prostate cancer,
STAMPEDE, showed that the median length of biochemical
failure-free survival following initiation of hormones was
12 months; further, the median time from failure of ADT to
death was 22 months [5]. Thus, bone metastases are common
in metastatic prostate cancer and in a significant subgroup of
patients they are the only site of metastatic disease. They are a
source of significant symptoms that are costly to treat. The
majority of time from diagnosis of metastatic prostate cancer
until death is spent in the castration-resistant state. Hence, further treatments are required for this phase of the disease history
and particularly for skeletal disease during this phase.
2.

Overview of market

In the mCRPC setting, several treatment options exist and a
number of novel agents have recently become licensed.
With regards to bone-targeting agents, the radionuclides
89-strontium (89Sr) and 153-samarium-ethylenediaminetetra
(methylene phosphonic acid) (153Sm-EDTMP) along with
bisphosphonates and the RANK-ligand inhibitor, denosumab
have been used in the palliation of bone metastases but without
any significant improvement in survival [6-9]. These are
examined in turn below.
Bone-targeting radionuclides
Sr has been extensively used in the palliation of bone pain
from metastatic cancer. Being a group 2 element, it is metabolised in a manner analogous to calcium. Thus, it preferentially accumulates at areas of high bone turnover. It decays
by b particle emission, that is, with the nuclear conversion
of a neutron to a proton and the release of a high-energy
electron. It is these high-energy electrons that deposit energy
(as ionising radiation) in the surrounding tissue. In their
2.1
89

2

comprehensive review, Finlay et al. [10] identified 11 randomised controlled trials and 16 prospective observational studies examining the use of 89Sr. They note that most studies
used scoring systems to follow pain response, but that lack
of concordance in reporting systems across trials makes drawing conclusions difficult. The proportion of patients classified
as being complete responders to 89Sr ranged from 8 to 77%
with a mean value of 32%; the proportion showing no
response ranged from 14 to 52% with a mean of 25% [10].
153
Sm-EDTMP is an alternative bone-seeking radionuclide.
In contrast to 89Sr, 153Sm has no affinity for bone, thus it
requires chelation with a carrier molecule, EDTMP, to facilitate
its uptake into areas of high bone turnover. Similarly to 89Sr, it
decays by the release of b particles. Two randomised controlled
trials from the 1990s had already shown an improvement in
pain in subjects with metastatic prostate cancer treated with
153
Sm-EDTMP [11,12]. A more recent randomised controlled
double-blinded trial randomised patients to receive either radioactive 153Sm-EDTMP or non-radioactive 152Sm-EDTMP; in
this trial, both patient-reported pain and analgesia consumption
were significantly improved by the radioactive agent [13].
Further, the only toxicity was mild, transient bone marrow suppression, with 11, 3 and 5% of patients in the treatment group
experiencing grade 3 anaemia, thrombocytopenia and lymphopenia, respectively; there was no survival difference.
Non-radionuclide agents
Bisphosphonates are a group of non-radionuclide drugs used in
the palliation of bone metastases. They act by inhibiting osteoclasts, a population of bone remodelling cells responsible for
bone resorption. As noted above, SREs resulting from bone
metastases are a major source of morbidity, and there are major
cost implications in treating this morbidity. Bisphosphonates
significantly reduce the risk of SREs versus placebo but with
no improvement in survival [6,7]. A further compound of benefit in this setting is denosumab. This inhibits osteoclast activity by inhibiting the RANK-ligand. Recent evidence suggests it
may be of greater benefit in reducing skeletal events versus
bisphosphonates but with no improvement in survival [8].
2.2

3.

Introduction to radium-223

Both the radionuclides discussed previously decay with the
emission of b particles. An alternative strategy is to utilise a
radionuclide decaying with the emission of a particles. A full
comparison of the physics of these two processes is superfluous
for this review, but they are well described elsewhere in the literature [14,15]. Linear energy transfer (LET) is a measure of the
energy deposited by a radioactive particle per unit track length
as it traverses a medium. b particles have a low LET of the
order of 0.2 keV/µm and a range between 0.05 and 12 mm.
a particles by contrast have a high LET value of the order of
80 keV/µm and a range of 40 -- 100 µm corresponding to
5 -- 10 mammalian cell diameters [15]. Thus, a particles deposit
higher dose along a shorter track than do b particles and are
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Figure 1. Decay series of radium-223 showing major decay type and corresponding half-life.

therefore significantly more densely ionising. The target of the
ionising radiation is the DNA of the cancer cells. Being more
densely ionising, a particles are far more likely to result in
double-strand (and hence less reparable) breaks in DNA than
b particles that tend to cause sparser and more easily reparable,
single-strand breaks.
Normal bone anatomy, particularly the long bones, can be
considered as an outer layer of cortical bone and an inner
bone marrow compartment interspersed with a trabecular
bone network [16]. The pathogenesis of bone metastases is a
complex process whereby systemic and local paracrine factors
from malignant cells cause dysregulation of osteoblasts and
osteoclasts with resultant lytic, blastic or mixed metastases [17].
Given that this metastatic remodelling is taking place within
the outer cortical and within the trabecular parts of cancellous
bone, it was hypothesised that an a emitter may offer a therapeutic advantage over a b emitter by concentrating high dose
within the metastatic tumour microenvironment and sparing
the central marrow cavity, thus ameliorating the major doselimiting toxicity of myelosuppression. This led to much recent
investigation into the use of 223Ra as a bone-seeking a emitter.
4.

Chemistry

223

Ra dichloride (Box 1) is manufactured and supplied as a
solution in which radium is present as the free ion [18]. It
undergoes a multistep decay chain via several short-lived
daughter nuclei to lead-207 and has a physical half-life of
11.4 days. This decay chain is associated with both a, b and
g decay events, major decay events shown in Figure 1. The
relative proportions of energy released as a, b and g particles
are 95.3, 3.6 and 1.1%, respectively [18].
5.
223

Pharmacodynamics

Ra, sharing group 2 with calcium, has a natural bone-seeking
tendency as confirmed by early preclinical mouse models [19].

These were shortly followed by early clinical trials with 223Ra
showing that it preferentially accumulates within bone metastases rather than in the skeleton per se [20]. This was demonstrated
by utilising the small amount of g radiation released in 223Ra
decay that penetrates extracorporeally, thus allowing it to be
imaged using a g camera; these images of 223Ra distribution
were then compared with the known pattern of metastatic disease within the same subjects, showing close overlap [20]. Having
accumulated within bone metastases, 223Ra deposits densely
ionising a particles within a few microns as discussed earlier;
these particles are known to be associated with a high degree
of DNA damage and as such with a potent tumouricidal effect.
It is a subject of ongoing debate and investigation what contribution of the clinical efficacy of 223Ra is made by this direct
tumouricidal effect and what contribution comes from effects
on surrounding bone microenvironment.

6.

Pharmacokinetics and metabolism

223

Ra is rapidly cleared from blood and excreted by the faecal
route. An early Phase I trial looked for detectable radioactivity
in blood samples relative to estimated T = 0 min activity and
found these to be 12% at 10 min, 6% at one h and <1% at
24 h [20]. The same trial suggested faecal clearance as
evidenced by accumulation of activity within the GI tract
following infusion seen on g scintigraphy. A more recent
development of this work used quantitative g scintigraphy
to demonstrate that after infusion 223Ra is rapidly taken up
into bone (61 ± 10% at 4 h) or excreted into small intestine
(49 ± 16% at 4 h); there was <5% urinary excretion and nil
via the hepatobiliary route [21]. A further Phase I trial showed
that uptake could be seen in bone metastases at 10 min and in
small bowel at 10 min with subsequent faecal transit to colon
and with total body clearance largely determined by gut transit with mean biological T1/2 of 59 h [22]. The same work
again found blood clearance to be rapid and bi-exponential
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Table 1. Summary of Phase II efficacy data of
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Name

223

Ra in metastatic castration resistant prostate cancer.

Method

Number

223

223

BC-102 [25]

4 injections
Ra (or placebo) at
4 week intervals
50 kBq/kg
vs placebo

n = 33
Ra
n = 31 placebo

BC-103 [23]

Single injection 223Ra
5, 25, 50 or 100 kBq/kg

BC-104 [24]

3 injections 223Ra per subject at
6 week intervals
Either 25, 50 or 80 kBq/kg
(no dose escalation within groups)

n = 26@5 kBq/kg
n = 25@25 kBq/kg
n = 25@50 kBq/kg
n = 24@100 kBq/kg
n = 37@25 kBq/kg
n = 36@50 kBq/kg
n = 39@80 kBq/kg
(these n are those treated per
protocol and analysed in efficacy
calculations. In each group,
respectively 4, 3 and 3 additional
patients received 1 or 2 injections
and are analysed as part of safety
population)

Outcomes
Significant fall in ALP in 223Ra
group
Tendency to reduced rate of SRE,
delay in PSA progression and
improved survival in 223Ra group
Well tolerated
Dose-dependent improvement in
pain
Well-tolerated all dose levels
Dose-dependent fall in PSA and
ALP
Well-tolerated all dose levels

ALP: Alkaline phosphatase; PSA: Prostate-specific antigen; SRE: Skeletal-related events.

with respective partition coefficients and T1/2 of (1.7% ID/L,
0.3 h) and (0.8% ID/L, 6.3 h).
7.

Efficacy

Phase II data
Three Phase II trials sought to explore the efficacy of 223Ra in
mCRPC. Two of these were randomised dose finding studies
and found dose-dependent improvement in pain [23] and
dose-dependent reductions in PSA and alkaline phosphatase
(ALP), respectively [24]. A third trial was a randomised placebo
controlled Phase II trial of 223Ra and found a significant reduction in ALP in the treatment group along with a tendency to
improved survival, reduction in risk of SREs and delay in
PSA progression [25]. These data are summarised in Table 1.
7.1

Phase III data
The above encouraging results led to the large Phase III, randomised, prospective, double-blind, placebo-controlled trial
ALSYMPCA [26]. In this 921 patients were randomised 2:1 to
receive six injections of 223Ra (at a dose of 50 kBq/kg bodyweight intravenously) + best standard of care or matching
placebo + best standard of care; one injection every 4 weeks.
Best standard of care could include anything except cytotoxic
chemotherapy or other radionuclides. The primary end point
was overall survival and secondary end points were time to first
symptomatic SREs along with various biochemical end points.
The trial was terminated for efficacy at its prespecified interim
analysis. The updated analysis involving 921 patients confirmed
the interim findings of increased median overall survival in the
treatment arm of 14.9 versus 11.3 months in placebo arm (HR:
0.7; p < 0.001). In terms of secondary end points, 223Ra as
7.2

4

compared with placebo resulted in significantly prolonged
time to first SRE (median 15.6 vs 9.8 months; p < 0.001),
time to increase in ALP (HR: 0.17; p < 0.001) and time to
increase in PSA (HR: 0.64; p < 0.001). Change in quality of
life was also assessed using the FACT-P total score [27] and a
significantly higher percentage of patients who received 223Ra
had an improvement in their score during the study versus those
receiving placebo (25 vs 16%; p = 0.02).
8.

Safety

In both Phase II and Phase III trials, 223Ra has been found to
be extremely well tolerated, with blood dyscrasia and GI
dysfunction the most common toxicities. In the Phase II
single-dose, dose--response study, rates of grade 3 -- 4 anaemia,
leucopoenia, neutropenia and thrombocytopenia were 8, 1,
3 and 6%, respectively; nausea, vomiting and diarrhoea were
reported by 43, 24 and 22%, respectively, and for neither haematological nor GI toxicities were there any significant differences between dose groups [23]. In the Phase II multiple-dose
dose--response study, the commonest toxicities were diarrhoea
(21%), nausea (16%) and anaemia (14%) with the only dosedependence being a slight trend towards an increase in GI
toxicity [24]. In the same study, the frequency of grade 3 or
4 haematological events was 2/41 patients in the 25 kBq/kg
group, 6/39 patients in the 50 kBq/kg group and 7/42 patients
in the 80 kBq/kg group. In the Phase II multiple dose versus
placebo trial, the only statistically significant difference
between treatment and placebo groups was increased constipation in the former; this was mild or moderate in all but
one patient [25]. In the large Phase III ALSYMPCA trial comparing multiple doses of 223Ra to placebo, treatment with
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Radium-223 dichloride

223

Ra was extremely well tolerated. The authors provide a
detailed breakdown of all toxicities occurring in >5% of
patients; the overall incidence of adverse events (AE) was
consistently lower in the 223Ra arm than in placebo; this was
true of AE all grades, AE grade 3 -- 4 and serious AE [26].
Further, there were no clinically meaningful differences in frequency of haematological AE between the two groups; grade
3 -- 4 anaemia, thrombocytopenia and neutropenia occurred
in 13, 6 and 3%, respectively, of the 223Ra-treated patients
and 13, 2 and 1%, respectively, of placebo-treated patients.

Expert Opin. Pharmacother. Downloaded from informahealthcare.com by Queens University on 09/08/14
For personal use only.

9.

Conclusion

223
Ra-dichloride is a first-in-class a-emitting radiopharmaceutical for the treatment of prostate cancer with bone metastases.
It has proven efficacy both as a palliative agent, improving
quality-of-life scores and delaying time to SREs, and also as a
disease-modifying agent, improving overall survival and delaying progression of biochemical disease markers. It is well
tolerated, with a favourable toxicity profile.

10.

Expert opinion

The ALSYMPCA trial was the first to ever show an improvement in survival from palliative ionising radiation in any
metastatic cancer. This result has very practical implications
for the treatment of mCRPC, but perhaps even more importantly, the concept it proves has more abstruse implications
for the management of a broad range of malignancies that
readily metastasise to bone. With ALSYMPCA, 223Ra has
joined a small number of compounds proven to extend survival
in mCRPC including the cytotoxics docetaxel [2] and cabazitaxel [28], the endocrine agents abiraterone acetate [29] and enzalutamide [30] and the immunotherapy sipuleucel-T [31]. 223Ra
achieves this end with a very acceptable toxicity profile. Thus
in a disease with limited treatment options, 223Ra represents
an entirely new class of agent, with a novel mechanism and
proven efficacy and safety. 223Ra is likely to be used in concert
with other survival prolonging treatments mentioned above.
The unique mechanism of action of 223Ra may have several
important implications; first, it may provide a synergistic effect
with some or all of the above-listed medicines. Thus, one of the
key questions still to be addressed is optimum scheduling and/
or combination of systemic treatments and trials are ongoing.
The ERA223 trial is a multicentre, Phase III, randomised,
double-blind, placebo-controlled trial recently opened to
compare abiraterone acetate and prednisolone to abiraterone
acetate and prednisolone plus 223Ra. Second, given the directly
DNA damaging nature of 223Ra, its effect may be less prone to
amelioration by common mechanisms of resistance in cancer
cells, such as receptor alteration or drug efflux.
A further novel and exciting area of future study is into the
combination of 223Ra with external beam radiotherapy
(EBRT). It has been shown in renal cell cancer that reducing
the primary tumour load (albeit by surgery rather than

radiotherapy) leads to an improvement in survival in the
metastatic setting; the mechanism for this is still not fully
characterised [32]. Thus, radical doses of radiotherapy to pelvis
(i.e., the primary site of disease) in men with metastatic
prostate cancer are currently being trialled as arm H of the
STAMPEDE trial [33]; the hope being that radiotherapy to
pelvis as a cytoreductive measure on the primary tumour
may positively influence the course of metastatic disease.
A feasibility study is shortly due to open in Belfast examining
the use of EBRT alongside androgen blockade and six cycles
of 223Ra in men with newly diagnosed prostate cancer
metastatic to bone (ADRRAD neoadjuvant Androgen
Deprivation, pelvic Radiotherapy and Radium-223 for new
presentation T1-4, N0/1 M1B adenocarcinoma of prostate).
The likelihood of physicians to prescribe a particular treatment is based on numerous factors relating to their patients’
individual needs, the treatment being considered and the
healthcare setting in which care is being provided. It has been
shown above that 223Ra is an efficacious and safe compound.
It is delivered as a brief injection (1 min) once every 4 weeks.
It is supplied from the manufacturer in a vial and the volume
for injection is based on patient weight and corrected for physical decay from manufacture to injection; it can therefore be
readily delivered by any hospital with a nuclear medicine
department. The patient can return home immediately without requiring any inpatient monitoring/isolation. Delivering
223
Ra is therefore not significantly more intensive from a
healthcare resource point of view than delivering a typical cytotoxic agent. The impact of cost and funding on the decision to
prescribe 223Ra will obviously vary by region. In the UK, the
National Institute for Health and Care Excellence is due to
publish its appraisal on radium-223 dichloride later in the year.
There are questions about this compound that remain
unanswered both from a clinical and a basic science point of
view. Clinically, establishing the optimum schedule of 223Ra
with reference to other disease-modifying agents is an urgent
need. From a basic science point of view, a better understanding of the precise mechanism of action is required, above
simply the DNA damaging nature of a particles, to include
likely impact of bystander effect and change in local bone
microenvironment [34]. Although not fully understood, there
is no evidence to suggest that the mechanism of action of
this exciting compound is in any way prostate adenocarcinoma specific. Thus, 223Ra, as the first ever agent to provide
a survival advantage from palliative ionising radiation in any
cancer, may be shown to replicate this remarkable finding in
other malignant diseases out with prostate cancer.
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Background

Trial Structure
Hypothesis

LHRHa
Huggins 1941(1)

1. Huggins C Arch Surg.
1941;43:(209-223)

• In mHSPC, the concurrent use of ADT, radium-223 and EBRT to pelvis is feasible, safe,
acceptable to patients and would lead to a phase 3 trial.
• N=30

Radium 223

Alsympca 2013 (mCRPC)(2)
OS:
14.9mo vs 11.3mo HR 0.7
1st SSE: 15.6mo vs 9.8mo HR 0.66
Upfront use of systemic compounds

Key Inclusion
2. Parker C N Engl J Med
2013;369(3):213–23

Radiotherapy prostate+pelvis

SEER Retrospective (mHSPC)(3)
OS:
53mo vs 29mo
Stampede Arm A (N+M0)(4) 82% XRT to prostate AND pelvis
2yr FFS: 81% vs 53% HR 0.48
Stampede Arm H (mHSPC) XRT prostate(5) hypofractionated prostate alone
FFS:
17mo vs 13mo HR 0.76 (all comers)
3yr OS: 81% vs 73% HR 0.68 (low burden subgroup)

3

• mHSPC

• Visceral metastases

• ≥3 bone metastases on
scintigraphy

• Malig. Spinal Cord Compression

•
3. Rusthoven CG, J Clin
Oncol. 2016 Aug
20;34(24):2835–42.
4. James ND JAMA Oncol.
2016 Mar 1;2(3):348–57.
5. Parker C The Lancet.
2018 392(10162) 2353–66.

Key Exclusion

ECOG PS 0-1

• Adequate bone marrow function
• Prior docetaxel (6 week washout) or docetaxel ineligible

• Prior radionuclide
• Inflammatory bowel disease
• Other serious illness

4

1
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Trial Structure

Endpoints
Primary Endpoints

1. Adequate recruitment
1. Radiological Response –
rate
(whole body MRI)
2. Acute GI and GU toxicity 2. PSA response and time to
3. Quality of life (EPIC)
PSA progression
3. Time to ALP progression
4. Time to first Symptomatic
Skeletal Event

Trial Entry

Docetaxel x 6

Secondary Endpoints

Androgen deprivation therapy
74Gy
(60Gy)

Tertiary Endpoints
1. DNA damage repair
deficiency (DDRD) assay)
2. Enumeration of CTCs and
assay for γH2AX in CTCs 3.
3. Biobanking of prostate,
blood, urine
4. Analysis of peripheral
blood cells using MFISH
5. Overall survival

Radium-223

CT CAP
NM Bone

WB
MRI

WB
MRI

WB
MRI

5

6

Feasibility + Population

7

Recruitment

30

Radiotherapy complete

30

Radium 223 complete

27

Age Median (Range)

68 (45-82)

WHO PS at registration:
0
1

16 (53%)
14 (47%)

Initial PSA Median

279.5ng/ml

Gleason Sum:
7
≥8

2 (7%)
27 (90%)

T1-2
T3-4
TX

2 (7%)
25 (83%)
3 (10%)

N1
N0
Nx

19 (63%)
9 (30%)
2 (7%)

Toxicity
GU

Metastatic Burden
(CHAARTED Defn.)
High volume
Low volume

24 (80%)
6 (20%)

Pre trial docetaxel
4-6 cycles
0 cycles

28 (93%)
2 (7%)

GI
PTVp 70-74Gy
PTVp 60Gy

29
1

PTVln 50-60Gy
PTVln Not treated

29
1

Radium 223 x6
Radium 223 x5

24
3

Acute kidney injury
Haematuria
Nocturia
Incontinence
Flow symptoms
Dysuria/Cystitis

Abdo pain
PR Bleeding
Nausea/Vomiting
Diarrhoea
Frequency/Urgency
Constipation
Flatulence
Haematological
Hgb
Plt
ANC

All grade

Grade 3

Grade 4/5

27 (90%)
0
1 (3%)
18 (60%)
1 (3%)
15 (50%)
17 (57%)
28 (93%)
9 (30%)
7 (23%)
9 (30%)
24 (80%)
4 (13%)
4 (13%)
2 (7%)

2 (7%)
1 (3%)
0
0
0
0
1 (3%)
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

14 (47%)
7 (23%)
22 (73%)

0
1 (3%)
1 (3%)

0
0
0

8
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Bone Health

Efficacy
At median follow-up 31.5mo

SSE (10)

Non-SSE (18)
Nonmalignant

Palliative XRT for skeletal
symptoms

8 courses
(4 patients)

Symptomatic pathological
fracture

1

MSCC

1

Asymptomatic
pathological fracture

18 fractures
(9 patients)

Traumatic

2 fractures
(1 patient)
3 fractures
(3 patients)

Fragility*

Biochemical PFS - First taxane or radium until PSA progresssion or PCa
death

OS - first taxane or radium

Survival Function
Censored

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

0.0

0.0

.00

10.00

20.00

30.00

40.00

.00

10.00

Months

20.00

30.00

40.00

50.00

Months

From 1st taxane or radium
median BPFS = 21.7mo

Any fracture N=11

Median OS
not reached

(CHAARTED = 20.2mo)

*fragility fractures all patients
had high volume disease

9

Survival Function
Censored

1.0

Survival

Malignant

COUNT

Survival

OUTCOME

10
Page 1

Efficacy

Page 1

Conclusions
1. Feasible and well tolerated combination
2. Interesting radiological response
3. Merits testing in a larger trial

Next Steps

At diagnosis
PSA 3300ng/ml
ALP 2000

11

Trial entry - Post ADT + 6 x
Docetaxel
PSA 24ng/ml
ALP 180

Complete trial
Complete radiological analysis
Primary paper Q1 2020
Phase III

Post RT + 6 x Radium-223
PSA <0.03ng/ml
ALP 70
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Trial Structure
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Treatment – IMPs + radiotherapy
• LHRHa – as licensed
• Radium 223 – as licensed
55kBq/kg q28 days for 6 cycles
• EBRT
Contouring PIVOTAL6 approach
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Structure

Expansion

Vessels to CTVln
CTVln to PTVln

7mm AP/lat +
rollerball
5mm circumferential

CTV prostate to PTV
prostate

7mm post / 10mm
circumferential

Aim 74Gy/37# Prostate + 60Gy Pelvic nodes
(De-escalation to OAR tolerance allowed)

13

6. Dearnaley D Int J Radiat
Oncol Biol Phys. 2019
Mar;103(3):605–17

14

Toxicity Endpoints
Genitourinary toxicity by grade
CTCAE
Grade

Percent of patients

40

1
2
3

30

20

10

0
1

3
2

5
4

7
6

9
8

11 13 15 17 19 21 23 25 27
10 12 14 16 18 20 22 24 26 28

Weeks post C1D1

CTCAE
Grade
1
2

Grade

CHEST PAIN- CARDIAC

3

002

PYREXIA

1

009

URINARY TRACT
INFECTION
URINARY TRACT
INFECTION
CYSTITIS NONINFECTIVE
ACUTE KIDNEY INJURY

2

028

40

Percent of patients

SAE Term

001

009

Gastrointestinal toxicity by grade

50

Pt ID

028

30

3
3
3

20

Page 1

10

0
1

3
2

5
4

7
6

9
8

11 13 15 17 19 21 23 25 27
10 12 14 16 18 20 22 24 26 28

Weeks post C1D1

15

Page 1
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First survival data from the ADRRAD clinical trial; pelvic
radiotherapy and concurrent radium-223 in metastatic
Hormone Sensitive Prostate Cancer (mHSPC)
Turner PG1,2*, Jain S1,2, Cole A1,2, Biggart S2, Hounsell A1,2, O’Sullivan JM1,2

*Corresponding author
pturner03@qub.ac.uk

1. Centre for Cancer Research and Cell Biology, Queen’s University Belfast 2. Belfast Health and Social Care Trust

Background
• The management of metastatic prostate cancer has
evolved at pace in recent years. In particular advances
have been made in the hormone sensitive phase of the
illness.
• The systemic agents docetaxel(1), abiraterone(2,3) and
enzalutamide(4) have all shown improvement in overall
survival when used early in the disease course.
• The early use of external beam radiotherapy (EBRT) to
prostate has also been shown to improve overall
survival (OS) in the subset of patients with low burden
of metastatic disease(5).
• Radium-223 (Ra223) improves OS in metastatic
castration resistant prostate cancer (mCRPC). Its
benefit in mHSPC is unknown.
• We hypothesised that the combination of hormone
therapy (LHRHa) with concurrent EBRT and 6 cycles of
Ra223 would improve survival.
• This phase 2 trial was designed to test the safety and
feasibility of the combination.

Methods II

Results II

Primary Endpoints

Bone health

• Feasibility
• Toxicity
• Quality of life

SSE’s were reportable from registration until end of study. In light of
ERA-223 trial data, all fracture data are now collected for two years
post registration

Secondary Endpoints

Table 2 Rate of bone health outcomes

•
•
•
•

OUTCOME

Radiological response (Whole body MRI)
PSA response and time to PSA progression
Time to ALP progression
Time to first symptomatic skeletal event (SSE)

Malignant SSE (10)

•
•
•
•
•

8 courses
(4 patients)
1

Non-SSE (18) Asymptomatic
pathological fracture
Traumatic

18 fractures
(9 patients)
2 fractures
(1 patient)
3 fractures
(3 patients)

[defined as any of: first
use of external beam radiotherapy to relieve skeletal symptoms; new symptomatic
pathological vertebral or non-vertebral bone fracture; spinal cord compression; tumourrelated orthopaedic surgical intervention].

Exploratory Endpoints:

DNA Damage Repair Deficiency assay
Circulating Tumour Cell DNA damage assay
Biobanking of tumour, blood, urine and bone marrow.
MFISH analysis of peripheral blood for radiation induced lesions.
Overall survival

Nonmalignant

COUNT

Palliative XRT for
skeletal symptoms
Symptomatic
pathological fracture
MSCC

Fragility

1

Survival

At 32 months median follow up, BPFS is 21.7 months.

KEY MESSAGES

Biochemical PFS - First taxane or radium until PSA progresssion or PCa
death

Biochemical PFS at 32 months follow up is
21.7 months, there is evidence of
radiological response.

Inclusion Criteria (summary)

1. Adenocarcinoma of prostate
2. T1-4 N0-1 M1b (at least 3 bone metastases visible on NM bone
scan)
3. No visceral metastases
4. Post ADT and up-front Docetaxel (unless unfit for Docetaxel)
5. Less than 12 months from initial diagnosis of prostate cancer

These data warrant further exploration in a
phase 3 trial

Median BPFS =
21.7 months

0.8

Survival

Concurrent hormone therapy, radium-223
and prostate+pelvic nodal radiation is well
tolerated with very low rates of serious
toxicity

Methods I

Survival Function
Censored

1.0

0.6

Figure 3
Kaplan Meier
estimate for
biochemical
PFS

0.4

0.2

0.0
.00

10.00

20.00

30.00

40.00

Months

OS - first taxane or radium

Figure 1 Trial Structure

Survival Function
Censored

1.0

Median OS not
reached

Survival

0.8

Results I

0.6

Figure 4
Kaplan Meier
estimate for
OS

0.4

0.2

Feasibility

Treatment

1. LHRHa for 3 minimum months prior to radiation and continuing
throughout. Patients received 6 cycles upfront docetaxel prior to
entering study – unless considered ineligible (n=2 ineligible)
2. Prostate radiotherapy: 74Gy in 37 fractions with integrated 60Gy
boost to pelvic nodal bed delivered by VMAT
3. 6 cycles of Ra223, (55KBq/Kg) 4 weekly (started with day 1
EBRT)
Figure 2 Ant-Post digitally reconstructed radiograph showing prostate PTV(green) and pelvic nodal PTV
(blue). (Multiple Pelvic Bone metastases)

0.0
.00

Thirty patients were recruited, 27 have completed all treatment, 25
received full dose EBRT. Median age of participants was 64 years.
All were performance status 0-1. All had at least 3 bone metastases,
83% had ≥ 4 bone metastases. Two participants were taxane naïve,
80% had received full 6 cycles of “upfront” docetaxel,. 29 patients
received prostate and pelvic radiotherapy, 1 patient had prostate
alone due to bowel constraints. All patents had at least 5 cycles
radium-223, 3 patients had cycle 6 omitted.

10.00

20.00

30.00

40.00

50.00

Months

Radiological response

Page 1

Patients had WB MRI performed at baseline, again 8 weeks post
final cycle Ra223 and again at end of study. Analysis is ongoing.
Example MRI images in figure 5.
Figure 5 Example sagittal T1 weighted lumbar spine images from diagnosis, trial entry and 8 weeks post
final cycle Ra223.

Toxicity

97% of adverse reactions were grade 1-2 (table 1). Commonest
were leucopenia, neutropenia and diarrhoea. No instances of
neutropenic sepsis occurred. Six serious adverse events occurred.
There have been no treatment related deaths.

Page 1

Table 1 Adverse Reactions from consent to 2 months post final Ra223
ORGAN CLASS

CTCAE Term

Cardiac
Gastrointestinal

CHEST PAIN- CARDIAC
ABDOMINAL PAIN
BOWEL FREQUENCY
BOWEL URGENCY
CONSTIPATION
DIARRHOEA
FAECAL URGENCY
FLATULENCE
LOOSE STOOL
NAUSEA
RECTAL HAEMORRHAGE
VOMITING
FATIGUE
PYREXIA
ORAL HERPES ZOSTER
URINARY TRACT INFECTION
ANAEMIA
NEUTROPHIL COUNT DECREASED
PLATELET COUNT DECREASED
WEIGHT LOSS
WHITE BLOOD CELL DECREASED
ANOREXIA
ARTHRALGIA / MSK PAIN
ENDPLATE FRACTURE
INSUFFICIENCY FRACTURE SACRAL ALA
VERTEBRAL FRACTURE
LETHARGY
SYNCOPE
LOW MOOD
ACUTE KIDNEY INJURY
CYSTITIS/DYSURIA
HAEMATURIA
NOCTURIA
URINARY FREQUENCY
URINARY HESITANCY
URINARY INCONTINENCE
URINARY URGENCY
SKIN REACTION
HOT FLASHES

General &
administration
Infections &
infestations
Blood & lymphatic
Investigations

Colour

Region

Dose

Blue

Pelvic Lymph Nodes

60 Gy / 37#

Green

Prostate/Vesicles +10mm
margin (7mm posteriorly)

74 Gy / 37#

Metabolism & nutrition
Musculoskeletal &
connective tissue

Nervous system
Psychiatric
Renal & urinary

Skin
Vascular

CTCAE GRADE
1
2
3
0
0
1
9
1
0
4
0
0
1
0
0
2
0
0
34
7
0
3
0
0
1
0
0
4
0
0
9
1
0
6
0
0
2
0
0
16
2
0
1
0
0
1
0
0
0
1
1
15
1
0
28
12
1
8
2
1
1
0
0
32
28
3
3
0
0
11
3
1
1
0
0
1
0
0
0
1
0
2
0
0
0
1
0
1
0
0
0
0
1
19
3
1
1
0
0
17
7
0
8
2
0
5
0
0
0
1
0
6
1
0
2
1
0
7
0
0

At diagnosis
PSA 3300ng/ml
ALP 2000

Trial entry - Post ADT + 6 x
Docetaxel
PSA 24ng/ml
ALP 180

Post RT + 6 x Radium-223
PSA <0.03ng/ml
ALP 70
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Toxicity
Quality of life
Feasibility

Radiological response (Whole body MRI)
PSA response and time to PSA progression
Time to ALP progression
Time to first symptomatic skeletal event

27/30 men treated to date
Median age 67y
Median follow up of 25 months post 1st ADT.
81% of men had high volume disease.

•
•
•
•
•

Grade ≥3 toxicity occurred in 5 patients (18.5%).
Most toxicity was short lived thrombocytopenia and leucopenia.
No unexpected toxicity was observed.
All but 2 patients received all 6 cycles of Radium-223.
One patient died of progressive disease before completion of the course of
Radium-223.
• 7 out of 27 patients have died, actuarial survival at 24 months is 83%.
• 9 out of 27 (33%) patients have developed PSA progression.
• Only 1 patient had a progressive alkaline phosphatase levels during the course of
Radium-223 treatment

•
•
•
•

Figure 1 Treatment schedule

DNA Damage Repair Deficiency assay
Circulating Tumour Cell DNA damage assay
Biobanking of tumour, blood, urine and bone marrow.
Analysis of peripheral blood cells by MFISH for radiation induced, heritable
chromosomal lesions.

Results

1.
2.
3.
4.

Exploratory Endpoints:

1.
2.
3.
4.

Secondary Endpoints

1.
2.
3.

Primary Endpoints

1. ADT (Leutenising Hormone Releasing Hormone Agonist) for 3 minimum
months prior to radiation and continuing throughout. (Patients will have had
6 cycles upfront docetaxel prior to entering study – unless considered
ineligible)
2. Prostate radiotherapy: 74Gy in 37 fractions with integrated 60Gy boost to
pelvic nodal bed delivered by VMAT
3. 6 cycles of radium-223, (55KBq/Kg) 4 weekly (started with day 1 EBRT)

Treatment

Dose
Prostate/Vesicles +10mm
margin (7mm posteriorly)

74 Gy / 37#

60 Gy / 37#

0
1
1
3
5

Figure 2 Ant-Post digitally reconstructed radiograph showing prostate
PTV(green) and pelvic nodal PTV (blue). (Multiple Pelvic Bone metastases)

Pelvic Lymph Nodes

1
11
2
26
39

0
0

Green

Region

14
26
9
31
167

0

0
0
0
0
0

0

0

0
0

1
1

0

0
0

0
0

0
0

0
0

0
0
0

0
0
0

0
0

0
0

Grade 4

0

2

Blue

Colour

Table 1. Toxicity Summary

Anaemia
Neutropenia
Thrombocytopenia
Leucopenia
Total (111)

Total (13)
11
Blood and lymphatic system disorders
Anaemia (15)
14
Total (15)
14

Total (10)
6
4
General disorders and administration site conditions
Fatigue (12)
10
2
Pyrexia (1)
1
0

0
0

0
0

Musculoskeletal and connective tissue disorders
Arthralgia (9)
6
3
Vertebral fracture(1)
0
1

0
0
0
0

1
47

Loose stool(1)
Total (55)

0
0
0

0
0
0

0
8

1
2

Bowel urgency (1)
Fecal urgency(2)

2
22
2

Vomiting (2)
Diarrhoea (28)
Rectal Haemorrhage(2)

0
6
0

1
0
1

0
0

0
0

1
3
8

0
0

0
0

Abdominal cramps (2)
Bowel frequency (3)
Nausea (9)

Grade 3

Grade 2

Grade 1
Metabolism and nutrition disorders
Anorexia (3)
3
Total (3)
3
Gastrointestinal
Abdominal pain (4)
4
Abdominal discomfort(1)
1

Adverse Reactions and severity

Post ADT + 6 x Docetaxel
PSA 24ng/ml
ALP 180

Post RT + 6 x Radium-223
PSA <0.03ng/ml
ALP 70
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• The combination of EBRT to prostate and pelvic nodes with 6 cycles of Radium-223 is safe and
feasible
• The schedule will be included as an arm of the STAMPEDE trial
• The role of WBMRI for response assessment of bone metastases requires further investigation
• A bone health agent will be included in treatment schedule

Conclusions

Figure 3 Example of disease response on WBMRI

At diagnosis
PSA 3300ng/ml
ALP 2000
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Less than 12 months from initial diagnosis of prostate cancer

Post ADT and (up Front) Docetaxel (unless unfit for Docetaxel)

No visceral mets

T1-4 N0-1 M1b (at least 3 bone metastases visible on Bone Scan)

Adenocarcinoma of prostate

Trial Entry Criteria (Summary)

This phase 1/2 trial was designed to test the safety and feasibility of this
combination.

In patients with bone dominant mCSPC, we hypothesise that the combination of 6
cycles of Radium-223 with EBRT to prostate and pelvic nodes, following induction
therapy with ADT +/- Docetaxel would result in improved survival.

Radium-223 has proven benefits in improving OS and delayed time to Symptomatic
Skeletal Events (SSEs) in mCRPC with bone metastases.

There has been a rapid change in the management of metastatic castration
sensitive prostate cancer (mCSPC) in recent years with evidence of improved
overall survival (OS) from the addition of Docetaxel, Abiraterone Acetate, and most
recently External beam radiotherapy (EBRT) to the prostate.

Background

Background: Recent data has shown an overall survival (OS) benefit for up front
Docetaxel or Abiraterone combined with androgen deprivation therapy (ADT) in
metastatic castration sensitive prostate cancer (mCSPC). Data from STAMPEDE also
suggests an additional OS benefit for radiotherapy to the prostate in men with low
volume metastases. We hypothesised that Radium-223 + Radiotherapy to prostate
and pelvic nodes following docetaxel (DOC) would be well tolerated and potentially
improve OS in men with mCSPC involving bone. Methods: Men with mCSPC
involving bone were treated in a single arm phase 1/2 study in which they received
radical dose radiotherapy (74Gy/37) to prostate and pelvic nodes using Volumetric
Modulated Arc Therapy (VMAT) radiotherapy and 6 cycles of Radium-223, 55kBq/kg
following up front ADT and DOC. The primary endpoint was toxicity with secondary
endpoints including time to PSA and ALP progression and radiological response.
Results: We report the results of 27 men, median age 67 years treated in the study
with a median follow up of 25 months post 1st ADT. 81% of men had high volume
disease. The schedule was well tolerated with grade ≥3 toxicity occurring in 5
patients (18.5%). Most toxicity was short lived thrombocytopenia and leucopenia.
No unexpected toxicity was observed. All but 2 patients received all 6 cycles of
Radium-223. One patient died of progressive disease before completion of the
course of Radium-223. To date, 6 out of 27 patients have died, actuarial survival at
24 months is 83%. To date 9 out of 27 (33%) patients have developed PSA
progression. Only 1 patient had a progressive alkaline phosphatase levels during the
course of Radium-223 treatment. Conclusions: In men with mCSPC involving bone,
a schedule of radical dose radiotherapy to prostate and pelvis + 6 cycles of Radium223 is well tolerated post ADT + DOC. This treatment schedule will now join as a
new arm of the STAMPEDE trial with OS as primary endpoint.

ABSTRACT

1. Centre for Cancer Research and Cell Biology, Queen’s University Belfast. 2. Belfast Health and Social Care Trust, Belfast, Northern Ireland.

Joe M. O'Sullivan 1,2, Philip G.Turner2, Suneil Jain 1,2, Alan R. Hounsell2, Darren M. Mitchell2, Sandra Biggart2, Arthur Grey2, Aidan J. Cole1,2

Toxicity results from a novel phase I/II trial of VMAT radiotherapy to prostate and pelvic nodes plus six cycles of
Radium-223 in mCSPC metastatic to bone, post ADT and docetaxel (The ADRRAD Trial)

APPENDIX 14 – PRC TRIAL STUDY, NOW OPEN IN BELFAST

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

___________________________________________________________

How does radiotherapy affect immune
signalling and the tumour
microenvironment in men with
Localised Prostate Cancer?
Version 1
Chief Investigator:

Dr Suneil Jain
Senior Lecturer and honorary consultant in
clinical oncology
Centre for Cancer Research and Cell Biology
Queens University Belfast
97 Lisburn Road
Belfast
BT9 7BL
Phone: +44 (0)28 9097 2180
Email: s.jain@qub.ac.uk

Page 1 of 18

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

Contact addresses:
Co-Investigators:

Dr Philip Turner
Clinical Research Fellow
Centre for Cancer Research and Cell Biology
Queens University Belfast
97 Lisburn Road
Belfast
BT9 7BL
Dr Catherine Davidson
Clinical Research Fellow
Centre for Cancer Research and Cell Biology
Queens University Belfast
97 Lisburn Road
Belfast
BT9 7BL
Dr Darren Mitchell
Consultant clinical oncologist
Belfast Health and Social Care Trust
Northern Ireland Cancer Centre
Belfast City Hospital
Lisburn Road
Belfast
BT9 7AB
Dr Jacqueline James
Clinical Senior Lecturer/Consultant Molecular
Diagnostics
Centre for Cancer Research and Cell Biology
Queens University Belfast
97 Lisburn Road
Belfast
BT9 7BL

2

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

Professor J e O S
a
Chair of Radiation Oncology
Centre for Cancer Research and Cell Biology
Queens University Belfast
97 Lisburn Road
Belfast
BT9 7BL
D Dec a O R
e
Consultant Histopathologist
Belfast Health and Social Care Trust
Northern Ireland Cancer Centre
Belfast City Hospital
Lisburn Road
Belfast
BT9 7AB

Page 3 of 18

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

Table of contents:

Page

1. Background and introduction

4

1.1 Background
1.2 Immune gene signature
1.3 Lymphocytic Infiltration
1.4 Tumour hypoxia

2. The purpose of this project

6

2.1 Primary Objectives
2.2 Secondary Objectives

3. Study design

8

3.1 Patient selection and sample acquisition
3.2 Patient recruitment
3.3 Patient Numbers
3.4 Methodology for sample analysis

4. Feasibility
5. Project Administration
6. Outsourcing
7. Funding
8. Risk Assessment
9. Sponsorship and Governance
10.Publication Policy

12
13
13
13
14
14
14

Table of appendices:
Appendix A: References

4

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

1. Background and introduction
1.1 Background
In the UK each year 41, 000 men are diagnosed with prostate cancer.(1)
The majority of these men present with localised disease, which is
confined to the prostate itself. Treatment decisions for these men are
founded on a triad of imaging using MRI, Gleason staging based on core
biopsies of prostate tissue and Prostate Specific Antigen (PSA) levels.
Based on these investigations men in Northern Ireland are offered active
surveillance, surgery or radiotherapy with or without androgen
deprivation therapy (ADT). Currently 450
500 men each year in
Northern Ireland receive radiotherapy for localised prostate cancer.
However recent results of RT01 trial indicate that as many as 45% men
receiving curative hormone treatment and radiotherapy develop
metastatic disease.(2) Currently in clinical practice there are no
biomarkers which stratify patients in terms of response to radiotherapy.
This is obviously an area in need of further research as radiotherapy is
also associated with significant toxicity in terms of obstructive urinary
symptoms, impotence, proctitis and secondary malignancy.

1.2 Immune gene signature
A panel of 44 immune genes have been discovered, which recognise loss
of the Fanconi Anemia/ BRCA pathway, which is essential for DNA
damage repair. First isolated in breast cancer this gene signature is used
to predict response to DNA damaging agents such as anthracyclines and
alkylating agents, which form the basis of standard chemotherapy.(3)
In order to try and identify this immune gene signature in prostate cancer
we employed unsupervised hierarchical clustering to 101 FFPE prostate
samples from men who had both localized and metastatic disease. The
analysis revealed a metastatic biology group, which incorporated not only
all the men with known metastatic disease but also many of those with
localized disease who subsequently developed metastases. When further
analysis was carried out on the metastatic group it was found that two
thirds of the samples were immune gene signature positive (Fig.1).
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Immune gene
Signature

Metastatic Biology
Group

Fig. 1 Immune gene positive subgroup in the Metastatic Biology
Subgroup
The IMMUNE GENE SIGNATURE assay was then applied to an
external publically available clinically annotated dataset incorporating
218 prostate tumour samples (181 primaries and 37 metastases), the
majority being prostatectomy samples.(4) Utilising the available clinical
data we found that patients who were immune gene signature positive had
a significantly poorer prognosis (Fig. 2).

Fig. 2 Overall survival immune gene signature positive vs. negative
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1.3 Lymphocytic Infiltration
Lymphocytic infiltration is considered an important indicator of immune
response. In the primary breast tumours that formed the discovery sample
set for the immune gene signature, there was noted to be a positive
association between lymphocytic infiltration and loss of DNA damage
repair.(3) Currently additional work is ongoing to further elucidate this
relationship in breast cancer. Lymphocytic infiltration has also been
identified as a feature of prostate tumours. Although there is much
conflicting evidence in the literature, the presence of high levels of either
CD8 and CD4 positive lymphocytes in prostatectomy cohorts has been
found independently to be of negative prognostic significance in terms of
biochemical failure and cancer related death.(5,6) Our study shall take this
further to look at how the populations of lymphocytes are altered by
treatment with ADT and radiotherapy.
1.4 Tumour Hypoxia
It is well documented in prostate cancer that tumour hypoxia is associated
with increased metastasis, reduced survival, chemo resistance and radio
resistance (7). In patients receiving radical radiotherapy it has been
demonstrated to be an adverse factor, Mosvas et al. measured oxygen
levels using an Eppendorf electrode, in prostate cancers and pelvic
muscle in patients prior to LDR prostate brachytherapy (8). Using Cox
proportional hazards regression analysis, with inclusion of patient and
tumour characteristics, prostate to muscle pO2 ratio was the only
independent predictor of biochemical control. Other studies have
established that there is much heterogeneity in oxygen levels both
between and within tumours (9,10). A retrospective analysis of a prostate
cancer radiotherapy dose escalation trial examined tissue microarrays
from 201 patients, and demonstrated VEGF (p=0.008) and hypoxia
inducible factor-1 alpha (HIF-1 ) ( <0.02) b
e
( =0.978)
were significant predictors of biochemical failure independent of other
tumour and patient characteristics (11). Similarly HIF-1 , VEGF and
osteopontin were identified in a cohort of radical prostatectomy patients
to be significant predictors of biochemical failure. The evidence suggests
that HIF-1A is overexpressed in response to radiotherapy and has a
suppressive effect on anti-tumoural immunity (12). In this study we have
a unique opportunity to explore if HIF-1 e e alpha levels have any
effect on lymphocytic infiltration in patients receiving both external beam
radiotherapy and brachytherapy. A further marker of hypoxia being
assayed for by immunohistochemistry is Glut-1.
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2. The purpose of this project
Preliminary data suggests that the immune gene signature discussed
above is a potentially valuable prognostic biomarker in prostate cancer.
To date all information regarding this signature has been gained from
diagnostic biopsies and surgical resection specimens. In order to
determine if this immune signature will have a utility in prostate cancer it
is important that we establish whether radiotherapy alters the immune
gene expression in tumour samples. Studies in breast cancer have
illustrated that this signature identifies tumours which are DNA damage
repair deficient and therefore, show have increased sensitivity to DNA
damaging chemotherapeutics such as platinum based drugs,
anthracyclines and targeted agents such as PARP-1 inhibitors, yet to date,
no studies have explored response to radiation. Furthermore, it is
plausible radiation exposure will induce an intra-tumoural immune
reaction with recruitment of lymphocytes to sites of cellular damage. This
process may sensitise tumours to immunotherapeutic agents, a hypothesis
that could be tested in future clinical trials.

2.1 Primary Objectives
1. To determine if immune gene status is altered by treatment with
ADT or radiotherapy in the form of External Beam Radiotherapy
(EBRT) or brachytherapy.
2. To determine if lymphocytic infiltration is associated with immune
ge e a
HIF1
a e ca ce , a d f treatment with both
radiotherapy and ADT alters the pattern of infiltration.
3. To determine if the immune gene signature could be utilised as a
biomarker to highlight patients who will respond favourably to
radiotherapy.

2.2 Secondary Objectives
1. To determine if the immune gene status of a patient has an
influence on progression free and overall survival for patients
receiving radiotherapy.
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3. Study Design and Methodology
3.1

Patient selection and Sample Acquisition

Currently treatment decisions for men presenting with primary prostate
cancer are based on a triad of T stage on imaging using MRI, Gleason
staging based on core biopsies of prostate tissue and Prostate Specific
Antigen (PSA) levels. Based on these parameters, patients are stratified
as Low, Intermediate or High Risk for the development of metastatic
disease and ultimately cancer related death.
Low Risk
Intermediate Risk
High Risk

Clinical T Stage
cT1- T2a
cT2b-T2c
cT3a

Gleason Score
2-6
7
8-10

PSA ng/mL
<10
10-20
>20

Fig. 3 Risk stratification of localised prostate cancer- EAU guidelines
2013 (13)
This risk stratification in combination with patient age and comorbidities
inform treatment choices, including surgery, the type of radiotherapy they
receive and whether or not they require ADT. As the focus of our
research is primarily on the effect of radiotherapy we have chosen to look
at two groups of patients: 1. Low-intermediate Risk patients receiving Low Dose Rate
Brachytherapy (LDR-BT).
Brachytherapy refers to the method of delivery of radiation; in this
case via insertion of small radioactive seeds to the tumour and
surrounding prostatic tissue. The permanent implantation of
radioactive seeds delivers a high intra prostatic radiation dose over
an extended six month treatment interval.(14) As there is a rapid fall
off in dose over a few millimetres there is less radiation related
toxicity to surrounding structures including the rectum and
bladder.(14) For patients with low to intermediate disease LDR-BT
as a monotherapy is an established method of treatment with rates
of local recurrence of less than 10%.(15)
2. High Tier Intermediate and High Risk patients receiving
combination treatment with ADT, EBRT and Brachytherapy.
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Patients in this group receive a minimum of 3 months ADT prior
to radiation. This is now standard of care after multiple trials
including EORTC 22863 found that patients had increased overall
survival and a reduction in all-cause mortality when ADT was
combined with radiotherapy.(15) Following this these patients
receive EBRT, which is well established in the treatment of
prostate cancer. In UK practice, the standard radical treatment
regimen consists of a total dose of 74 Gray (Gy), given in daily
fractions of 2Gy over 7 ½ weeks (excluding weekends). It has been
clearly demonstrated that tumour control (as measured by reduction
in biochemical failure) improves with the delivery of higher doses of
radiotherapy. To date, this has been limited by the radiation tolerance
of nearby tissues, or organs at risk, particularly the small
bowel.(2,16,17) Recent studies have focused on delivering high doses
of radiotherapy to the affected prostate tissue while minimising
radiation related toxicity. In order to achieve this, the insertion of
fiducials into the prostate prior to EBRT is recognised as the gold
standard for treatment. Fiducials which are typically made of gold
or polymer, act as markers for radiotherapy and enable higher
doses of radiotherapy to be given whilst minimising the toxicity to
surrounding tissues like the rectum.(18) In patients with high risk
disease brachytherapy is often given post EBRT as analysis of the
published literature has shown that EBRT given with a high dose
Brachytherapy is superior in terms of relapse free survival than
EBRT alone. Brachytherapy is performed as described previously
but with higher dose delivery.
These two groups have been chosen because, as part of their routine
treatment, they will be required to undergo either insertion of fiducials or
brachytherapy seeds. While access to the prostate is gained under
ultrasound guidance for seed/fiducial insertion these patients will be
consented to provide 4-6 needle core biopsy samples from the areas into
which the fiducials/seeds will be placed. All biopsies and seed/fiducial
insertion will be carried out at a dedicated prostate biopsy and research
clinic in the Northern Ireland Cancer Centre, by an experienced clinical
oncologist. Brachytherapy seed implantation and gold fiducial insertion
are well tolerated but can cause transient pain, urinary symptoms, mild
bleeding, urinary infection or prostatitis. The removal of this tissue for
research purposes should not cause any increased risk to the patients
involved. All tissue recovered in this manner will be in FFPE blocks or
fresh frozen and will be transferred to NIBiobank for storage and on for
further analysis. High risk patients treated with fiducial EBRT and
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brachytherapy will be asked to provide two sets of tissue samples, one at
the time of fiducial insertion and again at the time of brachytherapy. This
will enable serial comparison of tissue. Flow diagrams of tissue
acquisition for each group are shown below (Figure 4&5). Diagnostic
biopsies for men taking part in this study will also be retrieved via the NI
Biobank. For all patients included in the study clinical data will be
collected via COIS/ RISOH, and patients will be followed for evidence of
treatment failure for a minimum period of 5 years.
Diagnosis Low/
Intermediate Risk
prostate cancer.
Gleason < 7. PSA<15

Brachytherapy

Additional core biopsies
taken at time of seed
insertion

Routine 5yr
treatment follow up
with PSA monitoring

Fig4. Low- intermediate Risk patients receiving Low Dose Rate
Brachytherapy (LDR-BT).
Diagnosis High Tier
IntermediateRisk
Prostate CancerGleason
>7PSA>15

Additional core biopsies
taken at time of fiducial
insertion
EBRT

Brachytherapy

Additional core biopsies
taken at time of seed
insertion
Routine 5 yr PSA follow
up with PSA montioring
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Fig. 5 High Tier Intermediate and High Risk patients receiving
combination treatment with ADT, EBRT and Brachytherapy.
By incorporating samples from men with all stages of disease we can
assess whether there is any association between immune gene signature
score and Gleason stage. Tissue from the low/ intermediate risk men will
also act as control samples, for changes to the tumour microenvironment
that may have occurred post diagnostic biopsy, rather than due to the use
of ADT. The analysis of patient matched samples from men with high
risk disease over the course of treatment will provide important
information regarding the immune gene signature and whether it is
altered by either ADT or EBRT.

3.2 Patient Recruitment
All patients taking part in this study will be recruited from within the
BHSCT. Potential candidates for this study will be identified at the
regional multi-disciplinary uro-oncology meeting. The initial invitation to
participate in this study will be made by the clinical oncologist
responsible for the patient. At this point in time suitable patients will be
given the information leaflet in Appendix B. Each patient will be given a
minimum of 24hrs in which to decide if they wish to participate in the
study. If so, they will be asked to sign the informed consent form
included in Appendix C as well as the standard blue NI Biobank consent
form for acquisition of their Diagnostic samples.
All patients will be made aware that they are free to withdraw from the
study at any time, with no detriment to their ongoing treatment. Patients
can allow samples of tissue already donated to be examined, and
withdraw from offering future samples for testing. If a patient wishes to
withdraw consent for testing of samples already donated, they can inform
the medical team who will arrange destruction of these samples.
All patients on entry into this study will be allocated a random study
number containing no personal identifiers. This number shall be attached
to the demographic and follow up data collected on each of the patients
and to the samples themselves.
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3.3 Patient Numbers
Each year in the BHSCT 250 patients are referred for consideration of
radiotherapy. In 2014, 75 patients underwent brachytherapy. It is
anticipated 30-40 patients will have gold fiducials in the year from
September 2015. In total we will seek to obtain biopsies from 100
patients with low risk disease and 100 patients with high risk disease over
a three year period.

3.4 Methodology for sample analysis
We plan to carry out analysis of samples for the immune gene signature
on in Almac diagnostics laboratories using Almac Diagnostics Xcel
a a . This array platform is a high density transcriptome-based array
which contains 92,000 transcripts and is optimised for use with Formalin
Fixed Paraffin Embedded (FFPE) tumours. Initially samples obtained at
the brachytherapy clinic will be embedded in FFPE and matched with
diagnostic biopsies retrieved from the pathology departments in the
BHSCT. Slides will be cut from each of the blocks and prepared for
a h g ca e e . D Dec a O R
e
e e a he de within
NI Molecular pathology laboratory for both lymphocytic infiltration and
tumour content. The areas of slides containing tumour will be highlighted
for macro dissection before being transferred to Almac Diagnostics,
Craigavon for extraction of RNA. Only samples containing
30% of
tumour tissue will be taken forward and at least 5 consecutive slides 10 um
each will be transferred to Almac Diagnostics. Sample acquisition
procedures including method of prostate sampling and number of core
biopsies required will be reviewed after the initial 20 patients (10 from each
group) to ensure that samples contain adequate amounts of tumour for RNA
isolation and assessment of lymphocytic infiltration.
The samples will be pre-processed and the Ambion Recoverall Kit used to
extract RNA, which will be subject to the Almac Diagnostics Quality
Control standards. These include obtaining a Spectrophotometer A260/280/
Yield of 1.68-2.08 and two distinct peaks at 18S and 28S. RNA passing
Quality Control and extracted in sufficient quantity (>50ng) from the source
tissue will be hybridized to the Xcel array. Immune gene signature scores
will be determined using the pre-set threshold for prostate adenocarcinoma
obtained from the preliminary data. These scores will then be matched with
demographic and clinical follow up data.
Lymphocytic infiltration will be assessed on the initial biopsy samples.
Additional staining will then be completed for CD4+, CD8+ and also
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mo h o ia ia HIF 1 and GLUT1 by the NI Molecular pathology
laboratory. Any remaining tissue left after RNA extraction and
immunohistochemistry analysis will be stored in the NI Biobank and utilised
for other studies approved by the NI Biobank.
The NI Biobank will store other fresh frozen samples, 20ml urine (collected
prior to radiotherapy) and matched blood samples.

4. Feasibility
We have demonstrated previously that we have the relevant expertise to
identify and develop biomarkers from FFPE samples including a number
of tissue types i.e. Breast, prostate, oesophagus. Furthermore we have
significant experience of extracting suitable RNA from small sample
sizes therefore we believe we are well placed to perform a critical
evaluation of suitability.
A c ca a
e
be e e ed b D O R
e, Consultant
pathologist at the Department of Pathology, Belfast City Hospital in order
verify the Gleason Staging and highlight tumour rich core biopsies for
macro dissection. Suitable samples will then be submitted for RNA
extraction at Almac diagnostics. We anticipate that a proportion of
samples may contain a large proportion of normal prostatic tissue and
therefore be unsuitable for RNA extraction. Key to our project will be the
quality and amount of RNA obtainable from samples. To assess this, a
feasibility study of 10 core biopsies (10 from low risk and 10 from high
risk patients) will be performed to extract RNA for isolation of the
immune gene signature. Separately an H+E slide will be taken from each
of these biopsies to assess for lymphocytic infiltration. If study is feasible
the cohort will be extended. Over a three year period it is anticipated that
200 patients will be recruited.
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5. Project Administration
The Principal Investigator will be based at the Centre for Cancer
Research and Cell Biology and will complete the necessary
administrative responsibilities connected with the initiation, running and
completion of the study
Principal Investigator:
Telephone:
E-mail:

Dr Suneil Jain
+44(0) 28 9097 2180
s.jain@qub.ac.uk

6. Outsourcing
We wish to outsource the extraction and processing of material to gene
expression array to Almac Diagnostics. Almac has well defined Standard
Operating Procedures. We will utilise the Xcel array from Almac, this
platform has been optimised for use with paraffin material and has unique
content relevant to the cancer transcriptome. This shall be covered in a
service level agreement, by Almac and Queens University Belfast, which
is already underway.

7. Funding
The funding for this study will be provided by Prostate cancer UK as part
of the money allocated to the FASTMAN Movember Centre of
Excellence project. This is a 5 year programme of research with a total
grant allocation to Belfast of £2.7 million.

8. Risk Assessment
There is a moderate risk that following treatment with ADT, a number of
patients may have had such a good response to therapy that it will be
difficult (even with image guided biopsies) to obtain enough residual
tumour tissue to allow adequate RNA extraction. We will perform an
initial feasibility study and depending upon the results of this we shall
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adjust the prostate sampling and optimise the handling of pathological
specimens.

9. Sponsorship and Governance
The study will be hosted at the Centre for Cancer Research and Cell
Biology; Q ee
U e
Be fa a d
be
b ec
he
governance procedures of QUB.

10. Publication Policy
The resultant data will be incorporated into a publication detailing the
identification and validation of the immune gene positive subgroup in
prostate cancer and how the signature influences and is altered in
response to different therapies. Authorship on the final study will include
the principal investigator and associate investigators. No publication
arising from this work may be submitted without the consent of the
principal investigator and co-investigators.

16

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

Appendix A: References
1.

Mayor S. Latest UK figures show increase in prostate cancer diagnoses and
falling death rate. BMJ Br Med J [Internet]. 2012 [cited 2014 Jan
15];3252(May):3252. Available from:
http://www.bmj.com/content/344/bmj.e3252?etoc=&ath_user=nhsreadj&ath_tt
ok=%3CT7D%2FjKMJCw5zkR7bxQ%3E

2.

Dearnaley DP, Jovic G, Syndikus I, Khoo V, Cowan RA, Graham JD, et al.
Escalated-dose versus control-dose conformal radiotherapy for prostate cancer:
Long-term results from the MRC RT01 randomised controlled trial. Lancet
Oncol. 2014;15(4):464 73.

3.

Mulligan JM, Hill LA, Deharo S, Irwin G, Boyle D, Keating KE, et al.
Identification and validation of an anthracycline/cyclophosphamide-based
chemotherapy response assay in breast cancer. J Natl Cancer Inst. 2014;106(1).

4.

Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao Y, Carver BS, et al.
Integrative Genomic Profiling of Human Prostate Cancer. Cancer Cell.
2010;18(1):11 22.

5.

Ness N, Andersen S, Valkov A, Nordby Y, Donnem T, Al-Saad S, et al.
Infiltration of CD8+ lymphocytes is an independent prognostic factor of
biochemical failure-free survival in prostate cancer. Prostate [Internet]. 2014;
Available from: http://www.ncbi.nlm.nih.gov/pubmed/25111810

6.

Davidsson S, Ohlson A-L, Andersson S-O, Fall K, Meisner A, Fiorentino M, et
al. CD4 helper T cells, CD8 cytotoxic T cells, and FOXP3(+) regulatory T cells
with respect to lethal prostate cancer. Mod Pathol [Internet]. 2013;26(3):448
55. Available from: http://www.ncbi.nlm.nih.gov/pubmed/23041830

7.

Vaupel, P. & Harrison, L. 2004, "Tumor hypoxia: causative factors,
compensatory mechanisms, and cellular response", The oncologist, vol. 9, no.
Supplement 5, pp. 4.

8.

Movsas, B., Chapman, J.D., Hanlon, A.L., Horwitz, E.M., Greenberg, R.E.,
Stobbe, C., Hanks, G.E. & Pollack, A. 2002, "Hypoxic prostate/muscle pO2
ratio predicts for biochemical failure in patients with prostate cancer:
preliminary findings", Urology, vol. 60, no. 4, pp. 634-639.

9.

Parker, C., Milosevic, M., Toi, A., Sweet, J., Panzarella, T., Bristow, R.,
Catton, C., Catton, P., Crook, J. & Gospodarowicz, M. 2004, "Polarographic
electrode study of tumor oxygenation in clinically localized prostate cancer*
1", International Journal of Radiation Oncology* Biology* Physics, vol. 58,
no. 3, pp. 750-757.

10.

Vergis, R., Corbishley, C.M., Norman, A.R., Bartlett, J., Jhavar, S., Borre, M.,
Heeboll, S., Horwich, A., Huddart, R. & Khoo, V. 2008, "Intrinsic markers of
tumour hypoxia and angiogenesis in localised prostate cancer and outcome of
Page 17 of 18

How does radiotherapy affect immune signalling and the tumour micro
environment in men with localised prostate cancer? Version 1 6 Oct 15

radical treatment: a retrospective analysis of two randomised radiotherapy trials
and one surgical cohort study", The Lancet Oncology, vol. 9, no. 4, pp. 342351.
11.

Luo W, Wei G, Jing S,Cong C, Hulin X, Pingpo M. Blocking HIF-1 Following
Radiotherapy to Prolong and Enhance the Immune Effects of Radiotherapy: A
Hypothesis. Medical Science Monitor. 2014;20:2106-2108.

12.

Doedens a, Phan A, Stradner M, Fujimoto, Nguyen J, Yang E, Johnson R,
Goldrath A. Hypoxia inducible factors enhance the effector responses of
CD8*T cells to persistent antigen. Nature Immunology. 2013 14(11):11731182.

13.

Heidenreich A, Bastian PJ, Bellmunt J, Bolla M, Joniau S, van der Kwast T, et
al. EAU guidelines on prostate cancer. part 1: screening, diagnosis, and local
treatment with curative intent-update 2013. Eur Urol [Internet].
2014;65(1):124 37. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24207135

14.

Crook J. The role of brachytherapy in the definitive management of prostate
cancer. Cancer/Radiotherapie. 2011. p. 230 7.

15.

Crook J, Borg J, Evans A, Toi A, Saibishkumar EP, Fung S, et al. 10-year
experience with I-125 prostate brachytherapy at the Princess Margaret
Hospital: Results for 1,100 Patients. Int J Radiat Oncol Biol Phys.
2011;80(5):1323 9.

16.

Tran E, Paquette M, Pickles T, Jay J, Hamm J, Liu M, et al. Population-based
validation of a policy change to use long-term androgen deprivation therapy for
cT3-4 prostate cancer: Impact of the EORTC22863 and RTOG 85-31 and 9202 trials. Radiother Oncol. 2013;107(3):366 71.

11.

Peeters STH, Heemsbergen WD, Koper PCM, Van Putten WLJ, Slot A,
Dielwart MFH, et al. Dose-response in radiotherapy for localized prostate
cancer: Results of the Dutch multicenter randomized phase III trial comparing
68 Gy of radiotherapy with 78 Gy. J Clin Oncol. 2006;24(13):1990 6.

17.

Pollack A, Zagars GK, Starkschall G, Antolak JA, Lee JJ, Huang E, et al.
Prostate cancer radiation dose response: results of the M. D. Anderson phase
III randomized trial. International Journal of Radiation
Oncology*Biology*Physics. 2002. p. 1097 105.

18.

Ng M, Brown E, Williams A, Chao M, Lawrentschuk N, Chee R. Fiducial
markers and spacers in prostate radiotherapy: current applications. BJU
international. 2014. p. 13 20.

18

APPENDIX 15 SAE LISTING

SAE Full Listing
SAE 1 - Patient 002, pyrexia possibly related to radium-223 resulting in hospitalisation
9/6/16.
Patient 002 received first infusion of radium-223 8/6/16. The infusion took place as
planned with no problems noted. Patient felt ‘shivery’ 24 hours post infusion. He
checked his temperature and found it to be 38.4 degrees C. He checked again and it
was still raised at 38.2C. He contacted the Oncology Helpline and the on-call registrar
took the precaution of admitting the patient to the cancer centre. The CRP was raised
at 24 mg/L. CXR was clear. Temp was 38.2C. A diagnosis of lower respiratory tract
infection was considered within the differential and a precautionary dose of Tazocin
4mg IV was given to the patient. The patient was not neutropenic. The patient felt well
and the temperature settled overnight. CRP was still raised at 64 mg/L the next day
but on review by senior team, it was felt that there was no need for continued
admission and the patient was discharged on 10/6/16 at 3pm. As a precaution he was
prescribed Co-Amoxiclav 375mg TDS x 10 days. Hgb: 10.3g/L; WCC: 7.9 x 10^9/l;
Neutrophils: 6.5 x 10^9/l.
SAE 2 - Patient 001, cardiac chest pain unlikely related to LHRHa resulting in
hospitalisation 28/07/16
This patient has a background of known ischaemic heart disease with previous stenting
of LAD. He attended for routine on-treatment review in radiotherapy department on
day 22 cycle 2 radium-223 and fraction no 35 WPRT. He complained of neck/chest
and left arm pain from early hours that morning. ECG = nil acute, baseline High
Sensitivity Troponin T =15 ng/L, repeat after 4 hours = 10 ng/L (Δ-33%). He was
admitted under cardiology, overnight telemetry = NAD, diagnosis was cardiac chest
1

pain, not acute coronary syndrome. Patient had isosorbide mononitrate added to
regular medications and discharged 30/07/17. MI is mentioned as a possible side effect
within SPC of Goserelin but given long-standing cardiac history and relatively short
period on LHRHa (4.5 months) at that point felt unlikely related.
SAE 3 - Patient 009, urinary tract infection resulting in hospitalisation 18/01/17
Patient was assessed D0C3 radium-223 on 17/1/17 and was very well. Developed
dysuria and pyrexia early hours of 18/1/17. Attended hospital in am, urinalysis
positive, diagnosed as urinary sepsis, SIRS score II, no features of severe sepsis.
Treated with oral antibiotics and intravenous fluids. Possibly related to WPRT (last
fraction 13/01/17). Discharged to complete oral antibiotics 21/01/17. Cycle 3 radium223 delayed until 25/01/17. ANC 1.8 x 10^9/L.
SAE 4 - Patient 009, urinary tract infection resulting in hospitalisation 29/01/17.
Patient day D5C3 radium-223, recently discharged following UTI (above) became
unwell with fever, rigors and dysuria. Admitted to hospital and diagnosed with urinary
tract infection. Treated with IV gentamicin initially, then antibiotics de-escalated to
nitrofurantoin. ANC 6.8 10x9/L. His mid specimen urine sample grew coliforms.
Possibly related to WPRT (last fraction 13/01/17). Also developed G1 oral herpes
zoster flare.
SAE 5 and 6
– Patient 028 admitted to hospital with grade 3 cystitis probably related to WPRT
resulting in hospitalisation 11/05/18

2

– Patient 028 admitted to hospital with grade 3 acute kidney injury possibly related to
WPRT resulting in hospitalisation 11/05/18
Pt 028 was admitted after 30 fractions of radiotherapy (60Gy to prostate PTV) with
fatigue and cystitis grade 3. He was afebrile and urine cultures were negative. He was
treated with urinary catheter. Blood tests revealed an acute kidney injury with
creatinine 2-3x above baseline, this was coded as grade 3 given it contributed to his
hospital admission. He was treated with IVF. He was discharged after 5 days and
catheter was removed one month later. His renal function had returned to baseline on
discharge.

Each of these SAE has been serious on account of them resulting in admission to
hospital. Considering their relation to the study treatments, number 1, pyrexia post
infusion was felt to be possibly related to radium-223. Any relation was felt to be as a
result of cannulation and the potential introduction of microorganisms at the time
rather a mechanistic reaction to the drug itself. There was nothing to suggest
synergistic toxicity from radium-223/WPRT. SAE no 2, cardiac chest pain occurred
in a patient with a strong history of ischaemic heart disease from a very young age
(diagnosed late 30s). The metabolic effects of ADT are well documented and certainly
increase burden of cardiovascular disease, but this was felt unlikely to be a major
factor given this man’s baseline cardiac morbidity. Patient 009 suffered 2 UTI’s in
quick succession within a month of completing WPRT. Prior to this he had developed
grade 1 dysuria 5/1/17 as a consequence of WPRT. It is plausible lower GU tract
inflammation from WPRT and resultant impairment of anatomical barriers to infection
may have contributed to his UTI. It is noted that prostatic carcinoma itself is a risk
factor for urinary tract infection. He developed grade 1 neutropenia 19/01/17 and this
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resolved 29/01/17. This was not felt to be sufficiently low to result in
immunosuppression contributing to his infection. Pt 028 cystitis was clearly as a result
of radiotherapy, this could have been exacerbated above that experienced by other
patients by a superimposed infection however no microorganisms were ever cultured,
nor was his clinical course in keeping with an infection. Kidney function was felt to
have deteriorated as a consequence of overall decrease in PS and mild dehydration, it
quickly corrected with catheter and IV fluids; there was nothing to suggest permanent
renal impairment.
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