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ABSTRACT

Thisthesisinvestigategechniquesfor precisionprostate canceradiotherapy. Theinitial
developments in pstate radiotherapydose escalatiomvolvedcreatingconformal dose
distributions around the prostatd-urther accuracy required improvekksignand targetng,

as precisiordependson the weakest link in the radiotherapy chaifine thesis focusesn
improving image guidandey usingmulti-modalityimagingto design the targetbetter
understandingof target motion andsubsequentmargins and utilisingfiducials for precise
radiotherapy deliveryChapter 1 provides a comprehensmweerview of prostate cancer and

its treatment to provide a background for the radiotherapy management. This leads to
Chapter 2 that reviews the rationale for precision radiotherapy and the technical aspects in
the design and delivery of modern dose escadbintensity modulated radiotherapy (IMRT)

with image guidance radiotherapy (IGRT)

Chapter Iaxamined the use of MRi combination withthe simulation CTo definethe
vesicourethral anastomos{¥ UA) the commonest recurrence sit@ postprostatectomy
radiotherapy. Guidelines acknowledgthat CT is most oftenusedfor VUAidentificatior
however, theyadmitthat MRIhassuperior softtissuecontrastbut has not beervalidated
The study illustratedhat the MRidefined VUA is most oftecaudalto the CTdefined VUA
It validated the use of MRI as part of the mutodality imaging for target delineatian

postprostatectomy radiotherapy.

Patients withlocally alvancedprostate cancehavea high risk of seminatesical
involvement Guidelines recommend thgiroximal seminal vesicldge includedn the
clinical target volumeWhile verificationis performedby aligning to the prostate, the

seminal vesicles can move relative to the prost&bapter dusedfiducialsinserted into the
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prostate and proximal seminal vesiclestracktheir displacement The study confirmed that
seminal vesiclesiove relative to he prostate and proposed that greater margenre

requiredfor the seminal vesicles.

Chapters5 and 6 comparedpolymer fiduciad to the standard gold for prostateancer
radiation. Our preliminary investigatiomsinga purposebuilt MR and CT tissuequivalent
phantom foundthat while the polymer fiducialbave a lower contrast thagold, they were
well seenon CT and MRI with far less artefathisled to a clinical studin whichpolymer
fiducialswere comparedto goldfor verificationusingkilovdtage, planar imagingnd cone
beamCTradiotherapy The study illustrated that polymer fiducialsuweegood visibility and
minimal artefactcompared to gold on CHowever, neithewere well seeron MRI because
of tissue heterogeneityThe polymerfiduciak, unlike goldgcould notbe visualiseen kV

planar imaging.

Thefinal two chapters comparaliquid glue fiduciato gold ina porcinebladder model and
a tissueequivalent phantomChapter 7 describes thesuccessfutystoscojic insettion of the
gluefiducialsinto a water-filled exvivo porcine bladdetto simulate the use in post
prostatectomy or bladder radiotherapghapter8 comparedthe imaging characteristics of
the glue fiducialselativeto goldin both models Thestudies showed thathe gluefiducials
couldbe well visualisedn CT, CBCT ak¥ planar imagingAlthoughcontrastwas lower,

they produced less artefadhan gold.

The thesis follows the themaf and processefor improving precision radiotherapy for
prostate cancerlt aims to show that modern mulnodalityimaging,including MRI, CT and

CBCTwvith new fiducialscan improve target definition and verification of prostate
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radiotherapy These incremental technicghinsin precisionare aimedat improvingthe

outcome of patients witHocally alvanced prostate cancemdergoing radiotherapy
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Chapter 1 Introduction

Chapter 1 INTRODUCTION

Thisintroductory chapteris a comprehensive overview of prostate cancer to provide a
background and perspectiver the technical aspects of prostate radiotheraat is

reviewed in Chapter.2

The final update was performed ecember2020.

11 EPIDEMIOLOGY

It is estimated that, wrldwide, over 1 million men are diagnosed with prostate cancer each
year, thisequates to about 15% of cancers diageds men[1]. The majority, 70%@ccur in
developed countriesbut thereis 25 times variatinin incidence between countrig4]. The
highest rates are seen in Australia, New Zeal&iaith Americaand Westerrand Northern
Europe. Howeversome less developed regiorasohave high ratesncluding Southern

Africa and South Amerid2]. The lowest rates are seen in Centaatl Southeasfsia[3].
Prostate cancer is the fifth leading causeathtancerdeaths worldwide Death from

prostate cancer is more common in less developed regions. The nyisaltiigh inBlack

populations, intermediate itNorth Americaand Oceanigand low in Asi§2].

Among Australian menrpstate cancer is the most commoarter (excluding skin cancer)
and the second commonest cause of canedated deaths. A Australian Government
publication reported that 21,808 new casesgre reported in 2009. This represented an
increasefrom 79 new cases per 100,000 males in 1982 t4 48r 100,000 in 2009. The
mortality rates are decreasing but still represente@®! deaths (or 31 deaths per 1,000)

in 2011 Prostate cancer the fourth leading cause of all deaths among Australian mdles
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Chapter 1 Introduction

1.2 AETIOLOGY ANRSKFACTORS

The aetiology of prostate cancer is uncertdint three reasonablyvell-defined risk factors
include increasing age, ethnicignd heredityor family history[2]. The risk of developing

prostate cancer increases with age. ltase before 40 years anghcommon before 50 years

of age The incidence generally peaks in the late 60s to 70s. The incidence rate at 65 years of
age is appoximately 60%2]. The median age of men with prostatencer in Australia is

69years and by 85 yeardl in 59 menwill be diagnosed with prostate cancit].

The evidence for a genetic factor in prostate cancer is based on family history and ethnic
background. Familial studies have shown a-feld risk if ondfirst-degreerelative has

prostate cancer. Truedreditary prostate cancer represents abdg9%of patients.

Hereditary prostate cancer waxplicily defined and based on families meeting at least one

of the following criteria: 1prostate cancer ithree or morefirst-degree relatives;

2) prostate camrer in three successive generations of the maternal or paternal lineages; or
twofirstRSIANBS NBt | G ABSa I[5FHSdmas bis mdanghrée®r Xpp &S
more affeced relativesor at least two relatives diagnosed wigarly-onsetprostate cancer,

before the age of 5§].

Ethnicity has also been shown to affect the incidence of prostateer It is thought to be
related to genetic factorsalthoughother factors such adiet may also be a factoA UK
study showed thaBlack men are roughlgt twice the risk of diagnosis and deatbwhite
men, who arein turn, at neary twice the risk of diagpsis and deatlcompared to Asian

men[7]. The risk oflyingq one in threeg¢ was similar in all ethnic groups. Thade contrass
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with studiesin the USAhat show a higher risk of death iBlack men once diagnos4é]. It is

uncertain whether thissrelated to socieeconomic differences or difference in biology.

Genetic studies have shown thab single gene is responsible for prostatncer, although
many genes have now been implicaf®j. Genomewide association studiescluding a
meta-analysishaveidentified 100 common loci contributing farostate cancef10]. Several
notable genetic mutations havbeen relatedwith a higher risk oflevelopingprostate
cancer includingBRCAIBRCAZenemutations, homeobox B13HOXB1Bgene mutations
and Lynch syndromelso known asereditary nonpolyposis colorectal cancamutations
of MSH2and MLHJ) [11]. P53 mutations in primary prostate cancer are rare but are more
frequently seen in metastatic diseaaad, thus, are associated witla poor prognostic
finding[12]. Many other single nucleotidepolymorphisms and gendkat mainly promote
cancer cell growtlhave been linked to an increased prostate cancer. fisiesanclude,
various androgen andtamin D receptorshereditary prostate cancegene 1(HPC}), HPC2
hereditary prostate cancer,-dked (HPCX carcinomaprostate brain (CAPR postmeiotic
segregation increased PS2, checkpoint kinase ZHEKR nibrin (NBN, BRCA1L
interacting protein @erminal helicase 1BRIP}, ataxia telagiectasia mutatedATM) and

the TMPRSSETSyene familTMPRSSERGiINd TMPRSSETV1/4[9, 11, 13, 14]

Prostate cancexvaspreviouslyconsidered to benainly sporadic with the gene mutations
beingacquired mutations (somaticjlevelopngduring a mag life rather than being
inherited @ermline)[15]. However, iis now estimated thatheritability, or the proportion of

prostate cancer attributed tgermlinegeneticsis about 58%][16].

Page |3



Chapter 1 Introduction

AWestern diet[17], comprisinga diet high in animal fat and low in vegetahlbas been
inconsistently andveakly assoeited with prostate cancelOther dietaryfactors that have

been weaklyassociatedvith prostate cancer or aggressive prostate cancer include high
alcohol and total alcohol abstinence, high intake of dairy products, fried fandsaturated

fats, red or pocessed meat, low and high vitamindhd high nail seleniurflongterm
exposure)18-26]. Factors that may weakly reduce the risk include fish and vegetarian diets,
lycopene and phytoestrogeng27-29]. Metabolic symirome is also weakly associated with
prostate cancerln a metaanalysiof metabolic syndrorathat includedhighbody mass

index, dyslipidaemia, glycaemia, high triglyceridedlow highdensity lipoprotein

cholesterol, only hypertension and waist circi@mence (>102cm) were associated with a

greater risk oprostate cancerby 15% and 56% respectiv¢B].

Medications are also thought to have a role in prostate cancer. Epidemiologic saundies
multiple meta-analy®s have investigated the gential protective properties of aspirin in
prostate cancer. Howevewhile it appearghat aspirinconfers a benefitits use remains

controversia[31-40].

Meta-analyses and systedtic reviewshave inferredthat 5-alphareductase inhibitors (5
ARIs) may redze the risk of developing prostate can¢éf-44]. A review of 15andomised
controlled trials(RCTenoted thatmenwho wereregularly screenefbr prostate-specific
antigen(PSAfor early detection of prostate canceright benefit from 7 years of &\RIs by
prostate cancebeing prevented41]. However there is gootential riskthat if they do
develop prostate canceit may be higkrisk diseas¢41, 44] Thereappearsto beno

significant overall survival benefitith the use of 5ARE[45].
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Statinshave also been studied in mullgprospective studies to investigate a possible
protective effect, but studieshaveshownconflicting result§46]. A meta-analysis andesults
of the REDUCE studld not confrm the preventive effect o$tatinson prostate cancer risk
[47]. Otherstudieshavereportedthat statinsreduce the risk of advanced prostate cancer
[46, 4852] and possiblyethal prostate cancef53]. Statinsmay improve survival when used

with androgendeprivationtherapy ADT) in advanced prostate cancgt8].

The diabetic medication metformin has been investigatedt®association with prostate
cancer. lis notassociated with an increased risk of prostate cancer and may have a

preventive effec{54, 55]

While testosterone promotes the progression of prostate cancer, testosterone replacement

in hypognadal men has not been shown to increase the risk of prostate c§p6eb7]

Other associations and environmeaifactorsare associated with prostate cancdrut a

direct causative link is uncertaiBnvironmental carcinogensuch as Agent Orangeave

been associated with a high incidence, higgsrdeand higher stagef prostate cancer.
Balding,gonorrhoeanight-shift work, cigarette smoking and cadmium exposure have been
associated with an increadeisk. Ultraviolet radiation exposure, circumcisiand high

ejaculatory frequency hae been associated with a lower prostate cancer [&¥.

1.3 THEFUNCTION OF THIROSTATSLAND

The sperm, produced itne testes, enters theprostate®@ upper portiorthrough the vas
deferensvia the seminal vesicleSperm and fluid from the seminal vesicles then mix with

secretions emitted from the prostate to form the seminal fluid that is expelled at the time of
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ejacdation [59]. Seminal fluids a thin milky, alkaline liquid rich in spermine, phospholipids,
cholesterol fibrinogenasecitric acid, fibrinolysin, zin@nd acid phosphatase and other

proteins.The prostate contributes 2(80% of the volume of the seminal fluid.

The prostatic secretions are alkaline and neuseathe acidity in the vagina and thus protect
the sperm from denaturationDuringejaculation the smooth muscle surrounding the small
glands othe prostate contracts. This squeezes the secredioto the prostaticurethra,

where it is mixed with the seminal fluid.

The prostate also plays a part in urethral sphincter function as an internal $phiric

supports the function of the external urethraphincter in maintaining urinary control and is
therefore,one of the reasons that men rarely have urinary stress incontinence. The internal
sphincter also plays\tal role during ejaculation, as @ontracts during ejaculation and

blocks the ejaculate from passing to the bladder.

1.4 ANATOMY

The prostate is conical or pyrarsthapel, with its base surrounding the bladder neck outlet
superiorly and its apex abutting the urogenital diaphragm inferiorly. This inverted pyramid
envelops the prostat urethra and ejaculatory ducts. The ejaculatory ducts connect to the
seminal vesiclesvhich are attached to the posterolateral prostatehd prostate is
surrounded by a@true¢ capsulewhich isathin layer of connective tissue around the
periphery,although it is usually deficient inferiorlt the apex Outside this is éfalse
capsulewhich is a condensation of the pelvic fascia. A prostatic plexus of vestetigeen

the two capsules
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The normalprostategland weighs about 20g in the young adult male and measures
approximately 3.8 x 2.5 x 3.2cm walvolume of 25cc. Howevegthe prostategenerally
enlarges with age due to benign prostate hyperpla8i@atomically the prostatehas been
described as consisting of five lobasterior and posterior lobes, two lateral lohesd one

median lobe. This has mairidgenreplaced ly a zonal anatomical descripti¢s9].

1.4.1 Prostate zones

McNeal (1981) describetie anatomic zones based on biological and histological concepts
[60]. The prostate is divided into fid@stologicakzones the nonglandular anterior
fiboromusculadayer and four glandular components. The four glandatares consist of the
peripheral zone, central zone, transition zone and the periurethral glandular tissue. These
make up 70%, 25%, 9%y R f M> 2 F (G KS LIN®raspectitely/Eagh zanke | y Rdzf |
originates fromthe prostatic urethra and has specific architectural features. The peripheral
zone formghe rim of tissue surrounding the posterolateral and inferior aspect of the
prostate. Its glandular ducts open into the prostatic urethra distal to the verumontanum. In
the younger manthis rim is well defined and relatively thidkut it can often atrophy with

age andbe compressed by benign prostatic hypertrophy of the transition zdhest cancers
arise in the peripheral zone. The central zone is wesltggpeal and surrounded by the
peripheral zone laterally and inferiorly. With agtels often compressed by hypertrophy of
the transition zoneforming a pseudecapsule. Malignancy uncommonly arises from the
central zone. The transition zone consists of two lobes of glandisisue lateral to the

urethra in thefiboromuscularcomponents of the prgprostatic sphincter. The transition zone
enlarges with age being thmost typicalsite of benign prostatic hypertrophy. The

periurethral zone consists of small ducts and acini glttve urethra angeriprostatic
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sphincter. The antericiibromuscularayer covers the convex anterior surface of the
prostate. The apical portion of this area is rich in striated muscle and blends into the gland

and thepelvic diaphragm muscle

1.4.2 Urethra

The male urethra is approximately 18 to 20cm long aadbe divided into the posterior and
anterior urethra. The posterior urethra consists of the prostatic and membranous urethra.
The prostatic urethra is about Bin length Ittraverses the prostate ghd from the

bladder neck outlet to the apex where it is continuous with the membranous urethra in the
urogenital diaphragm. At theerumontanum levelmidway between the prostatic base and
apex the urethracurves 35 degreesntero-caudally towards the bldder neck. The
verumontanum is where the urethral creshé longitudinal ridge of smooth muscle on the
posterior wall) widens and protrudes intbe urethra. The verumontanum has a saccular
depression called the prostatic utricle. The paired ejaculatiigts enter the posterior
urethra slightly distal and lateral to the utrigladjacentto the verumontanum. The prostatic
urethra ends at the urogenital diaphragmhichis composed of transversely oriented

muscle covered by a superior and inferior fascia.

The membranous urethra is approximately 1 to 1.5cm long and traverses through the
urogenital diaphragm. The urogenital diaphragm containsttaesverse perinei muscle,

external urethralsphincterand a Cowpe® glandon each sideof the diaphragm

The anterior urethra includes the bulbous and the penile urethra. The bulbous urethra
extends from the inferior urogenital diaphragm to the penoscrotal junction. The penile

urethra extends from the penoscrotal junction, through the campongiosum, and
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terminates at the external meatus. Before terminating at the glans penis, it forms the fossa

navicularis, a mildly widened portion of the urethra, 1 to 1.5cm in length.

1.4.3 Seminalesicles

Seminal vesicles are paired thiralled grapelike olobulated sacs, abolg to 5cm longand
1cm in diametey situated posterolateral to the prostatbetween the bladder and rectum
They are separated from the rectum Denonvilliersfascia They produce 60% of the
ejaculate fluid. The seminal vesicle thjoin at the caudal tipvith the vas deferens to form
the ejaculatory duct The ejaculatory dustraverse the central prostate zone to open in the

posterior urethra athe verumontanum on either side of the utricl¢61].

1.4.4 AnatomicaRelationships

Superiorly the prostate® ba® is continuous with the neck of the bladder and internal
urethral sphincter muscles. Inferiorlthe apex lies on the superior aspect of the urogenital
diaphragm, the bulbourethral glands of Cowper aadtovesicabpace. The urethra leaves
the prostate just above the apex on its anterior surface. Anterior to the anterior fibrous
muscular layer of th prostate is the retropubic spacé Retzius, venous plexus of Santorini
and the pubic symphysis. Posterigitlye prostate is related to the seminal vesiclaad
rectovesicafascia oDenonvillierghat overliesthe rectal ampulla. Along thieferolateral

prostate the surfaceisthe pubourethralisportions of the levator ani muscle.

1.4.5 Lymphatiadrainage

The postate® primary lymphatic drainagis to the periprostatic lymphatic plexus and the

obturator nodes (external iliacand superiorto the internaliliac systems. Further lymphatic
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drainage is laterally to the external iliac system, and posteriorly to the presacral lymph nodes

adjacentfirst to third sacral segments ($83)and then to the paraaortic lymphatic system

1.4.6 Blood supply

Arterial supply iprovided by branches of the inferior vesical and middle rectal arteries.
Venous drainage is by way of small veins that farprostaticvenous plexus, lying outside
the prostatecapsule. In addition to small prostatic veins, the plexus of Santorini ateo/es
the deep dorsal vein ahe penis and numerous vesical veins. The plexus drains into the

internal iliac veins.

1.4.7 Nerve supply

Theprostate® nerve supplyrises from the pelvic plexus formed by the parasympathetic,
visceral, efferent and preganglionic fibres from the sacral levels S2 em&4he
sympathetic fibres from the lumbar levels L1 to CBnsequentlythe inferior hypogastric
plexus supplies i nerve fibres to innervatthe prostate. Sympathetic stimulation causes
smooth muscles to contract and thus squeezes the secretionsfdtie prostateduring

ejaculation.

1.4.8 Appearanceon magnetic resonance imaging

The zonal anatomy of the prostatecludng the peripheral zone, central zone, transition
zone and theanterior fiboromuscular Iger, are best visualised on #eightedmagnetic

resonance imagin(MR)) [61-65] (see Figures 1.1 and 1.2).
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Bladder

AFL = anterior fibromuscular layer, CZ = cémoae,PU = periurethral tissu€Z = peripheral zone, SV =
seminal vesicles, TZ = transition zone

Source: Austin Health

Figure 1.1 Sagittal view ofprostate zonal anatomy
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AFL = anterior fibromuscular layer, Ca = prostate capsule, CZ = eengaPU = periurethral zone, PZ =
peripheral zone, SV = seminal vesicles, TZ = transition zone

Source: Austin Health

Figire1.2 MRI ofaxial,sagittal andcoronal views oprostate zonal anatomy

The anterior fiboromuscular stroma contains no glandulssue and thus isypointenseor
dark on T2wveighted MRJland is contiguous witthe bladder neckThe geripheral zons are
hyperintenseforming the posterolateral and inferior parts of the prostaldney are
incompletely surrounded by a thin line thfe hypointensecapsule that is most often
deficient inferiorly at the apex. The transition zone has a low signal in younghuewith
age is most often heterogeneousith an increasing chaotic pattern of lom@ high signal

that can be asymmetrical as benign prostatic hypertrophy progresses.

On T2weighted MRIthe central zone is generally a homogeneous low signal intensity (dark)
that symmetrically surrounds the ejaculatory ducts from the prostatic basedo th
verumontanum whichusually has a high T2 signal. With dgenign prostatic hypertrophy

compresses the central zone to a thippointenserim of the pseudecapsule. The seminal
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vesicles are paired grapelike pouches filled with fluid and thus exhibghadignal intensity.
The associated ejaculatory duct appears as al@signal, thick muscular structure that

traverses the central zone to the verumontanum.

The distal prostatic urethra is seen as a central hyperintense invédédith a

hypointenserim of periurethral tissueHoweverthe proximal urethrahaving a similar

intensity tothe surrounding prostateoften cannot be defined in the midland until the

bladder outlet. The membranous urethra can be seen on axiéighted images as a lew
signakintensity ring surrounding the higsignatintensity epithelial surface. The bulbous
urethratraverseshe root of the penislt isa lowersignalintensity tubular structure in the
midline, within the bulb of the corpus spongiosum. Sagittal and coldizaveighted images
may show the course of the anterior and posterior urethra. The distal penile urethra is often

not seen on MRmages.

15 PROSTATEANCERHIST@®PATHOLOGY

The vast majoritymore than 90%@f prostate cancecases are adenocarcinomas of the
prostate [66]. In contrast, sarcomas of the prostatare rare ancaccount foronly 0.1% to
0.2% of all malignant prostatic tumouend are generally aggressive cancélhge most
commonprostate adultsarcomasare rhabdomyosarcomaand leiomyosarcoma$6-68].
Primary urothelial carcinoma of the prostate withdaladder involvement accounts for 1%
to 4% of all prostate carcinom®s9, 70] Primary lymphoma of the prostate liare, being

less common than secondary lymphoma infiltrat{@l, 72]

There are uncommon subtypes of prostate adenocarcinawhacinous adenocarcinoma of

the prostate gland is one of the least common morphologic varidnbehaves like non
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mucinous prostate carcinomas, having a propensity to devietope metastases with
advanced diseadd3]. Neuroendocrine differentiations evident inalargeproportion of
prostateadenocarcinomgsalmosthalf showneuroendocrine differentiation with
immunohistochemistryevaluation usingnultiple neuroendocrine markeig4, 75] The
proportion appears to increase following tluse of hormone therap{76]. Small cell
carcinomas of the prostateehavesimilaly to small cell carcinomas of the lung anave an
inferior prognosig77-79]. Between0.4% and 0.8% of prostatic adenocarcinomas arise from
prostatic ductswvith mostdefined as intraductal adenocarcinoméstraductal carcinomas
often presentin an advanced stagendhave an aggressive clinical couvééh poor

response to therapy and poor prognofs€-85].

TheGleason scores the most widely accepted method of scoring prostate cancer
histopathology[86]. It was originally based dive Gleason patterns ranging froleastto

most aggressiven a scale ot to 5.The Gleasoscore was derived frorthe most extensive
(primary) pattern, plushe second most common (secondary) pattern if tpaiternsare
present. Ifonly one pattern is presenthe Gleason pattern value @oubled to yield the
Gleasorscore. The Gleasosystems hae undergonemanyupdatesby theInternational
Society of Urologal Pathology (ISURgading to thanodified Gleason scoi@7-89].
NowadaysGleason patterns 1 and 2 are rarely scored as Hreyegarded as reflecting
benign diseaseMore aggressive patterns such as ductal and small cell are now graded as
Pattern 4 and 5respectivelyThe modified Gleason scoadso includes a terdiry pattern if

there is a small component of aggressive cancer such as Pattern 5.

Further attemptshave beermade to better correlate the Gleason scoring system with

prognosisThe 2014 ISUP Gleason Grading Conferprm@osed dive-gradesystem[88,
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90]. This system was accepted thetWorld Health Orgamationin 2016 and theCollege of
American Pathologists 2018. It consists of the followirfiye ISURGrade Groups
1. Grade Group 1 (Gleassoore 3+3 = 6)only individual discrete weflormed glands

2. Grade Group 2 (Gleassnore 3+4 = 7)predominantly welformed glands witra

lesser component of poorly formed/fused/cribriform glands

3. Grade Group 3 (Gleassnore 4+3 = 7)redominantly poorlyformed, fused

cribriform glands withalesser component of weformed glands

4. Grade Group 4 (Gleas score 8)only poorlyformed, fusedglands or predominantly
well-formed glands and lesser component lacking glamdgredominantly lacking

glands andalesser component of wefbrmed glands

5. GradeGroup5 (Gleason scores 9 and 1Rcknggland formation (or with necrosis)

with or without poorly formed/fused/cribriform glands

1.6 QLINICAIPRESENTATION

Approximately 30% of mewith prostate cancer aresymptomatic at diagnosig91]. Early-
stage prostate cancer rost oftendetected because of a raised PSAesss frequently an
abnormaldigital rectal examination (DRBJost prostate carers ae located in the prostate
gland? peripheral zonend may be evident as a nodule on DRE. Approximdi@¥yof
prostatecancersare detectedby DREalone but DRBby itselfhas a low detection rate of
3.2%[92, 93] Abnormal DRE findings warrant a PSA testawodtate biopsyas DRE alone

has a positive predictive value of 10% even with a normal[®gA

Symptoms may appear when cancer invades the urethra and obstructs the urinary flow
i.e.,lower urinary tract symptoms. These include difficulty initiatimgne flow, hesitang,
poor stream and terminal dribblin@5, 96] although these symptomsre morefrequently

associated with benign prostatic hypertrophy. Otless commorsymptoms include
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haematuria anchaematosperma. In severe obstruction, acute or chronic urinary retention
can result in renal flure. Uncommonly nowadays the PSA erdocally advanced prostate

cancer can obstruct the rectum.

In advanced or metastatic disease, patients may complain of pamemainly in the axial
skeleton e.g.,back pairdue to vertebralmetastasis in association with fatigue or lethargy. If
the metastatic diseasmvades or compressdle spinal cord or cauda equinpatientscan

develop neurological signs

Progressivepmnal metastases can lead $pinal cord compression or cauda equina
syndrome. Typical symptoms are back passociatedvith lower limb weakness,
paraesthesiaperineal/saddle anaesthesiand urinary and faecal incontinence. Jlsiinical
situationrequires urgent assessmenwith MRI for diagnosisand treatment with steroids
radiotherapyand/or decompressive surgery. Extensive involvement of lymph nodes can
result in lymphoedema ahe pelvis and lower limbs. Visceral metastases most often occur
late in the course of advanced metastatic prostate capadien the cancer is

undifferentiated and classified as mastaticcastrateresistant prostate canc§mCRPL

1.7 STAGING ANIRSKCATEGORISATION

1.7.1 Digitalrectal examination

DREHs a standard part of clical examination to evaluat@alelower urinary tract

symptoms but its utility for the initial detection of cancer is limiteblecause of its relatively
low sensitivity and specificity in a screened populatiblost patients detected with prostate
cancerduringthe screening PSA program have normal DBRAtself, DREas a low cancer

detection rate of 3.2%02, 93] An abnormal DRE has a positive predictive value of%208
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prostate cancerandanormal DRE has a negative predictive value of 84.2%. Therefore,
palpation of irregularity or nodule during DRE remaansndication for prostate biopsy
regardless of the level of P§#V], and is of progostic immrtance when prostate cancer is
diagnoseds it is more likely to detect clinitalsignificant cancers with extarostatic

extension or seminal vesicle invasi®8].

1.7.2 Prostatespecific antige and prostatecancerbiomarkers
Bloodbasel biomarkers

PSAor kallikrein3 (KLK3), is a glycoprotein enzyme encoded in humans titk&ene.
PSA is present in the blood in multiple isoformsme being moreancerspecific than
others. PSA is relatively orgapecific but elevations in serum PSA levels are not cancer
specificPSA is secreted ltlye prostate gland into the prostatic ductslsially, only low
levels of PSAnterthe bloodstreamHowever pathological processesuch adenign
prostatic hypertrophy prostatitis and malignanayisrupt theprostateblood barrierand

allowincreasing levels d?SA to enter the bloodstreaf@9].

A PSAevelgreater than 4.0nghLis gererally regarded as abnormadt has asensitivityof
21¢44%and specificityof 91¢92%for detection of prostate cancekVith a3.0ng/mL
threshold the sensitivity increase® above32% but the specificity decreases to 83%00,
101]. The positive predictive value for a PSA level >4.0hggapproximately30%[92], and
the negative predictive value for a PSA value <4.0hg#85%]102]. However, some forms

of prostate cancerincluding aggressive cancgean present with dow PSA103, 104]

Modificationsof PSAneasuremensuch as PSA density and RBwtics have been

developedto improve its specificityThe PSA density is the PSA level divided by the prostate
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volume determined byransrectal ultrasoundLower densities are more indicative of benign
prostatic hypertrophywhereas higher densities imply a greater probability sfgmificant
cancer.PSA velocity (PSAV) is the increase in PSA over tinmel(pgar), and PSA doubling
time (PSADT) is the exponential increase in PSA measured against previous yatapgl
PSAV and PYAT indicatamore aggressive disease anincreased likelihood of metastatic
disease. They ay have a role in prognosis baite oflimited diagnostic us§L05]. The
free/total (f/t) PSA ratio may be used to differentidtenign prostatic hypertrophfrom
prostate cancerparticularly in the PSA grey zone rangé @t10.0ng/mL{106, 107] The
lowerthe f/t PSA ratigthe greater he probability of prostate cancer. Recommended
thresholds have ranged from 0.14 to 0.2fowever, aneta-analysis concluded thdt PSA
ratio had low sensitivity and specificity and should only be used in conjunction with other

diagnostic tool$108].

Humankallikrein 2 (hK2js closely relatedo PSAbeing aserine proteasdelonging to the
kallikrein family Sudies have used a panel ofarkers including hKZuch athe FDA

approvedProstate Health Index (PHI® guidebiopsy decisions

Blood-based prostate biomarkemsuch aghe PHlandfour kallikrein scorg¢4K) are forms of
PSA testing that measure a rangekaflikreirsin serum anglasma.Theirprimaryuse has
been toreduce the number of unnecessary repeat biopsies in prelyduspsynegative
menby increasing the specificitf PSA testingnd indicating a greater risk of a clinically
significant cancejl09-112]. The PHI is calculated from the combination of free and total
PSA and the PSA isoform p2PSA. Studies have showheHhtl can improvaighrisk
prostate cancer detectioand is associated with prostate cancer aggressivefidss116].

The 4K score measures free, intact and total PSA and kaHlikeipeptidase2 (hK2). It also
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accounts for clinical informatigrsuch as age, DRE and prior biogsults Ameta-analysis
noted that the 4K score is associated with an improvement in predicting bopsyrmed

prostate cancer while avoiding 486% of repeat prostate biopsi¢sl7]. It has also shown
that it can improve the discrimination of higirade cancef118]. Acomparisorof PHI and

4K has shown that they have similar performaficE9].

Urinebasedbiomarkers

Prostate cancer antigentBRNA (PCA3j overexpressedh 95%of prostate cancersThe
PCAS3 geneslocated on chromosome 992322 [120]. PCA3s detectable in urine as
prostate cancegspecifichiomarker, usingthe commercially availableest, ProgensaPCA3s
used with PSA testimate whether theisk ofprostate @ancerwarrantsrepeat biopsiegor
men with previous negativbiopsiesparticularly when PSA levedse persistently elevated
in the intermediate rangd121, 122] PCA3loesnot, however, appearto improve on PHI in

predicting cancer on initial or repeat biopsi@23, 124]

Anotherurine-basedmRNA biomarkeis SelectMDXwhichtests for the presence diOXC6
and DLXImMRNA. Taseareincludedin the SelectMD>core whichusesan algorithm that
alsoincludestotal PSA, PSA density, DRE, age and family h[&@®BY It provides a risk of
prostate cancer and the presencehufhriskdiseaseand thus could assist in avoiding

unnecessary biopsig$25, 126]

Gene rearrangements have been described in multiple carameisan be measured in
urine. TheTMPRSSERGJusion genecomprisngthe androgenresponsive gen@MPRSS2
and erythroblast transformatiorspecific (ETSglated gene (ER@)as observed in 4B0%

of prostate cancerfl27]. Both genes are locatemh chromosome 21. A recent meta
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analysis showed thatMPRSSERGverexpression is associated with tumour stage, but not

with disease recurrence or mortality in men treated with radical prostatectflt2g].

The MiProstate ScoreMiPS)combines the prognostic significance of urine TMPRSS3
and urine PCA3 with serum PSA to generate a prostate cancer risk assessmefitz&jore
MiPSissuperior to PSA alone in predicting biogsynfirmed prostate cancer and higjrade

diseasqg129]andmay reduce the number of biopsies requirgdO].

Tissuebasedbiomarkers

A number oftissuebasedbiomarkers that test for multiplenolecular species, notably
MmRNAhave been developed tdetermineprostate cancer aggressivenessigrognosis,

thereby aiding in clinical decisioBable 1.1)

ConfirmMDx is a tissuleased epigenetic test. The ConfirmMDx test quantifies the
methylation level of promoter regions of three gen&as associatiolRASSH 1glutathione
stransferase PilGSTPjlandadenomatouspolyposiscoli (AP, in benign prostatic tissuet
helps distinguish a truaegative biopsy from possible occult cancer and may help avoid

repeat biopsie$126, 131, 13].

Prolaris isa commercially availablbiomarker. It calculates a cell cycle progression sbgre
analysing 31 cell cycle progressidranscripts[133]. It hasbeenshown to be oprognostic
valueby predicting outcoméollowing treatment with prostatectomy and radiotherapgnd
in surveillancgopulations Itthereby may indicate the uttlf of the treatment modality

[134-136]
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TheDeciphe® test measures thdRNA expressioof 22 markergenes includngnon-coding
and intronic sequencet® produce a genetic signaturfl26]. Decipher signaturéas been
validated to be of prognostic valder prostate cancegspecific mortality137, 138] It
predicts for systemic progressi@md development of metastatic disease following
prostatectomy and for the benefit of posprostatectomy radiotherapy in highsk patients
[139-142]. Decipheris commercially available as a prognostiol to assist in clinical

decisionmaking.

TheOncotype [ XGenomic Prostate Score (GPS) is a genomic tlszsed tesbf 12 genes
relating to prostate cancer progression and housekeeping genes foraligation[143]. The
prognostic value has been showntie pre-operative biopsy diagnosis of leto
intermediaterisk @ancer.GPS can preditigh-grade adverse pathologhigh-stage disease
andbiochemical relaps& men with low or low-intermediaterisk prostate cancel26,

144] Following these promisingesults,it has been made availab®smmercially.

ProMark® is a quantitative proteomegbased test that measures eight proteins (DERL1,
CUL2, SMAD4, PDSS2, HSPA9, FUS, pS6 and[Y&DXtpredicts potential
aggressiveness in Gleason 3+3 and, 8t#ery low, lowand lowintermediaterisk prostate
cancer[126]. Early validation studies suggest it can sepafateurablefrom unfavourable

pathology and Gleason score 6 from g@ieason score @.46].

Recently severalbiomarkershave beemroposedfor predicting response ttherapy. These
include ARV7, measured in circulating tumour cells for predicting enzalutamide and
abiraterone resistancanutant BRCA1/2Zrom prostate tissue for predicting responsedo

poly [ADR;ribosq polymerasgPARPinhibitor, olaparily the PORTOS test in prostate tissue
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for predicting response to radiotherapgnd circulating tumour DNA for predicting

resistance to enzalutamide in castratesistant prostate cancdi?21, 147]

The studies of biological markers appear promising and may greatly assist in the
management of prostate cancgt21, 147, 148]However, while some tests are available
they areexpensiveFurther rigorous prospectivealidationdataand comparisoawith
standard toolsarerequired before such markers can bdoptedin routine clinical practice

[126, 143]

Tablel.1 Evolvingndications fomprostate cancerbiomarkers

Indication Biomarker

Need for initial biopsy . Prostate Health Inde(PH)
. SelectMDx
. Four kallikrein score (4K)

.Mi-Prostate ScoréMiP3

Need for repeat biopsy . Prostate cancer antigen 3 mRN2CA3
. Confirm Dx
4K

MiPS

Active surveillancesintervention/treatment . Oncotype DX
. Promark
. Prolaris

. Decipher

.Prolaris
. Decipher

Postprostatectomy observation vs adjuvant
treatment

N RP|dWONR[MOWNERIDON R

1.7.3 Transperineal viransrectabiopsy

Biopsy remains the clinical cornerstone for the diagnosis of prostate cancer. Historically
trangectalultrasoundguided (TRUS) biopsy with a-&@re extended sextant was

recommended by guidelines as it wagjarded as sufficiently accurateith only 1531% of
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patients requiring repeated biopsies to make the diagnfidi®, 149]. Repeat biopsies are
typically due to sampling errorespecially with anterior and apical tumoydb0]. It also has
been noted that the Gleason grading from TRUS biopsies was not consistent with
prostatectomy specimens in up to 3% case§l51], and, inanother studywasupgradel in
33.2% to 50%f cased152-154]. TRUS biopsies have generbignregarded as being safe
with anantibiotic cover. Complications such as bleeding andection occur in
approximately 6% ofaseswith haematospermiabeing the most commogomplication
(37.4%0f case¥ Severe complicationsuch as abscess formation and graggative

septicaemiaoccurin less thanl%of caseg§105, 153]

Transperinealemplate biopy (TPBhasbeen increasingly utilisellecauseof its improved
diagnostic accuracy and lower complication rgtB4]. It has been estimated that about 30%
of patients are diagnosed with prostate cancer with a TPB after an initial negative TRUS
biopsy. Tansperineal biopsies enable the procedure to sdila greater number of cores,
including saturation biopsies of up to 50 corsincrease the detection rate&Severe
complication rats, includingprostaticabscessand septicaemigare lowerwith TPBthan

TRU$154].

To further improvebiopsy diagnostic accurganulti-parametricMRI (npMRI)guidance has
been used to perform targeted biop$¥s5, 156] ThempMRIcomprisessequencesncluding
T2-weighted and diffusiofweighted imagingwith or without dynamic contrasenhanced
MRI. The interpretatiof resultshas been standarded by the Prostate Imaging Reporting
and DataSystem (PIRALD [157-159]. The RPRADSategorsesprostate lesions based on the
likelihood of cancer according to a fipeint scale: RRADS £, clinically significant cancer is

highly unlikely to be present; fRADS 2 clinically significant cancer is unlikely to be
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present PFRADS 8 the presence of clinically significant cancer is equivétd&®ADS 4
clinically significant cancer is likely to be preseamdPFRADS § clinically significant cancer

is highly liket to bepresent.

MRI can be used in several waygluding inbore biopsies, cognitive MRI ultrasound fusion
or device or softwaremediated MRultrasoundfusion[160]. MRIin-bore biopsiesequire
significant magnet timand are costly, sotheir utilisation has been limited to dedicated
centres. Cognitive fusion is logistically easidthe detection rate is similar to deviee
mediated fision[160, 161] A metaanalysis hagllustratedthat mpMRI fusion biopsies
improve the diagnosis of significant cancer and decrease the detection of indolent cancers

[162, 163] It has a sensitivity of 895%[164].

Three recent and important trials have elucidated the usesmpMRIguided biopsyPROMIS
[150], randomised PRECISI{(185]andthe 4M Study{149]. They have confired that the
use ofmpMRIguided biopsiesncreasegshe likelihood ofa clinically significant cancer being
identified, reducesoverdetectionof clinically indolent insignificant canceendresults in
fewer biopsies being required. The use of MRI befwopsy and MRlargeted biopsy was
superior to standard transrectal ultrasonograpgyided biopsy in men at clinical risk for
prostate cancer who had not undergone biopsy previo{sbp, 165] It has also been
proposed thatmpMRHargeted biopsy could omihe need forsystenatic sampling to
reduce the diagnosis of lowsk disease and thereby decrease the potential treatnearim

to patients[166].

MpMRIguidedTPBs increasingly being considered the primary pathological diagnostic tool

in prostate canceand is increasingly used Australia.
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1.7.4 Computed tomography

Pelviccomputed tomography(CT) isregarded as the standard investigation for the
asessment of lymph node involvement in intermediasand highrisk prostate cancel54,
167]. The risk of lymph node metastases is basedite, number, shape, lyph node
architectureand sizemainly a diameter greater thang@2mm inthe short axig168-170].
According to diameterthe sensitivity is relatively loywith amedianof 0.42 as CTtannot
detect microscopic nodal involvemeritowever, its specificity iselatively highat 0.82[154,
169]. CTwith positron emissiontomography PEY, particularlyprostate-specificmembrane

antigen (PSMAPEThas been used to improve the performance of[C34].

1.7.5 Technetiumbone scan

Technetiumbone scarnisregarded as the standard investigation fare metastases in high
risk and symptomatic prostate candd67]. It has a sensitivity of P8and a specificity of
82%[167, 171] However, technetium scintigraphy performs poorly with PSA values
<20hg/mL[172]. Its performance may be improved widmgle-photon emission computed
tomography(SPEQThowever,more recently whole-body MRI andsodium fluoride NaF

PET have been proposed as alternatiseebone scarj167, 172, 173]

1.7.6 Magnetic resonance imaging

While mpMRlisimportant for targeted biopsies and radiotherapy plann[ad4], its utility
for local stagindpefore surgery is debatabléRI hagelativelylow sensitivity in detecting
extracapsular extension as it will not detect microscopic capsular invadenefore, itis

not generallyrecommended for lowrisk prostate cancer patients. However, in intermediate
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and highrisk diseasga metaanalysis has shown a sensitivitly71%and specificityof 82%

for extraprostaticextension and seminal vesicle invasjaii5].

Whole-body MRI is an appealing modality fmostate cancer staginigecause of its high soft
tissue contrast and anatomical detdtlcanimage bone marrow, nodal and safsue
metastasesin addition to the locoregional disease a single scasession It allows for
combiningsequences such as-eighted, T2weighted and diffusiorweighted scans
providing not only morphological but also structural and functionalrimiation [176]. A
meta-analysiof whole-body MRI foundhat MRIoutperformed bone scan in the staging of
bone metastases in higtisk prostate canceland offered anatomical and structural
information[171]. However, it maybe less sensitiveltan PETfor bone metastasisand

lymph node staginfll77-179].

1.7.7 Positron emission tomography

PET has been shown to have an increasing role in the diagnosis and staging of prostate
cancer. t hasalsobeenutilised for the targeting of biopsy, radiotherapy planning and

response assessmefi80-182].

BRFDGfluorodeoxyglucospPETCT is widely used in cancer imagibgtit appears to have
low sensitivity andimited activity in prostate adenocarcinoma diagnosis and staging
becauseof the low metabolic activity of prostatfl 76, 183] However, it appears to be more
useful instagingaggressive highrade and higlleasorscore cancergncluding small
cell/neuroendocrine tumours and metastatic medical castratiesistant prostate cancer

[171, 184]
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Choline PHTT usingeither G or ®~labelled cholinehas been utiliseéh a limited
number of centres for the assessment of prostate cant'€r has the advantage of lower
urinary excretion compared t&F, but the shorter haHlife necessitates a local cyclotron.
Due to its low sensitivity in the diagnosis and initial stagigrostate cancerthe role for
choline PET/CT appears limited. While some studies have stuline PENCT to be useful
in detectngintra-prostatic lesions for radiotherapy plannirand in combination withmulti-
modalityimaging for correlation wittthe Gleasorscore[185-187], other studies have been
conflicting[188, 189] Choline PET/Cappears more usefudbr evaluatinglymphnode
metastases or recurrence outside thelvisin the setting of a PSA recurrence after local
therapy. A recent review reported an improvement wimoline PET/CT compared to
anatomical imaging for metastatic lymph node detectiafith pooledpositive predictive
valuesrangngbetween 780and 858%[190]. However,comparison of koline PENCT with
PSMA PET shaethat PSMA PET has a higher sensitivity th@tholine or*®~fluciclovine

PET/CT imaging, along with higher levels of specificy).

PSMA PET is rapidly emerging as an important investigative tool for prostate cancer
diagnosis, staging amédsponseassessment due to its excellent sensitivibgapecificity
compared toother available imagin§fl92]. PSMAs a promisingimaging and therapeutic
target because of its preferential overexpression by most prostate cancer cells, its
correlation with tumour grade, low presencetime bloodstream and sufficient retention. A
meta-analysis of 15 studies showed that PSMA PET had a large impact on manaigemen
prostate cancer patientsith greater PET positivity associated with a higher proportion of

changes in managemefit93].
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While mpMRlis increasingly utsed for the diagnosis and local staging of prostate cancer,
studies have indicated that its performance ardetingbiopsies and the staging of
extracapsular gtension and seminal vesicle invasioay be improvedvith PSMA PE[L94,

195]

PSMA has an increasing roleagsessingymph node metastase®oth for staging and for
PSAelapse following treatmentTraditionally, CT has been used clinically, with a sensitivity
of 42% and specificity of 82%; more recently, mpMRI, witlsisigity of 39% and specificity

of 82%, has also been usgib9]. A number of studies have illustrated the improved
accuracyand detectionof PSMA PET overdiut especially with smaller lymph nodes
apparently uninvolvean standard imaginflL96-198]. A recent prospective study of pre
operative staging with8GaPSMA11 PET/MRI found a good sensiti\i#3.8%), excellent

specficity (10099 and high accurac{3%) for detection oflymph nodemetastase$196].

PSMA PET also has a rioleletectingrecurrent diseasgparticularly aftertreatment with
prostatectomy, radiotherapy or botfil99]. In a large prospectiv&udy, PSMA PEGould
localse the recurrent prostate cancer in 758bcasesThe detection rates were significéyt
increasedwith higher levels of PSR00]. Similar results have been confirmedmultiple
meta-analy®s [201]. Howevergxisting studies are heterogeneous and limited by
retrospective design, publication bias and tiedi reference standardsTherefore, the results

need to be confirmed in prospective clinical trif292].

PSMA PET abilityto accurately stagéighrisk localised and metastatic prostate cancer is
further highlighted by a systematic review of 37 articles involvi7§@ patientq203]. The

reviewconfirmed the increase ithe percentage of positive scans withcreasing?SA. For
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PSA categoriex0.19, 0.20.49, 0.50.99, kM P b | Y B thexpergeBtag¥s of positive
scans were 33%, 45%, 59%, 75% and 95%, respeciikelyevienshowedthat PSMA PET
had ahigh sensitivity (75%) and excellent specificity (99%@ pernode analysis. It
concluded that PSMA PET improved the detection of metastaseP8iffecurrence

particularly at low PSA levels where most other imaging [f203].

PSMA PET, however, is not without its caveats. False positivesctiaydueto physiologic
uptake in normal tissue, such as the kidne, pueast, brain, adrenal, ovary, salivary gland,
celiac ganglion, small intestirmadreactive lymph nodesAdditionally, otherbenign and
malignanttumours, such ason-smalkcell lung carcinomaneuroendocrine tumourggenal

cellcarcinomasand Pagef disease of the bonean show PSMA activif204-206].

False negatives can also oceuth PSMA PEdsit hasa low sensitivity for nodal disease at
<4mm, and nodes cannot often be detected at <2niNotably, 510% of prostate cancers
do not express PSMA, although some of thegethe small cell neuroendocrine or de

differentiated prostate cancers that are FDG g\tiél7, 206, 207]

¥ENaFPETCT has been increasingly utilised in cancer patients as a more sensitive
alternative to the other methoddncludingtechnetiumbone scanfor detectingbone
metastaseg$208, 209] Previous metanaly®s haveillustrated ths improved performance
in variouscancersincluding prostate cancgR10, 211] Theimproved performances
essentiafor highrisk prostate cancer as it has aopensityto metastasse to bone which
can be a major cause of morbidity. A metaalysis of 14 studies published in 2019
systematically analysedaFPET in prostate cancf12]. Theauthorsconcludel that

NaFPET haanexcellent diagnostic performance for staging aedtagingof bone
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metastases in prostate canceéts performance was superior technetiumbone

scintigraphyand SPEC&nd comparable to diffusicweighted MRI. Comparisomd NaFPET

and PSMA PET in the detection of bone metastases have been conflicting. A recent pooled
analysis in prostate cancer showed that PSMA PET had the highgsitent sersitivity,

but NaFPET/CT had the highest sensitivity per lesion. PSMA PET/CIRERETCT were
equivalentto or outperformed MRI angholine PET/CTwhereasbone scan was the least

effective[213].

1.8 TREATMENWITHOQURATIVENTENT

1.8.1 Active surveillance

Active surveillance is the active monitoring of gk or lowintermediaterisk prostate
cancer Interventionwith treatment with curative intent is only instituted if there is disease
progressiorf214]. Theaimis to avoidunnecessaryreatment-related toxicities in men

whose cancer isinlikely to progress in their lifetime.

For men diagnosed with prostate cancapproximately50%will have lowrisk disease,
typically a Gleason scooé 6 or, more recently Grade Group 1215-217]. Many of these will
be indolent tumours that remain clinically insigo#nt for many years, possibly for the
remainder of theman@life. There is a discordance betwegmostate cancer prevalencnd
the risk of mortality from prostate canc§217]. Autopsy studies of men have shown that
many harbarr prostate cancer that has remained asymptomatic and not metesdsi
Molecular genetic testing has also illustrated that Gleason patdecancersunlike Gleason
pattern 4 cancer, often do not have the genetic or molecular aberrations associated with

cancer progression and metastag@47, 218] This is clinically evident in that only a small
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proportion of men with Gleason patte 6 cancer wilhavemetastasas; one study estimated
this proportionto be 0.2% at 20 yeafg18]. Studies have shown that most patients with
low-risk disease will not benefit from radical treatment and thatiaetsurveillance may be a

more reasonable option ithese men

¢tKS {6SRAAK tNRAaGIGS /FyOSN)I DNRdzLJnn o{t/ Dmno
prostate cancer to radical prostatectomy or watchful waitiRgtients wererecruited over

10years from 1989 to 1999and followeduntil 2012 Watchful waitingconsisted oho

immediate treatment or active monitoring, except a transurethral resection of the prostate

(TURP) ifequired, whichwasin contrastto contemporaryactive surveillance protocols. The

{t/ Dmnn & dharén wirlatafided prostate cancbenefited fromprostatectomy

compared with watchful waiting219]. They noted that the number needed to treat to

prevent one death was eight. The greatest benefit was seen in men younger than 65 years

with intermediaterisk prostate cancer, although prostatectomy was associated with a

reduced risk ofnetastases in older men.

The Prostate InterventionersusObservation Trial (PIVOT), which randsedi 731 men with
localsed prostate cancefmainly lowriskand intermediaterisk)to observationversus

radical prostatectomy from 1994 002,provides randomised evidence supporting active
surveillancg220]. The authors reported an updated series with nearly 20 years of faljpw
and confirmed nalifference inall-cause oiprostate cancegspecific mortality Treatment
was associated withreincreasel frequency of adverse events but@ver frequency of

treatment for disease progression.
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Similarly, the ProtecT trial randosed 1,643 men with locaed prostate cancer to undergo
active monitoring radiotherapy or surgery from 1999 to 20[¥21]. Approximately 80% of

the patientsin this study were considered low risk recent update ol 0-yearmortality,
disease progression and side effegfghe study reported a low incidence of prostate cancer
mortality. With no difference between the treatment group85% of patients witholw- and
intermediaterisk prostate cancer did not die of prostate cancer. There was a tremdrtts
increasingprostate cancer deathand an increase in progression and metastatic disease
with active monitoringHowever the increased patienteported harmsdue to treatment,in

part, balancedthe adverse prostate cancer effed22].

Clinical evidence supporting active surveillance for intermediesie patients comes from
prospective institutional cohort€Caperberget al reported data comparing intermediate

and lowrisk patients who underwent active surveillan@23]. After4 years of followup,

the study found no difference in the rate chncer progressioar the proportion of men
undergoing treatment between the two group@23]. In contrast, a previous report from the
University of Toronto showed an increased risk of late metastasis in men with intermediate
risk prostate cancer who cke active surveilland@24]. Men with Gleason 7 prostate

cancer primarily drovéhis relationship However, these men were selected and monitored

by clinical and pathologic criteria only and perhaps underwent serial biopsy too infrequently
for their level of riskA systematic review of active surveillance in intermedias& prostae

cancershoweda higher risk of prostatelirected treatment and metastatic diseaf&25].

Patients with Gleason 6 cancers and Gleason 3+4anittv percentage of pattern 4 are
considered ative surveillance candidateRatients are followed with serial PSA and rectal

examinationsand repeat biopsiesTheAmerican Society of Clinical Oncol@mpcourages
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the following testing schedule for active surveillana®SA test every 3 to 6 months, a DRE
at least once every year, another prostate biopsy within 6 to 12 months, then a biopsy at
least every 2 to 5 yeaf226]. However, increasinglynpMRI and biomarkers are being used
asan importantpart of the selection and followp of such patient§l21, 126, 227, 228]

Guidelines for patient selection and management are now esthblished226, 229232].

1.8.2 Surgery
Radical prostatectomy vs robotic (including laparoscopic) prostatectomy

Historically radical prosatectomy, more typically via a retropubic approablas been the
standard treatment of locaded prostate cancer. Typically, this has been utilised in patients
with low- and intermediaterisk prostate cancer who had a life expectancyi@fyearsMany

of these patients are now entered into an active surveillance program. Prostatectomy is now
considered in the younger patient with higlsk diseasgand even in patients with pelvic

lymph node metastaseas part of a multmodality treatment[233].

Surgery can provide good loigrm oncological outcomes in selected higbk patiens,
either alone or with posbperative radiotherapy # adjuvantADT[234]. A recent meta
analysisalsosuggessthat prostatectomy may prolong survival in higek prostate patients
at the expense of poorer urinary and sexual functi®8d5]. It indicated that cancespecific
survival night be further improved in combination with radiotherapy. Howeveareful

patient selection was considereagkcessary235].

Increasinglylaparoscopic or robeassisted prostatectomy has been used in prostate cancer.

It has some advantages in terms of shortened hospitalisation and earlier return to work.
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However, randomised stuelsbetween open and robotic prostactomy did not show a

benefitin functional or oncologic outcom@36, 237]

Lymph node dissection

Pelvic lymph node dissectipimcluding extended pelvic lymph node dissection in men with
intermediate and hightrisk prostate canceundergoing prostatectomyis controversial

European Association of Urology (EAU) guidelines suggdsiuld be considered if the

lymph node risk is greater than 5%, while National Comprehensive Cancer Network (NCCN)

guidelines suggest consideratiorthk risk is greater than 294233, 238] However, theres
no levell evidence supportinghe implementationof lymph node dissectigrand systematic
reviewshave not shown an improved outcomeacluding survival239]. The uilisation of
lymph node @ssectionis mainly based on institutional studies indicating lgagn survival

in patients with lymph node metastases who have undergone lymph node diss¢24ion
241]. However other studies have failed tomprove outcomesand highlight the possible
side effects of pelvic lymph node dissect{@42]. Its role appears to be mainly prognostic

and stagingto direct postprostatecomy therapy[239].

1.8.3 Radiotherapy

Primaryradiotherapy with curative intent is a wedlstablished treatment for prostate
cancer. Depending on the clinical situation, it can be delivered using a numtemhoiques
including external beam radiotheragiBRT)EBRTWwith a highdoserate brachytherapy

boost and lowdoserate brachytherapy monotherapy.

EBRTs the most widely utited form of prostate radiotherapygndrecent randomised

studies have confirmed its utility in the modern setting. Two randomised studies comparing
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radiotherapy plus adjuvant hormone therapgrsus hormone therapglonehaveshown an
improved outcome for the combinatiof243, 244] Widmark et alrandomised 875 patients
with locally advancedr high-risk prostate cancer to radiotherapy akdT(neoadjuvantand
continuous) versus continuouWsDTalone[243]. The addition of local radiotherapy to
endocrine treatment halved th&0-year prostatecancegspecific mortality It substantially
decreased overall mortality witn acceptable risk of sideffects compared with endocrine
treatment alone. In another stugyWarde et al. randomised 1057 highrisk prostate cancer
patientsto androgen deprivation with or without radiotherapy. In the radiotherapy arm, the
patients had a significantly high@&ryearoverall survival of 74% versus 66% for the androgen
deprivation alone arnfp=0.033. The trial showed a clear overall survival betrfefi
radiotherapy with androgen deprivation in a locally advanced or-higihprostate cancer

patient population[244].

The STAMPEDE study has further supplied prospectiveamatomised data that support
local radiotherapyor locally advanced prostate cancer with or without pelvic node
metastase$245]. Thestudyfound that failurefree survival outcome®f nonmetastatic,
high-risk prostate cancer patientsith newly diagnosed diseaseeve increased by
radiotherapyto the prostate with or without pehd radiotherapycompared to the standard
of care ADTalone The improved outcomevas coffirmed for patientsboth with and
without nodal involvementThestudy authorsconcluded that he datag together with
previous studiessupported the routine use ofradiotherapyin patients withnode-positive

nonmetastatic prostate cancer.

The ProtecT studrandomised B33 patients with mainly lowor intermediaterisk prostate

cancer to active monitoring, surgeoy radiotherapy[246]. At a median ofLO yearsfollow-
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up, there was low mortality with no differences between treatment groups. Notaidyh
surgery and radiotherapy were associated watlower incidence of progressigmetastasis
and possibl dying from prostate cancebut there was no difference between
prostatectomy and radiatiof222, 246] In a separate report on patiemeported outcomes,
surgery had the greatest negative impact on urinary and sexual outsamnereas
radiotherapy had the greatest inggt on bowel functiorf246]. There were no significant
differences observed among the groups in measures of anxiety, depressgenenal
health-related or cancerelated quality of life. The study illustrated that radiotherapy is a
reasonable alternative to surgery. It is most often recommended in the older patieriband

men withmore advanced disease.

Treatmentoutcomes includingbiochemical control and lower toxicity for radiothergpy
have improved withthe utilisation of intensitymodulated radiotherapy and imagguidance
techniques. Iraddition, recently, four large prospectivRCEhave demonstrated that EBRT
delivered to theprostate using moderatbypofractionation(2.4 to 34Gyper fraction)
provides similar early prostate cancer control and simoaicity to EBRT delivered using
conventional fractionation (8 to 20Gyper day)[247, 248] increasing the convenience of

radiotherapy by reducing overall treatment times of approximate]9 &eeks to 46 weeks.

EBRT witlhigh-doserate brachytherapy boosis associated with lower rates of biochemical
failure in retrospective and phasestudies[249, 250] A recent phase 3 studASCENDET,
hasconfirmedthe improvements with drachytherapy boosand thus increasgradiation
dose[251]. This study randomised 398 intermediasad high-riskprostate cancer patients
to pelvic radiotherapy to 46yplus anEBRDoost to 78Gy or a brachytherapy boost. The

men randomsed to external beam boostvere significantly mordikely to experience
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biochemical failureHowever, the brachytherapy boost showed no survival benefit, a
significant increase in acute and late genitourinary morbidity, and asigmificant trend for
worse gastrointestinal morbidit{252]. There was a significantly greater decline in mean
health-related quality of life for the brachytherapy boost physical and urinary function

scales.

Lowdoserate brachytherapy alone isvaell-establishedprostate cancer treatment
particularly forthe low-risk diseas¢253]. It is seen as an alternatite surgery and has
similar outcomes to both surgef254]and EBRTIt has been shown to have less rectal
toxicity and better preservation of erectifanction, but at the expense of slightly greater

urethral side effect$254-256].

Pelvt nodal radiotherapy

There is no level evidence that prophylactic whole pelvic nodal irradiation improves
survival in patierd who undergo radiotherapy for prostate cancedfowever, it is considered
an acceptable optiofor men who have a high risk of dal involvement. The risk may be
estimated using widely available tools suchPastintables[257] andthe w 2 | GdtnfEa
[258]. Typicallywhole pelvic nodal irradiation is recommended if the risk of nodal
involvement is greater than 15%. Guidebnecommend coverintihe lymphatic drainage
that includes the external and interngiaclymph node regions to the common iliac

bifurcation, and the presacral lymph nod¢259, 260]

The indirect evidence supporting pelvic lympdde irradiation is mainly based on mullti
centre randonsed trials that showed an advantage f@diotherapyincluding pelvic nodal

radiationcombinedwith ADT, and institutional studies of whole pelvic radiotherapy in locally
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advanced diseagR61-264]. The evidencancludes theRadiation Therapy Oncology Group
(RTO(9413 study. This study of intermediateind highrisk localised prostate canchas
been interpreted as showing th#te combination ofneoadjuvanthormonaltherapy plus
whole pelvic radiotherapy improved progressifyee survivalcompared toneoadjuvant

therapyplus prostateonly radiotherapy261].

However, the two randonsed studieghat directly compaed prostate plus prophylactic

pelvic nodal radiotherapy to prostate radiotherapy alqiRerOG 9413 and GETW@ye not
shown a statisticlly significantoverall survival differenci61, 265] Indeed,the GETUG 01
studydid not show an improvement in progressinee survivalalthough both studies had
methodological caveat$urthermore,a large database analysis also failed to show a survival

benefitfor whole pelvic radiotherapj266].

Whole pelvic radiotherapy for positive pelvic nodes is also a controversial @ffiough it is
considered an option in major guideling67]. Thee is no randomised evidence supporting
itsimplementation.However,alarge populatiordatabasestudy [268] and a systematic

review[269] have suggested there may be a survival benefit

Prostateradiotherapy withadjuvantandrogendeprivationtherapy

Multiple randomised studies have investigated various duratiomsdfwith radiotherapy
versus radiotherapy alone. Systematic reviews sumnmaythe data showed that combining
EBRT with hormone therapy resulted in a significant reldpseand overall swival
advantagevhencompared to EBRT alof70, 271] The trials have shown that this
advantage is mainly intermediate- and highrisk prostate cancer patients. Generally, the

longer ADT arms have performed bettBan the shorter durations in highisk prostate
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cancer[272]. However, 2018randomised study has further elucidatéd T optimal
duration by investigating the two most widely used durations ofi3énths and 18nonths
[273]. The study randomised36 patiens withlocalised higkrisk prostate cancer treated
with radiotherapy to either 36 months or 18 months of ABREsultsshowed that 36 months
was not superior to 18 months €0.07) interms of 5-yearsurvival. However, the quality of

life was sigricantly worse with the longer ADT course (p<0)JQZ3].

Localprostateradiotherapywith adjuvantchemotherapy

Adjuvant docetaxel in highisk prostate cancepatients receiving radiotherapy has also
been investigated. The RTOG 0521 trial randomised 612 patefdich 563 were
evaluableafter a median followup of 5.7 year$274]. Thestudyfound that docetaxel with
radiotherapy and ADT in higisk prostate cancer patients improved the overall survival,
diseasefree survivaland rate of distant metastasesuggesting a possible rdla this
treatmentin these patientsThe randomised GETEAR study (413 patients) showed that
docetaxelbasedchemotherapy improvedelapsefree survival in patients with highisk
localised prostate cancgbout has not yeedablisheda benefitfor metastasisfree survival
and overall survivdR75]. Anotherrandomised stug that included adjuvant docetaxel with
radiotherapy, the SPCE3 study (376 patients)did not show a significant improvement in
the primary endpoing of metastasedree survivabr biochemical diseastree surviva[276].
In addition,an earlier RTOG trig902) that randomised patients with highsk prostate
cancer toradiotherapyand ADT with or without paclitaxedstramustineand etoposide
closed early because of an excess in thromboembolic ey2i#. After a median followp
of 9.2 yearsthere was no difference in biochemical recurrence, local or metastatic

progression, diseaskee survival or overall survivektween treatments with and without
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adjuvant chemotherapj277]. While adjuvant docetaxel with radiotherapy and ADT is a

considerationin highrisk prostate cancer patientgs role is yet to be fully elucidated.

Postprostatectomyadjuvant vs salvagediotherapy

Three randomised trials have investigated adjuvant radiother@dy T following
prostatectomy for prostate cancer patients who had positive surgical margine®and
extracapsular extension antherefore, an increased risk of local recurren@y8-283]. All
showed an improvement in freedom from PSA progression. A subsequentanalygsis
confirmed a significant improvement in biochemical progressiee survivalbut there
were no significanoverall survival differencg284]. Subsequentlythe SWOG 8794tudy
was updated with longer followp of 10 yearsand showed a significant improvement in
overall survival and metastadiee surviva[281]. Howeve, use of ARTas been declining
because of some statistical concerns with #tedies,particularly the SWOG studgnd
because approximately orird of patients would undergo radiotherapy without any

benefitbut would risk toxicity.

Salvage radiotherap{ERT,)radiotherapy instituted following a PSA rise ppgistatectomy

has often been used as an alternativeABTto avoid overtreatmentlts utilisation has been
predicated on large retrospective reviews. The most notalbldvesewas done by

Stephenson et a[285, 286] The analysis included 501 patients treated v8fRTand

showeda 4-yearprogressiorfree survival of 45%I hesignificantrisk factors for progression

in the multivariantanalysis were seminal vesicle invasion, negative surgical margins, Gleason
scorex@, PSA doublinign <10 months and PS&ng/mL pre-radiotherapy(i.e., predictors of
metastatic disease Those with no riskactors had al-yearprogressiorfree survival of 80%

whereasfor those in the worst prognostic group it was 20%.
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The controversy regardilyRTversusSRThas recently been resolved following a
presentation of three randomised tris, RADICALS (ISRCTN4@81), GETUAFU 17
(NCT00667069) and RAVES (NCT0086Q&b%) a subsequent planned megaalysis byhe
ARTISTIC collaboratif287, 288] The analysis includedd74 patients randomisetb ART

and 1,077 randomised to SRT withhmeedian followup thatranged from 47 to 61 months
across the trialsThe peliminary pooledanalysis showso evidence thatelapsefree

survivalis improved with ART compared to SRazgard ratio HR 1.09, 95%onfidence
interval [C] 0.86¢1.39, p=0.47)The resulttranslates to a potential absolute difference of 1%
at 5 yearsfavouringSRT (95% CI: 2% in favotlART to 4% in favour of SR288]. The

level1 evidence is now consistent withe clinicalimplementation ofSRTor PSA relapse

post prostatectomy.

Whole pelvic nodal radiotherapy with pesperative prostate bed radiotherapy @
controversial area. It has badrequently used in men with a high risk of nodstastases,
most often following a PSA relapse. Thareno randomised studies that support its use.
However, preliminary results from an interim analysishaf NRGOncology/RTOG 0534
SPORRStudyhave indicated that prostate bed radiotherapy plus pelvic lymph node
radiotherapy plus shofterm hormone therapy has superior freeoh from diseasefree
progression ab years compared to prostate bed radiotherapy alone or prostate bed

radiotherapy and hormonéherapy.

Postprostatectomysalvageradiotherapywith androgendeprivationtherapy

While levell evidence supports adjuvant androgen deprivation with radiotherapy for-high
risk (intact) prostate cancer, the use of adjuvant androgen deprivation with post

prostatectomy radiotherapy has also been controversial. Two recent randomised studies
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(RTOG 9601 and GETABU 16) showing an improvement in outcome have elucidated the

issue[289, 290]

The GETUGudy included 743 patients374were randomised taradiotherapy alone and
369 toradiotherapy plugjoserelinfor 6 months[289]. The updated studyghowed al20-
month progressiodree survivabf 64% (95% CI 5&,69%) for patients treated with
radiotherapy plugjoserelinand 49% 45% CH#3%54%) for patients treated with
radiotherapy aloneiR0.54,95% C0.43¢0.68; stratified logrank test p<@001) indicating

an advantage for the addition of shecburseADT[289].

The RTOG 96Gtudyrandomly assigned 760 poeptostatectomy patients with a PSA
relapse with positive surgical margins or extpasalar extension tbicalutamideplusSRT
(384 patients) oSRTplus placebo (376 patient§290]. The overall survival was improved at
12 years; 76.3% in theébicalutamidegroup versus 71.3% in the placebo grotiR{or death
0.77,95%CI10.590.99 p=0.04). The I¥ear incidence of death from prostate cancer was
better in the bicalutamidegroupat 5.8%compared with 13.4% in the placebo group
(p<0.001). The incidence of metastatic prostate cancer was significantly betteryati2
14.5% in thebicalutamidegroup and 23.0% in the placebo groygs=0.005 [290]. Thus, he

outcomes were better with the addition dificalutamideto SRT

SRTcombined with shorterm androgen suppression significantly reduced risk of
biochemical or clinical progression and death compared $Rialone. The unresolved
issues for future trialere whether an antiandrogen duteinising hormonereleasing

hormone (LHRHKlagonists should be usednd for what duration.
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Postprostatectomyradiotherapy wittlchemotherapy

There hae been two phase 3 trials of adjuvant docetaxel systemic thetapgducethe
recurrenceratesin highrisk patients following prostatectomyhe SPC@2 trial[291] and
the VA Cooperative Studies Group St{292]. The SPCE trial randomised 459 patients
to prostatectomy and chemotherapy versus prostatectomy albaethere was no
significant difference in biochemical recurrence or median sur{2gl]. The VA
Cooperative Studies Group Study #Su@ilarlyrandomised298 hightrisk patientsbefore it
was closed due to slow accruéfter a median followup of 62.4 monthsthere was no
significant difference in median time to progressiarthe patients accruedHowever,
subgroup analysis dishow a benefit for docetaxel fakfrican Americamen with at least

pT3bdiseass(i.e.,very highrisk prostate cancgf292].

1.9 TREATMENT AAETASTATIBROSATECANCER

Management of metastatic prostate cancer aims to prolong sureind| importantly,

control symptoms and minimise complications while maintaining quality of life. Metastatic
prostate cancer can hawgewide rangeof manifestations. These can ergkfroman elevated
PSA withoutmagel diseaseto oligometastatiqorostate cancer with fewer thafive
metastasesto widespread lymph noder bone metastasedo involvement of viscera such
aslung, liver and even brain in theery advancedtagesMost patients with metastatic
prostate cancemitially havea disease that is dependenn@androgensor testosterone for

growth and spread.
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1.9.1 Watchful waiting

Watchful waitingis most often utilsed for elderly patients withprostate cancerWatchful
waitingis particularlyapplicableif they have lowrisk diseasgas their risk of progression and
need for treatment is lowit also applies to patientsithh multiple comorbidities and a short
life expectincy,usually less thab years. Unlike active surveillance, investigation and
intervention areperformed onlyif the patientis likely symptomatiérom his prostate cancer

either locoregional or metastatic disease.

Interestinglythe SPC@ trial that rsandomised men with localised prostate cancer to
prostatectomy versus watchful waiting reported their results aftery28us offollow-up

[293]. Theauthorsconcluded that men with clinically detected localised prostate cancer
with long life expectancy benefited from radical prostatectgmwth a mean of 2.9 years of
life gainedcompared to watchful waitingA high Gleason score and extracapsular extension
were highly predictive of death from prostate canc@ne study has a number of caveats
includingsignificantchanges irdiagnosis and tratment overthe 29 yearsHowever the
findingsdo highlight that the patienwith alonglife expectancyor more advanced disease

are often not good candidates for watchful waiting.

1.9.2 Androgerdeprivationtherapy

Testicular androgen suppression has bees standard therapy for patients with
symptomatic metastatic disease since the original reports of Hugginsratal years
ago[294]. Initial systemidreatment for metastatic prostate cancer ADT Androgen
deprivationcan be achieved with surgical (bilateral orchidectomy) or medical castration.

Surgical castration is@steffective and straightforwardnethod that achieves a rapid
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decline of testosterone to castrate levels. However, it is permanenttlaeik are often
psychological barriarito bilateral orchidectomyThus, nany men prefer to pursue the

medicaloption.

Luteinizing hormone agonist (LHRH) agonists

The most common method of achieving medical castration is the ugerafdotropir
releasing hormon€GnRH or luteinizing hormone agonigt HRHlagonistg295]. Typically,
these includegoserelingriptorelin andleuprorelin. The mechanism of action is identicalt
there are differencein delivery, pharmacokinetics and duration of act[@96]. These
agentsbind to the pituitary receptor and produce initial stimulatiaesultingin a transitory
increase in testosterone and a flare of prostate cancer symptonesflatecan be
prevented with the use of an antiandrogen. Following this initial stimulat@&mRH agonists
suppress GnRlHdnd testosterone synthesiBy the testicles falls to castrate levels. GnRH
agonists araleliveredassubcutaneous or intramuscul@jections[297]. The duration of
actionis upto 6 months depending on the formulation. Thereforthey area generally

convenient and compliant treatmenbdf metastatic prostate cancer.

GnRH antagonist

The alternativeo the agonistis a GnRH antagonist. There is only one that is commercially
available degarelix It isnon-inferior to leuprolide in randomised studi¢298, 299]
Degarelixhas a quicker onset of action and does not produce a fiseeGnRH agonists
However, it is only availabl@as al-month depot injection making it less convenient. It has
also been suggested thdegarelixmay improvelnternational Prostate Symptom Scare

(IPSS)300] and reduce cardiovascular deaths when compared to GnRH agf804isA
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comparisonstudy ofdegarelixand GnRH agonists showadeduced incidence of joint,
musculoskeletal and urinary tract adverse evdB®l]. GnRH atagonistis preferred ove
agonists initially irparticularclinical situations whera rapid onset of action gesred, and
flare is best avoided, such aspatients withspinal cord compression, impending urinary

retention or severe bone pain.

Continuous versustermittentandrogenblockade

Intermittent ADT airs to limit the toxicity associated with continuous ADT. Side effects of
ADT due to castrate levels of serum testosterone may be lessened if testosterone levels are
allowed to return to normal once patients have respond@@T is then rnitiated once the

diseasegrogressesat either a clinical or PSA threshold.

Intermittent ADT appears to be an appropriate strategy for rhasnga PSA relapsalone,

with no apparent disease clinically onimaging. Aon-inferiority phase3 study[302] was
performed that randomised,B886 patients with rising PSAs at leastear after primary or
salvage radiotherapy for localised prostate cancer to either continuous or intermittent ADT.
After amedian followup of 6.9 years, intermittent ADT was norierior to continuous ADT
according to the trial definitiof overall survival af years Quality of life was better with

intermittent ADT.

The role of intermittent ADT in thogmatientswith overt metastatic diseasés individualised
Hussain et a[303] performed anon-inferiority phase 3 trial of intermittent versus
continuous ADT. The study randomise83b patients with newly diagnosed metastatic
prostate cancer, in whom the PSA declinec#mg/mLfollowing ADT. The median survival

was found be 5.8 years in the continuous ADT group and 5.1 years in the intermittent ADT
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group (HR for death with intermittent ADT 1.10, 90% CI€L9B).The trial was regarded as
statistically inconclusivas the confidencenterval for median survival exceeded the upper
boundary fomon-inferiority. There were too few events to rule otthe inferiority of

intermittent therapy. There was, however, less erectile dysfunction and better mental health
in the short term with intermittent ADT. Intermittent ADasnot generally recommended

for patients with clinically apparent metastatiiseaseas this trial indicated a trend towdr
inferiority. However, as intermittent ADT was associated &ibetter quality of life in the

short term, it remains an option for men willing to accegiaentially shorter survival.

In addition, a metaanalysis of intermittent versus continuous ADTrid that it was non
inferior concerningdisease progression, canegpecific survival and overall surviyal
although the issue remains controversjdD4]. Besidesmany men do not achieve objective

testosterone recovery during therapy

Early versudelayed AdrogenDeprivationTherapy

While ADT has been the standard treatmémt PSA relapse following definitive or salvage
radiotherapy for higkrisk prostate cancer, the timing of the ADT has been controversial.
Immediate ADT is instituted upon P&#apse whereas delayed ADT is started either with
the onset of symptoms or detection of progressive disease with ima§ioglies of early
versus delayed AOB05-308]including a randomised stud809] have generally shown a
benefit in terms of overthsurvival309] and prostate cancespecifc mortalitywith early
ADT[305, 308] However, there have been concerns regarding an increase Hprostate
cancer mortality308] and the detrimental effects on quality of life. Additionakpme
studies suchas aretrospective study of immediate versus delayed ADT afterrBlgpse

following prostatectomy or radiotherapyavefound no survival advantage for immediate
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ADT[310]. A metaanalysissuggested that ADfbr relapseafter primarycurativetherapy
should bereserved for patients at highest risk of progression and wittng life expectancy.

Thepotential benefitsof ADTshould be balanced against the associatisét ofharm[311].

Totalandrogenblockade

Total androgen blockadesesa GnRH agonistypically in combination with &rst-
generationantiandrogen to prevent the flare phenomenon. HoweMe longterm
addition of a nonsteroidal antiandrogen (NSAA) to standard vi&skan attempt to improve
the outcome of metastatic prostateeated with ADT[312]. Howeverwhile some meta
analy®s have shown a benefif312, 313] the general opinion ithat there isaminimal

survival benefitand increased toxicity and co&14-316].

Antiandrogens

Firstgenerationantiandrogensincludingflutamide andbicalutamide and strategies such as
antiandrogen withdrawal have been widely utilised followdigeasegrogression They are
usedwith GnRH agonistandbeforeintroducingdocetaxel and novel agents. These
androgen manipulationsaveresulted in a PSA decline in approxima@dyoto 60%of

patientsin some studiesHowever, there is no survival benefj817, 318]

Phase2 studies have demonstrated that secogéneration atiandrogens offer much
greater PSA responses and progressrere survivathan firstgeneration antandrogens
[319, 320] Howeverfirst-generation antiandrogenseemain in use as they can delay the

need for the newer and more expensive agents if the patient has a good response.
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Enzalutamide

Enzalutamide is a potent secoigéneration antiandrogewith three sites of action
androgen receptor bindingnd inhibition inhibition of nucleatranslocation of the androgen

receptor, and inhibiton ofthe androgen recepto® associationvith the nuclear DNA321].

The randomisedphase2 TERRAIRB22]and STRIVB19]trials showed survival benefits for
enzalutamidan comparison wittbicalutamidein the nonmetastatic castrateesistant

prostate canceor asymptomatic/minimally symptomatimCRPGetting[320].

Large phas@&trials (including AFFIRMREVAIand PROSPERave showrthat
enzalutamide hasignificant antitumour activity with improve overal survivalin both the
pre-and postchemotherapysettings,including metastatic and nonmetastaticCRP{323-

325]

Recentrandomised phas8 studiesincluding ENZAMET and ARCH##fichutilise
enzalutamide in hormonesensitive prostate cancehavealsoshown improvements in
progressioAfree survivhand overall survival witthe maintenance of quality of lif§326-

328]

Abiraterone

Abirateroneacetate is an inhibitor c€YP17A1 and targets both"tAydroxylase and
17,20lyase activities, thereby inhibiting androgen biosynthesis in the tumour as well as the
testes and adrenal glands. Concurrent administration ofdtmse prednisone with
abirateroneis required toprevent hypertension, hypokalaemia and fluid retention resulting

from adrenocorticotropiegenerated mineralocorticoidxcesg§329].
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The final analysis of the large randasad trial COLAA301showed thatabiraterone
prolonged overall survival in docetaxetated men withmCRPCompared with placebo
[330]. Abirateronealso significantly improved all secondary endpoints, incluthedime to

PSA progression, progressifsee survival and PSA response rate.

In asymptomatic or mildly symptomatnCRP@atientsnot treated with chemotherapy
abirateroneimproved radiographic progressidree survival and delayed clinical decline and
initiation of chemotherapy compared with placebo in the randomised €®@302trial

[331, 332] In the final overall analysis at a median folap of 49.2 months, mediaaverall
survivalwas significantly longer in thabirateroneacetate group than in the placelyoup

[333].

Results from the STAMPE[3B4] and LATITUDRB35] trials showed increasedverall
survivalin men with locally advanced or hormoisensitive metastatiprostate cancer with
the addition ofabirateroneto ADT[334, 335] These results were further consolidated by a
meta-analyss ofabirateronein hormonesensitive prostate cancg¢836], which also

concluded that the toxicity was acceptaly37].

1.9.3 Palliativeradiotherapy

EBRTs an efficacious treatment for painful bony metastgespecially ithe painis not
controlled with analgesia. It provides palliation incg0% ofpatients,with 30¢40% having
complete relief of the symptom&BRTsometimescombinedwith surgery has also beean
effective treatment for spinal cord compression due to metastatic prostate cdB6&;,
339]. Two randomised studies of palliative radiotherapy ddsespinal cord compression

haveshown no significant differences betwesalected dosef340, 341] However, neither
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study provided details pertaining to modern radietrapy, includingtechnique and thus the
delivered dose is uncertaiifhere is increasing interest irsingstereotacticablative body
radiotherapy(SABRith minimally invasive surgery for metastatic spinal cord involvement

to improve outcoms.

1.9.4 Radiotherapy fooligometastatid’rostate Cancer
Stereotactic ablative body metastasis directed therapy

Prostate cancer patients with a low volume of metastatic disease have better outcomes than
those with high volume disea$842]. Largepopulationanalyses have shown that the

number and siteof metastases impacts survivdlymph metastases aloneave thebest

prognosis bone metastasemtermediateand visceral metastases have th@st inferior
survival[343, 344] There has been increasing interest in more aggressive treatment in
patients with low volume metastatic diseagggrticularlyoligometastatiddiseasq 345].

While there is no consensus, the teofigometasatic disease has beegenerallydefined in

trials as three or five metastases.

Recent reviews of stereotactic metastasis directed radiotherapgligpmetastatiqorostate
cancer have reportedxcelent control rates of 82100% atwo years[346, 347] The control
rates appear to be doséependent[348, 349] but significantly higher local control ratese
observedwith BED>100G}B48]. It was noted that 288%o0f patientsprogress but remain
amenable to further stereotactic ablative radiotherapy and that 67% lymgdte relapses
occurred out of field346]. All published series found the toxicity low and getigrimited

to gastrointestinal side effec{846]. The outcomes from the studies analysed were median

ADT free survival 15:89.7 months and median progressinee survival of 442% at one
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year and 3545% at two yearf346]. SABR fooligometastatigprostate cancer appears

efficacious and safe.

POPSTAR was a singten study of SABR foligometastatigprostate cancer to determine
safety and feasility[350]. It accrued 33 patients #t received single 20 Gy fraction SABR to
50 metastases with a-Zear followup. It found that SABR was feasible with low morbidity
while maintaining QOL. Ovarthird of patients did not progress and were free from ADT at

two years.

The STOMPhase Ztudy randomised 62 patients withligometastatigprostate cancer to

either surveillance or metastasis directed therapy with the primary endpoint being androgen
deprivation therapy free survivB51]. At a median followup of 3 yearsthe ADT free

survival was significantly longer for the MDT g2t months 80%Q 14¢29 months) versus

the surveillance groufil3 months 80%d 12¢17 months). Quality of lifeemained similar

and toxicity was mild.

TheSABRCOMET triala phase 2study, randomised 99 patients withligometasatic cancer
(up tofive metastases), includinigreast, colon, lung and prostatancer patientsto
standard palliative care or SAEF%2]. After a median followp of 2526 months the
median survival was significantly improviedhe SABR groufmedian survival of 41 months
95%QA 26monthsnot reached)compared tathe control group(28 months 95%Q 1933
months) with HR=0.5$=0.090. Median progressidree survival wad2 monthsfor the
SABR groupersust monthsfor the control group(HR=0.47p=0.0012). However, there

werethree treatmentrelated deaths.

Page |52



Chapter 1 Introduction

Thephase 20rioleclinical trial[353]randomised 54 men witbligometastatiqoneto three
metastases) hormoneensitive prostate cancer to SABR versueplaion. The study
showed a significaritnprovementin progressiorree survival ab months for the SABR

arm. Local control was excellent at 98.9%. PSMA PET was performed on all patients but
blinded to the investigative team. TherefQi@ABR was directezhly at metastases

visualised on conventional imagingeaning thaa proportionof the metastases detected

by PSMA only were not treated’te trial showeda significant advantage in progressifsee
survival and distant metastasigee survival in men whreceived SABR to all PSldétected
lesions Ths underlined the importance of PSMA PET in the treatment of all detected lesions
The study also illustrate@n immune response in terms ehhanced differentiatlonotype
expansion(i.e., clusters of similaexpanded cell receptor3in only patients receiving SABR.
The immune response to SABRan interesting findingut future studies are required to

assess tis resulfd impact and utility

Prostateradiotherapy irmetastatic hormonesensitiveprostatecancer

In the early stages ahetastatic hormonesensitive prostate cancdmHSPY; the prostate
primary most often represents the site of greatest candenogennumber. It has been
argued that by controlling the primary site the outcome mayitberoved[354], as shown in

database studief355].

Theconcept of radiotherapy to the prostate primary in the settingrdfiSP®as beertested
in three randomised studieandrecently reviewed by prospective plannedSTOPCAP
systematic review and metanalysig356]. This reviewincluded the completed STAMPEDE
studies[357] and HORRAD stul358], as well as the ongoing PEACE t(i3&s6]. It

compared prostate radiotherapy and ADT versus ADmefrom the STAMPEDE A1634
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patients), HORRAD (432 patients) and PEACE2BADatientsktudies It also compared
prostate radiotherapyplusADTplusother agents from the STAMPEBtEdyand remaining
PEACE studies that included the other agerdabirateroneor docetaxel. Overall, theeview
found no significant improvement ioverallsurvival or progressicfree survivaby adding
prostate radiotherapy to ADT. Howevérgdid find a highly significant benefit of prostate
radiotherapy in biochemical progressifree and failurefree survival. Toxicity results were
based on thesTAMPEDE study that reported 4% severe acute bladder toxicity, 1% severe
acute bowetoxicity and 4% severe late side effects. Similar overall results were found with
the STAMPEDd#ocetaxel studylmportantly,the review authoranoted thatprostate
radiotherapy® impacton survival varied with the number of bone metastases. The benefit
was mainly seen with fewer than five metastaséere was no benefit in men with five or
more bone metastases. The recomnaiation of the review authorsvasthat the addition of
localprostate radiotherapy to ADT should be considered in men mighastatic hormone

sensitive prostate cancemCSPEwho have four or fewer bone metastases.

1.9.5 Chemotherapy fometastaticcastrationresistantprostatecancer

Beforedocetaxel, prostate cancer chemotherapyasmainlylimited to mitoxantronewhich
had a symptomatic effect but no survival beneliit.2004, two phase 3 trials aiCRPC
patients were reportedTAX 327 that randomised docetaxel versus mitoxant{@38], and
SWO®@916 that randomised docetaxel plastramustineversus mitoxantron¢360]. Both
studies showed a significant median survival benefit for the docetaxel arnmsuriival
benefit of TAX 32%vas confirmed in later studies thahowed a significant reduction in pain
andimprovement inquality of life formCRP@atients[361-363]. Subsequentlydocetaxel is

well established as firdine chemotherapy for meastaticcastrateresistantprostate cancer.
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Cabazitaxel synthetic taxangs an effective treatmentin mCRP@atientswho have
progressed while on docetaxel. The TROPIC phase 3 trial randomised 800 men who had
progressed on docetaxel abaitaxelplus prednisolone versus mitoxantropéus
prednisolong364]. The study showed an advantage ¢abazitaxelwith an HRfor death of
0.70 (95% CI 0.59.83,p<0.0001) and2.4-month median survival advantag€abazitaxel is

now considered seconline chemotherapyor mCRP@atients.

1.9.6 Chemotherapyor metastaticcastrationsensitive prostate cancer

Following the successful introduction of docetaxel as treatmem@RPQGrials commenced

in earlierstaged diseasenCSPC

Three randomised studies of docetaxel with Al@fsus ADT alone have been completed
the GETUG\FU 15365, 366] ECOGCHAARTE[B67]and a STAMPEDE sta¢8]. These
studiesshowed a benefit for docetaxelith ADT irmCSPJn terms of progressicfree
survival in all threestudiesand overall survival ithe CHAARTED and STAMP&D@#es
[369]. Patients with ligh-volumemetastaticdisease appeared to obtain the most
improvement[366, 367] although this remains controversi@70, 371] A subsequent meta
analysis confirmed that dotaxel with ADT imCSPC significantly improved faikiree

survival, absolute 4earfailure and, notably, overall survival372].

1.9.7 Boneagents
Bisphosphonatesnd denosumab

Bisphosphonateare degradatiorresistant structural analogues of pyrophosphates that
bind avidly tothe bone and are ingested by osteoclasts during bone resorption. The

bisphosphonatenhibits osteoclastmediated bone resorptiorBisphophonateshave been
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used for patients with extensive prostate bony metastases to decrease skedétdd

eventsand posdily palliate pain but do nothave anyimpact on overall survivgB73, 374]

Denosumabs a monoclonal antibody that specifically binds to the receptor activator of
nuclear factor kappa B (RANK) ligametventing the binding athe RANKigand to RANK.
Thisbindinginhibits osteoclast formation, function and survivahd decreases bone
resorption resulting in increased bone density. It has been shavmultiple systematic

reviewsto be better thanbisphosphonate@ reducing skeletalelated event4375-378].

Radioisotopes includimgdium

Radioisotopes such as samarid®3[379, 380Jand strontium89[381, 382Jhave been used

as monotherapyor in combination with chemotherapy, in the treatment of prostate cancer
bone metastasef383, 384] They have been used for bone palliation, especially in men with
extensive osseous metastatiseasealthoughthey do not improve overall surviviB85].

These isotopes are beta emitters and can cause marrow toxicitylfiresin transfusion
dependence or infection risk. Radit223 is an alph&mitter and calcium mimetic that

binds to the microenvironment of sclerotic metastases. The alpha radiation particles have a
much shorter range than the beta emitters armdnsequenty a lower risk of kematologic
toxicity. The phas8 ALSYMPCAIpharadinin Symptomatic Prostate Cancer Patients) trial
randomied patients who had previous docetaxel or were ineligible for docetaxaldium

223 treatment or placeb@386]. The trialshowed a significant improvement in overall
survival (14.9%s11.3 months)with radium223 treatment A recent update confirmed these
results and showed seduced hospitastay, reduedtime to skeletalrelated events and
improved quality of lifd387]. Notably, the toxicity rates were lower in the radiu223 arm

than in the placebo arrfB86, 388] A metaanalysis of radius223 has confirmed the
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improvement in overall survivg§B89]. The followup phase3 ERA 223 study investigated
radium-223 with or without the addition o&birateroneacetate. This study was unblinded
and halted early becaudagher death rates and fracturagere observed in the combination
arm[390]. Radium223is useful for bone palliatigrbut isdosedependent[391]. However,

the PSA response rasdter radiumtreatment appears low392].

1.9.8 Immunotherapy
VaccineSipuleucel

SipuleucelT is the only approved immunotherapy for prostate cano®tably for the
treatment of asymptomatic or minimally symptomatitCRPQt is a dendritic cell vaccine
that is prepared from the patie@® harvested peripheral blood mononuclear cells. It is
composed of autologous antigearesenting cells cultured wita fusion protein, PA2024,
which consists of prostatic acid phosphatase linked to granulgayaerophage colony
stimulating factor.These antigefpulsed antigerpresenting cells are infused back into the

original patient and produce an arttimour immuneresponsg393-395].

Three completed phas@trials have confirmedhe efficacyof this Sipuleucell. The D9901
[394], D9902A396] and D9902Brials[393], in addition tothe randomised phas@

crossover study APC801[97], have shown significant improvement in median survival.
The D9902RIMPACT, Immunotherapy for Prostate Adenocarcinoma Treatn)gattase3
study was designed witbverall survivals the primary endpoint. The study randomised 512
patients and confirmea survival benefit of 4.1 months (mediasverall survivaR5.8vs21.7
months). Time to progression was similar in both afg883]. A recent study has also shown

a stabilgation of PSA in selechCRP@atients that may indicate a delay in progressj8gas].
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However routine clinical usef SpuleucetThas not been availablbecause of logistics and
cost and further trials are requiretb investigatethe optimal sequence wh other therapies

[399].

PARP inhibition: Olaparib

PARP inhibition hdseeninvestigated for cancers that have underlyiBBRCAL/dr other

germline DNA damage repair defecsich as breast and ovarian cancers. Recent studies
have demonstrated these germline defectscur in men withadvanced prostate cancer

[400, 401JandmCRP402], suggesting thaPARP inhibitiois apotential therapy for

prostate cancef401]. The phas@ TOPARHA trial showeda 33% response rate the PARP
inhibitor olaparibin heavily pretreated mCRP@atients[403]. Fourteen of the 16 patients

with homologous deletions or deleterious mutations in DNA damage repair genes responded
to olaparib. Overall, biomarkepositive patients experienced superior medjarogression

free survival9.8vs2.7 months) and mediaaverall survival13.8vs7.5 months).

Immune checkpoint inhibitor: Pembrolizumab

Immune checkpoints are a normal part of the immune system that control the immune
response so that normal cells amet attacked. Immune checkpoints engage when immune
checkpoir proteins on the surface of T cells recagmnand bind to partner proteins on other
cells. This binding turns off the T cells. In candlrs can prevent the immune system from

destroyingthe cancer{404].

Immune checkpoininhibitors block checkpoint proteins from binding with their partner
proteins on neoplastic cells, allowing the T cells to kill cancer tokse mmunotherapy

agents includeCTLA4, ipilimumab,andPD1 or its partner protein P 1 (nivolumaband
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pembrolizumab)[404]. They have therapeutic action ianumber of solid tumoursut

activityand response ratei prostate canceare limited [405-407]

However, it has been proposed thamune checkpoint inhibitorgncluding
pembrolizumalhmay be a therapeutic consideration for a small subsehGRP@atients
[408]. Approximately 212% of prostate cancers hamwomicrosatellite instabilitya marker
of DNA mismatch repaand ahypermutatedstate [402, 404] The hgh response rate in
tumours with mismatckrepair deficiency habeen observed witlpembrolizunab,
regardless ofhe primary site[409]. In the phase2 KEYNOTFE99 study pembrolzumabhas
shown antitumour activity, durable responses and encouraging survival estimates with

acceptable toxicity imCRP@atients with mainly bone metastas@$10].

1.9.9 Palliativesurgery

Palliative surgery may be required fgpecificclinical situationsThis is often an emergency
or urgent situation such as the fracture of a long bone, spinal cord compressiomary
retention. Surgery is also indicatéal ongoing symptoms in a relaely young patient with
few comorbidities or a diseaseith a long natural historyBilateral orchidectomy can be an
alternativeto medicalcastration,particularly inpatients with symptomatic widespread

metastatic prostatic cancer, and who dot want to have regular injections

Transurethral resection of the prosta(@ URPjnay be required, typically in teCRPC
patient with lower urinary tract symptoms or urinary retentidpalliative TURP fanCRP @&
reasonally safe but side effectsare higher thanfor a conventional TUR11]. More radical
procedures may beontemplatedin the youngnmnCRP@atient with good performance

status and reasonable life expectancy. Patients Vadal progression witimfiltration of the
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pelvic floor, bladder neck and trigoner symptomatic involvement of the recturoan have
an extremely poor life qualitgue to local symptoms. Thusggressivéut palliative surgery
may be considered on an individual ba3igpical proceduremcludecystoprostatectomy

with urinary diversionsand anterior and posterior exenteratigd12).

Likeprostate radiotherapy imHSPQ etrospective reports including large database analysis
suggest thatin selected patients wittmHSPprostatectomy is associated with improved
oncological outcomes and better overall survival, cargpecific survival and prostate
cancerfree surviva[413-417]. Several randomised prospective studies mngestigating the
role of prastatectomy in patieng with metastatic diseasancluding TroMBONngt18], SWOG

S1802ifttps://clinicaltrials.gov/show/NCT036780and g-RAMMP

(https://clinicaltrials.qgov/show/NCT02454543

Prostate cancer has the highest incidence of bone metastases of any solid tumour. A recent
large database analysis showed an incidenicE8.0% atl year, 20.4% a2 years, 24.5% at
5yearsand 29% afl0years[419]. The most frequent sites are the spine, pelvis and long
bones. Internal fixation or joint replacement surgery may be required to prevent or repair
pathological fractoesof long bones. Thealliative surgery goafer bone metastases are the
control of pain, preservation or restoration of neurologic functiand mechanical stability

in appropriately selected patienfd20-422]. A recent systematic review dhe surgical
management obone metastaseshowedadequatepain relief and maintenancef or

improved functionfollowing surgery However, theauthorsdid note arelatively high

perioperative complication rate and perioperative mortafy23].
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Indications for spinal surgery inclutiee progression of disease that is not responding to
standard treatments inclding radiotherapyspinal instability including pathological fractyre
progressive deformityneural(spinal cord, cauda equina, nerve or nerve raminpression
especially if it is causing a neurological defmita mechanical issue such as a bone
fragment. Typical spinal surgeries include limited decompressioch as a laminectomy

wide tumour excisiongncludingvertebrectomy and internal stabilisatiof424].

Increasingly minimally invasive spinal surgery is beingadilvith the aimof redudng

morbidity and avoithgdelays for radiotherapy and chemotheraf#25]. The gobs of

minimally invasive surgery include critical neural structure decompression (spinal cord and
cauda equina) and maintenance of spine stability, eedliction ofthe morbidity of major

open spine surgery. Typical applications of minimally invasive suiggude percutaneous
vertebroplasty, percutaneous kyphoplasty, radiofrequency ablationgablationsand

transarterialembolisations[426].

Minimally invasive surgery is increasingly sgili, often in association with stereotactic
radiotherapy when there is spinal cord compressigi25]. Typically, separation surgery is
used todo a mininal resection ofthe tumour with the separdion of canceifrom the spinal
cord. The residual tumouis thentreated with SABRo minimise the morbidity from surgery
and avoid exceeding spinal cord radiation tolerances. Surgical decompressaetbby
radiotherapy has been shown to improlaealcontrol rates compared to radiotherapy alone

[338, 427] as well as improving motor functiga28].
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1.10 PURPOSE OF THIHESIS

Precision radiotherapfor prostate cancerequires an accuratelgesigred target volumefor

the prostate and prostate cancghat is ideally aligned perfectly during tiverification and
treatment process Rrecision is dependent on the weakest link in the radiotherplaynning

and treatmentchain.Accuracyis accomplished with increasingly sophisticated techniques of
multi-modality imaging and targetingystemsknown as imagguided radiotherapy.

Therefore, thehesi€? overarching purposis to investigatemprovementsin image

guidance throughmaging for target volume design and delineation, studytdrget motion

and resultant margingnd assessgiducialmarkers for preciséargetingof prostate

radiotherapy

Chaptersarearranged in accordance with the radiotherapy and research processes. The
initial step of the radiotherapy process is image acquisition, and thez&bapter 3
investigates the use of MRI with CT to improve the accuracy of target delineation. The next
chapter utilises standard gold fiducials to assess prostate and seminal vesicle motion while
delivering the radiotherapy and calculates the appropriate margdihs. following chapters
consider alternative commercially available polymer fiducedsthe artefct fromstandard

gold fiducials can interfere with accurate contouring and verification. The final chapter

investigates the development of an-imouse novel liquid fiducial with unique properties.

The thesis has four aim§he relationship of the thesi¢uglies and chapters to these aims is

as follows.

Aim 1 To study the impaadf multi-modality imagingincluding MRIlon target delineation

The initial study examined the use of MRI in combination with the simulation CT in the
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identification and definition of the vesicourethral anastomogi¢UA), theprincipaltarget in
post-prostatectomy radiotherapyThestudy aimedo analyse the spatial differences
between MRI and CT in the localion of the VUAand subsequentlyto assess th& R}
basedVUA relativao the CTbasedclinical target volumeanargins recommended by the

published guidelinesThis aim is addressed in Chap3er

Aim 2.To analyse motion and margins using gold fiducf@lapter 3 studied initial phases
of radiotherapy planning in terms tdirget definitior; the next chapteexplores target
motion during a course of prostate radiotherapy. Chapter 4 thereéoralyses inter-fraction
displacement and margins usiing gold fiducials andaily online image guidanc&he
seminal vesicles form piaof the radiotherapy treatment targeof locally advanced prostate
cancer but can move relative to the prostate. This study used gold fiducials in both the
prostate and proximal seminal vesicles to mirsenbbserver variation and more accurately
track seninal vesicle displacement through the entire course of radiotherapy. Thus, the
specificaimsof Chapter 4vere to quantify the proximal seminal vesidsplacement
relative to the prostateand calculate appropriate margins for the planning target volume

minimising the risk of geometric miss or undéosage.

Aim 3.To contrast and compare polymialucialsto goldfiducials for prostate radiotherapy
While gold fiducials are regarded as the standard fiducial in radiotherapy and were used in
the Chapter 4 studyof motion, they producea significant artefact that can interfere with

target delineation on CT and verification with cone beam CT. Crstptard 6 thus

investigate anewer commercially availabjgolymer fiducial and comparéto gold Bebre
implementing the polymer fiducial in a patient population, we decided to perform a

phantom study taunderstand its imaging characteristics bett&purposebuilt phantom
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that was tissueequivalent for both CT and MRI was constructBidephantom studyin
Chapter5 aimedto assess the visibilityf the polymerfiducialand characterize the artefacts
S0 as tocompare to the standard gold markers on CT and MRI simulation imfagiéswying
the phantom project resultsa study was initiated in a cohort patients withlocally

advanced prostate canceChapter 6 aimso compare polymer fiducials to the standard gold
fiducials using clinical radiotherapy protoc¢®T, MRIcone beam Ca@ndkilovoltage kV]
planar imaging)o assess the visibility and reladiCT artefact production in a population of

prostate cancer patients.

Aim 4.To developa novel liquid glue fiduciaind assesis deliverability and visibilityThe
initial thesisstudiesutilised the standard gold fiducials and then compared their imaging
characteristics to a newer polymer fiducial. The next step was to develop a noveldigeid
fiducial that could be utilised in prostate and pgsbstatectomy bladder radiotherapy.he
first study of glue fiducials wastechnical study of deliverability. As the tissue glue
polymerses in water, we decided to simulate the clinical situation of fiducial insertion into
the bladder base for pogtrostatectomy radiotherapy. Therefor€hapte 7 aimedto test

the technical and procedural aspects of combining and delivering liquid contrast agents with
several types of tissue glues in a porcine bladaeter-filled) model, to createmultiple
reproducible discrete glue fiducial markers that @bk visuabed with standard
radiotherapy imagingThe technical deliverabilityf the fiducialis an essential first steput

it isvitalto consider theglue fiducia® verification performancerherefore, theaim of the

final study wago characterse the Lipiodak ¢glue fiducials in terms of their visibility and

artefact production with conventional radiotherapy imagjagmd compare them to the
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standard gold fiduciah the porcine bladder model and the maereproducible tissue

equivalent phantom. Thistudyis elucidatedin Chapter8.
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Chapter 2 LTERATUHREVIEW

The initial thesisadiotherapy technicditerature review was performed in 2015. It has been
updated continuouslyhroughout the course ofmy candidaturewith the final update

conduced inDecember2020.

2.1 PRECISIORADIOTHERAPY

Prostate cancer is the most common cancer among Australian menidexglskin cancer)
and the second commonest cause of canadated deathsApproximately 1Q20% of

patients diagnosed with prostate cancer will have locally advanced disease. Uncontrolled
prostate cancer can have a variable but complicated natistbry. Inadequately treated
cases can result in a prolonged period of diseaated morbidity that willsignificarly
impactpatientLyuality of life Many patients with locally advanced disease can still be

cured

Historically, androgen deprivatiomérapy (ADT) alone was often used to palliate locally
advanced disease. Recaandomised controlled trials (R§That compared the addition of
radiotherapy to ADT versus ADT alone have reported an overall survival advantage for the
combination[243, 429] Thus, radiotherapy with ADT can prolong and maintain patents
quality of life and is aosteffectivemethod of avoiding the need for prolonged palliative

care.

RCTs have shown significant improvementsaally advanced prostate cancer outcomes
using higher radiation dos¢430] andadjuvant ADT271, 431433]. The therapeutic ratio

may be further improved bysingpredsion radiotherapy techniquecluding intensity
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modulated radiotherapy (IMRJand imaging techniquesuch asnulti-modality imaging and
imageguided radiotherapy (IGRT). These methods can further exploit ther@spense and
escalate the dose ipotential radio-resistart regionswithin the prostategland,such as the

dominant intraprostatic lesion (DIL).

2.2 HIGHRSKPROSTATEANCER

The primary use of external beam radiothergEBRThas been in the treatment of locally
advanced or, as monecentlydefined, high-risk prostate canceiLocally advanced disease
has in the pastpbeeninconsistently definedThe TNMtumour [T], node[N] and metastasis
[M]) system(Table 2.1has been used to define locally advanced diselseit does not
include important prognostic parameters suchths Gleason scorer prostate-specific
antigen(PSA)Subsequentlythere have been attempts to improve prostatancerrisk
categorsation [434]. Notably D@micowas the first to propose a risk categsaiion system
based on PSA failure. This system defined high risk as TdtageGleason sced§ or
PSA>20ng/m_[435] (Table 2.2)The National Comprehensive Cancer Network (NCCN)
recently proposed aimcreasingly accepted standard of risk classificatibdefinesthigh
riské asT stagel3a, Gleasomcorexxy 2 NJ t {nl, andgwery iighkiskas T3b or T4
diseasqd436] (Table 2.2)Other classifications have been proposed that use additional
survival datg437], the proportion of biopsy cores involvgd 38, 439]or sophisticated
nomogramssuch aKattan@nomogram[440, 441]in an attempt to improve the

categorgation. Patients with locally recurrent disease are generally regarded as high risk.

Page |67



Chapter2 Literature review

Table 2.1 TheAmerican Joint Committee on Can¢AJCELTNM staging systa (2018)

Stage Definition

T Primary tumour

TX Primary tumour cannot be assessed TO No evidence of primary tumour

T1 Clinically inapparent tumour neither palpable nor visible by imaging

Tla Tumour incidental histologic finding in <5% of tiseesected

T1lb Tumour incidental histologic finding in >5% of tissemected

Tlc Tumour identified by needle biopsy (e.g. because of elevpiestate-specific antigeh

T2 Tumourconfined within prostate

T2a Tumour involves ondalf of one lobe or less

T2b Tumour involves more than orealf of one lobe but not both lobes

T2c Tumour involves both lobes

T3 Tumour extends through the prostate capsule

T3a Extracapsular extension (unilateral or bilateral)

T3b Tumour invades seminal vesie

T4 Tumour is fixed or invades adjacent structures other than seminal vesicles such ¢
external sphincter, rectum, bladder, levator muscles, and/or pebalt

N Regional lymph nodes

NX Regional lymph nodes were not assessed

NO YIEGFryQa NBIA2YyILE fe@YLK y2RS YSiladl a

N1 Metastasis in regional lymph no(se

M Distant metastasis

MO No distant metastasis

M1 Distant metastasis

Mla Nonregional lymph nodgs)

M1b Bongs)

Mlc Other sit€s) with or without bone disease
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Table2.2 D Amicd435]andNational Comprehensive Cancer Netw{CCN[442]

prostate cancerrisk categorisation

Risk category Riskcriteria

Very low Has all of the following:
Tlc stage
Grade Group 1
Prostatespecific antigenKSA of less than 10ng/mL
Cancer in 1 to 2 biopsy cores with no more than half showing canct
PSA density of less than 0.15ng/mL/g
Low Has albf the following

T1 to T2a stage

Grade Group 1

PSA of less thatOng/mL
Intermediate  Has all of the following:

No highrisk group features

No veryhightrisk group features

1 or more of the following intermediate risk factors:
T2b or T2c stage
Grade Group 2 or 3
PSA of 10 to 20ng/mL

Favourable Has all of the following
intermediate

1 intermediate risk factor
Grade Group 1 or 2
Less than half of biopsy cores show cancer

Unfavourable Has all of the following:
Intermediate 2 or more intermediate risk factors
GradeGroup 3

More than half of biopsy cores show cancer

High Has oneof the following

T3a stage

Grade Group 4

Grade Group 5

PSA of more than 20ng/mL
Very high Has oneof the following

T3b to T4 stage

Primary Gleason pattern 5

More than 4 biopsy cores with Grade Group 4 or 5
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2.3 PROSTATBOSHEESCALATION

The Patterns of Care stu{y43, 444]jshowed that prostate cancer has a radiation dose
response that is,the higher the dose, the greater the probability of cure. However, it also
demonstrated that older conventional techniques employing doses greater the®4@y
increasedectal toxicity. Technical improvements in radiotherapy, initially 3D conformal
radiotherapy 8DCRT)were developed to reduce the rectal dogeearnaley et apublished

the first randomised study that illustrated that 3DCRT led to a 50% reduction in late rectal

toxicity when compared to conventional techniques to the same dose of 45y,

The use of 3DCRT has led to four RCTs of external beam ppt6aB19] that showed
significantly improved biochemical PSA control rates in men treated in theekrsdated

arms. The lowdose arms varied in dose frord & 70Gy while the higlllose arms used 4
80Gy. The longerm median followup of these studieat 5¢10years has been reported. All
confirmed the advantage of the higlose arms in terms of biochemical relapaad two

also showed an improvement in clial relapse. However, this did not translate into a

survival advantage. The standard doses now delivered for locally advanced prostate cancer
range from 74 to 78Glsq despite the improved radiotherapy technigue, dasealation

over 70Gy ledo a neardoubling of late bowel sideffects as 3DCRT was unablatmid
excessive dose to the adjacent rectum altogethEne reportedyenitourinary (GU)toxicity

was similar in both arms.

Viani et alhaveperformed two metaanaly®s of prostate dose escalation in 20[#30] and
2012[450]. The first involved studies using varioasliotherapy methodsncludingphoton

(conventional and 3DCRGan proton therapy,and brachytherapy. Thanalysishowed a
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highly significanimprovement inthe highdose grou® biochemical failure inllarisk groups
after a5-year median followup. There was a linear relationship between biochemical
control and dosei.e. 1.8% for every 1GyTheresults showed a difference in overall or
prostate cancegspecific mortality. There was significantly highete grade >2
gastrointestinalGl)toxicity, but no difference irGUside effectan the highdose group The
second analysis concentrated on the five randsaditrials that mainly used photoBDCRT
with only one study using conventional photons befareonformal boost and another using
a proton boost. This analysis was the first to shbat conformal radiotherapylose
escalation was superido conventional doses preventing biochemical or clinical failure
and prostatecancerspecific death at botl» and10years. However, there was no

difference in overall survival.

2.4 RADIOTHERAPROXICITY

Rectal toxicity has been the desimiting parameter in prostate canceloseescalation. The
increase in rectal toxicity with dose escalati@sultedin more detailed studies that
confirmed the dosesolume relationshig451, 452] Jackson et ahnalysed a subset of 262
patientstreated to minimumtarget doses of 70.2 and 75.6(3\61]. Patients wereclassified
into two groups patients with Grade 2+ rectal bleediqdleeders and patients with
GradeXXm NI O | ¢ihon-dléeSess RHe MiEhorsanalysed the radiotherapy plans and
generated average rectal dos®lume histograms (DVH) for each grotlipeyshowed that
the area under the DVH curve ftire bleeder€Yectal wallwas significantly higher thafior
the nonbleedess. Rectal bleeding correlated with the volume of rectum wall exposed to

46Gy. There was a borderline significant correlation withgaecentrectal wall exposed to
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71Gy in the 70.2Gy group. The results were utilised in the development of thek dose

escalaion studies including IMRT.

Subsequentlynumerous studies have investigated the des#ume relationship of the

organs at risk in prostate radiotherapy. The Quantitative Analyses of Normal Tissue Effects in
the Clinic (QUANTE@pup[453] attemptsto summarse available 3D dose

volume/outcome data across a range of normal tissues and organs at risk. Foingota

they plottedpercentrectal volume againdinear-quadraticequivalent in 2Gy fractions
(assumin@lphabeta ratio[h /] = 3) for Grade 2+ rectal toxicity from the availabl®

prostate cancer studiefgl54]. They found that the volume of rectum receiviR80Gy was
consistentlyand significantly associated wirade 2+ rectal toxicity or rectal bleeding

rectal volumes receivindd5Gy were not significantly associated with rectal toxicity.
Intermediate doses produced mixed results. They also noted that the DVH curves from
multiple centres converged at doses >70Gy and volumes <20%. They recommended dose
constraints for theectumof V50Gy<50%, V60Gy<35%, V65Gy<24%, V70Gy<20% and
V75Gy<15%. These constraints should lBréide 2+ late rectal toxicity to <15% and

grade3+ to <10%dr prescriptions up to 79.2Gy in standard 2&y fractions. However,
QUANTECautiored that theseconstraintshave yet to be validatedaind thus clinicians

should strive to mininge V70 and V75 to below the recommended constraints. It was

highlighted thatmost of the data was from 3DCRT.

QUANTEC also noted that prostate IMRT olgaalsto a much lower volume of the rectum
receiving intermediate to high doses. As intermediate doses often correlated to the specific
3D techniques usedhe rectal volumes exposed to these doses weften correlated to

biologically relevant higldose volumesThus, if intermediateand highdose volumes have
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biological significangeéhen areduction of rectal volumet the 4560Gy range by IMRT
may become moreritical, as this surrounding rectal tissue may mecessaryo healthe

rectum that receives highedoses.

QUANTEC also analysed the deskime datafor the bladder, the other major organ at risk
in prostate radiotherapy455]. However, they did emphasithat there were no studies that
comprehensively reported the 3D bladder dosimeatoncerningoxicity. Most studies found
no dosevolumerelationship with regard to late GU toxicity arttlerefore, the issueof
bladder toxicitywith prostate radiatiorhas not been resolvedose constraints have been
used for prostate radiotherapyhowever,these are not based on toxicity data hostead
used to control and limit the dose in the planning procé3sANTE@&commended
clinicians might consider the Radiation Therapy Oncology Group (RTOG) 0415 bladder

constraints for solid bladddi.e. V>80Gy <25%, V>75Gy <26#V>65Gy <50%

25 INTENSITMODUIATEDRADIOTHERAPMND DOSEESCALATION

After 3BDCRTMRT was the next major technical refinement in radiotherapy technique. IMRT
uses sophisticated iterative algorithrtsmodulateand filterthe delivered radiation with

the motion ofa multHleaf collimata@ tungsten leavesThe doseonformsmore intricately

to the shape of the target. NotablyMRT, unlike 3DCRdgnbetter conform to the concave
shape of the interface between the prostate target ahe rectum, further minimsing the

dose to the rectum.

The International Commission on Radiation Units and Measuremkid)}haspublished a

series of important documents that include technical definitions of target and eagaisk
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volumes for the design and dosimetric descriptaf8DCRT and IMR456, 457] The more

commonly utilsed volumes are included in Talfe8.

Table2.3 ICRUecommendedarget and orgarat-risk \olumes

Volume

Definition

Gross tumour volume (GTV)

The visible tumour as defined clinicaltyg. GT\(din),
or by imaginge.g.GTVT (MRI)

Clinical target volume (CTV)

Accountdor the probabilityof microscopic spread from
the GTV either by direct infiltration (CATY or by
lymphatic spread (CTN) that warrants radiotherapy
treatment

Planning target volume (PTV)

A dsafety margié around the GTV/CTV for uncertaintie
including setup errors (seup margin, SM) and organ
motion (nternal margin, IM)

Organ at risk (OAR)

Critical dosdimiting normal tissue structures

Planning orgasat-risk volume (PRV)

Adsafety margid around the OAR for uncertainties
including setup errors and organ motion

Treatedvolume (TV)

Proposed as the volume enclosed by the prescribed
dose (D98% proposedhdmay be different from the
PTVIt was defined as the volume of tissue enclosed |
a specific isodose envelope appropriate to achieve
tumour eradication opalliationwithin the bounds of
acceptable complications.

Remaining/olume atrisk (RVR)

Defined as all tissues that could be potentially irradiat
to take into account the risk of late effects such as
carcinogenesisThusthe RVR was defined as the
imaged volume in the external contour of the patignt
excluding any delineated OAR and th&/@S)I

ICRU 4nternational Commission on Radiation Units and Measuremeéviigl = magnetic resonance imaging

Whilethe ICRWb0 report and its supplement (ICR82) [456, 457]set out an underlying

philosophy for prescribing, recording and reporting radiotherapg,ICRU 83eport more

fully addressed issues related to IMRT particulay those relating to DVH valu¢458].

These guidelinescludebut are not limited to theimportant recommendationshownin

Table2 4.
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Table 24 ICRU 8tensity-modulated radiotherapylosevolume histogram

recommendations

Definition Description

Nearminimum andnear maximumdose It was recommended that a near maximum (D2%) an
near minimum covering isodose (D98%) should be
reported rather than a maximum and minimum
(D100%) isodose. The rationale is that the minimum ¢
maximum can be in a higlose gradient typical of
IMRT, making it highly sensitive to the resolution of the
calculation and accuracyf CTV or PTifetermination

Reporteddose While the ICRU did not recommend a particular
definition for a prescription dee, it was noted that the
median dos€D50% or mean dose (Dmean) would be
good representation of a typidgireported dose.

Organat-riskdose Most organs at risk are not clearly serial or paratedd
thus it was recommended that Dmean, D2% and VD
(volume that receives at least a dofg] in Gray)
specifications should be reportegreferablyfor the
whole organ when possible. For serial organs at tisk
near maximumi.e. D2%is the more important.

Dosimetriccomparison To more fully define andompare dose distributions, it
was recommended that measures of dose homogene
and dose conformity be reported.

CTV =lmical target volumelCRU = International Commission on Radiation Units and Measurements
IMRT=intensity-modulated radiotherapyPTV = [anning target volume

RCTs have shown that the optimal dose for prostate radiation is at leqg8%&4 and there
is evidence that even higher doses may be required for-higihdisease as noted below.
Numerous fanning studieave shown that IMRT improvesnformity of thedose
distributionaround the planning target volume (PT¥ihd reduce the rectal and other
organsat-risk dosesompared with 3DCR#59-462]. Therefore, IMRT appears to be the

most appropriate method to deliver these higher doses.

Eade et alstudied a large cohort of, 330 patients wih prostate cancer treated with 3DCRT
[463]. The cohort was divided into four dose groupg0Gy, 7§74.9Gy 75¢79.9Gy and

Xy nDe o wl dddedds fothlio hadsignificant factor for freedom from biochemical
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failure. The doseesponse curves suggested a benefit beyond 8@l a 2.2% gain in
longterm freedom from biochemical failure f@very 1Gy. A radiotherapy dosesponse for
distant metastases was also foug@n 8% reduction in risk of distant metastases for each
1Gy delivered. The improved freedom from distant metastases aoeappeared to

translate into a survival advantagé B years. Thauthorsconcluded thaimage guidance

The Memorial Sloan Ketterir@@ancer Cerr (MSKCC) has executed an extensive serial non
randomised prostate dosescalation program using initially 3DCRT #oeth IMRT. During
their transition from 3DCRT to IMRT, they were one of the girstipsto illustrate the
advantages of IMRT. In 2000, Zelefsky ateqlorted a cohort of patients treated to 81Gy
during this transition61 patients with 3SDCRT and 171 withRV]464]. They showed a
greaterproportion of the clinical target volumdCTY received the prescribdédose with

IMRT. Toxicity was found to be dedependent, with IMRT reducing the dosette rectal

and bladder wail. The dose reductiortranslated into a highly significant decrease in rectal
bleeding r&es. Further analysis showed an improvement in biochemical outcome with
increasing dose, notably in the intermediatnd highrisk groupg465], which translated to

a significant decrease in risk of distant metastd4és].

The NRG Oncology RTOG 0126 clinical trraldidition dose escalation randomisedb32

patients to either 79.2Gy or 70.2Gy using 3DCRT or [WBY]. Approximately 3834% of

patients in both arms received IMRT. The rate of {atade 2+ GI toxicity was significantly

higher in the 79.2Gy arm compared to the 70.2Gy arm (21% vs 15%, p=0.006). A preliminary
analysis of toxicity was conducted comparing 3DCRT versus IMRT for tltobay9.2Gy
arm[468]. The mediamectal V70 was 18.2% for the IMRT acompared to21.7% for the

3DCRT arm. The rate of ac@ade 2+ Gl andGU toxicity was 9.7% ftme IMRT arm
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compared t015.1% for the 3DCRT arm (p=0.042)3 pears of followup, the rate of late
Grade 2+ Gl toxicity was significantly reduced in the IMRT arm compared to the 3DCRT arm

(15.1% vs 22%, p=0.039).

Somecentres are now reporting longerm follow-up, approachingOyears, of their

prostate IMRT patients. MSKCGlsgparately analysed and reporté@-year outcomes in
170 patients treatedvith high-dose IMRT (81GY469]. The 16year actuarial PSA relapse
free survival ates were 81% for the lowisk group, 78% for the intermediatésk group and
62% for the higkrisk group. The 1§ear distant metastaseee rates were 100%, 94% and
90%, respectively, and causpecific mortality rates were 0%, 3% and 14%, respectivaky.
10-year likelihood of developinigte Grade 2and 3GUtoxicity was 11% and 5%,
respectively, and the likelihood of developilage Grade 2and 3 lateGltoxicity was 2% and

1%, respectively. NGrade 4 toxicities were observed.

Another study with a radian followup of 10 yearswvas published by Vora et.@nd included

302 patientd470]. The median dose delivered was 75.6Gy (rangec7d.2). Local and

distant recurrence rates were 5% and 8,6%spectively The biochemical control rates were
77.4% for low risk, 69.6% for intermediatek and 53.3% for high riskt last followup, no
patients had persistent Grade 3+ Gl toxicity, and 0.7% had persistent Grade 3+ GU toxicity.
Thehighriskgroup was noted to have a higher rate of distant metastases. These findings
indicate that IMRT is associated with good ldegn tumour control and lav rates of seere

toxicity in patients with locaded prostatecancer

The use of ultrdnigh-dose IMRTIsing doses greater tha86Gy has also been report¢di71,

472). The MSKCC performed a retrospective comparison of biochemical outcomes using
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ultra-high-dose IMRT (86.4Gy in 1.8Gy fraction sizes) véngiidoserate brachytherapy
with IMRT[471]. The 5year PSAelapsefree survivarateswere 98%versus100%
respectively(p=0.71) foithe low-riskdisease group84%versus98% (p<0.001) fahe
intermediateriskgroup,and 71%versus93% (p=0.23) fathe high-risk group. The-year
late toxicity ratedor ultra-high dose IMRTersushigh-doserate brachytherapy with IMRT
were 4.6%versus4.1% (p=0.8%pr Grade 2 Gl toxicity0.4%versusl.4% (p=0.36fpr Grade
3 Gl toxicity 19.4%versus21.2% (p=0.14pr Grade 2 GU toxicityand 3.1%versusl.4%
(p=0.74)or Grade 3 GU toxicityPetrongariet al. published a prospectiyghase 2study that
treated 39 intermediaterisk prostate cancer patients with ultfsigh-dose IMRDf 86Gy
using standard fractionatiof72]. After a median followup of 71 months, the fyear
freedom from biochemical failureas 87%. The incidence of latea@e 2, Gade 3 and
Grade4 Gl toxicity was 1892.5% and 2.5%, respectively. The incidence of leadé2 and

Grade3 GU toxicity was 5% and 8%, respectively.

While there are numerous singlastitution studies with longerm follow-up of prostate
IMRT, there hae been no randonsed studies of IMRVersus3DCRTThe RCTaf prostate
doseescalation mainly utded 3DCRTnd illustrated the improved outcome but at the
expense of an increase in Gl toxicity. The dosimetric planning studies olVEVERIE3DGRT
showed a reduction in rectal doses thatisdated, in norrandomsed studies, to a
significant reduction in rectal toxicity. €reduced toxicityesulted in a rapid change in
equipoise makingthe randomsed comparison of 3DCR&rsusIMRT unpalatable. An
analysis of the&JSbasedSEERSurveillance, Epidemiology and End Resditabase that
identified 52290 men with nonmetastatic prostate cancer from 2000 to 2007 showed that

IMRT had replaced 3DCRT as the primary treatment with external beam rad#Zjn
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A systematic review comparing IMRT and 3DCRT for prostate cancer was published in
2012[474]. After an extensive literatureearchthe authorsselected 11 articlesncluding
4,559 patients, nine retrospective cohort studies and two R@G8, 475] The RCTwere
randomised studies of dose escalation. Patients were treated with 3DCRT aritier,
patients werenot randomsed between the two modalities. Threview authorsconcluded

that there was either no difference between 3DCRT and IMRAs@hown in many studies,
a superiority for IMRT in terms of outcosi@nd acute and late Gl and GU toxicity in the
setting ofdose escalation above 70Gy. They recommended IMRT rather than 3DCRT for
radical prostate radiotherapy with doses over 70Gy. A subsequent economic analysis (based
on this systematic review data) demonstrated thiar radical radiation treatment (>70Gy)

of prostate cancer, IMRT seems to be eeffective when compared with an equivalent dose

of 3DCRT from the perspective of the Canadian healthcare system fof42/8]9

The next development in IMRT is volumetric modulatecitlerapy (VMAT)most often
utilising flattening filterfree linear acceleratorfinacs) Planning studies are increasingly
illustrating improved dosimetric quality with improved target coverage and better rectal
sparingwith VMAT[477, 478] Thetreatment delivery is more efficienandthe treatment
time is much shortef479, 480] Tre shortened treatment timenost likely will result in a
more precise delivery gsatient and orgarmovement is less likely to degrade the delivered

dosimetry.

In conclusiondoseescalated IMRT to doses of at least78Gy has become the treatment
of choice of locally advanced prostate cancer becdaigge-scalestudies withlongterm
results have showthat it is at least as effective as 3DCRT, reduces toxicity and is cost

effective.With the rapid development of technolodgg.g. VMAY, planning and delivery are
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increasingly quicker and more efficient than older technologmsking it possible to delive
even higher doses safely. However, although we have seen a reduction in late Gi@tle 2
toxicity from 15.1% to 9.7% and in late Grade®J toxicity from 11% to 5%, further dose

escalation with IMRT has seen an increase in both Gl and GU toxicity.

2.6 HYPORACTIONATION

The biological rationale for hypofractionated radiation for prostate camceredicated on

prostate cancer having a loaphabetaratio. The linearquadratic model (surviving fraction

=e*" %’ SYfits radiation survival data to a continusly bending curveyhere Dis dose and

h (alpha)l Y Rbeta)are constantslescribing radiation sensitivif#81, 482](Figure 2.1)

f LK A& GKS fAYSIENI O2YLRYSYyl RFIOSTEAf QAYIRAY
dominates the radiation response at low doses. Beta is the quadratic component,

representird G YdRK XIhdJ SAf f Ay3dr 6KAOK Ol dzaSa .Th&KS OdzNJ
ratio of alpha to beta is the dose at which the linear and quadratic components of cell killing

are equal. The more linear thellkillingresponseat low radiation doss, the higher is the

value of alpha, and the greater is the radiosensitivity of the cellsb&teor quadratic

componentof the responserelatingto the curve or shoulder of the curyis particularly

significant if a dose is broken up into many smallesxpesor fractions (Figure 2.1)f cells

are allowed sufficient time to recover after irradiation;@! hours), sublethal damage from

the initial exposure will be fully repaired, and cells will resptmthe next exposureas if

they had not previouslyéen irradiated, repeating théshouldered part of the curve. This
shoulderleads to increases in cell survival by reducing the magnitude of the quadratic

contribution to cell killingThis sparing is low for cell lines with a high akbpleta ratio,
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wheresinglehit killing dominates, while cells with a low alphata ratio experience

significant sparing

Theoreticallycellkillingrelatesto death fromthe alphacomponent orsinglehit events
(i.e.lethal damage caused by a single incidgatticle), while thebetacomponent, or
multiple-hit cell death resultsfrom the interaction of damage from different radiation
tracks, which scales in proportion to the square of the dmsiecan be repaired alower

dose pe fraction (i.e. sublethal dmage repaix.

Thus, thdinear-quadraticmodel with its alphaandbetavaluescan be used to describe the
curvature of cell killingn relationship to radiotherapy doséoth for tumour control and
normal tissue complicationgissues with a lovalphabetaratio are relatively resistant to
low dosescomparedto tissues with a high alphaetaratio. Thus, earlyesponding tissues
and rapidly proliferating tumours have a high algbeta ratio of more than 10Gwnd late
responding tissues or slowpyoliferating tumours have a low alpHzeta ratio of around 8
5Gy. Most tumours have a high alphata ratio and can be reasonably treated with
conventionally fractionated radiotherapy (using fraction sizes of A).Nevertheless,
some tumourssuch as ralanoma, sarcomaenal celcarcinomaandnotably prostate
cancer have a low alphdoeta ratig and thereforehypofractionation(using fraction sizes
>2Gy) may improve the therapeutic ratio of EBgminimising sublethal damage repair

[483].

Page |81



Chapter2 Literature review

Cell survival

F

'
/7T
rd GE
o

=

o

-

o

2

m

-~

w

-

[+}]

o

(@]

Radiation dose

0| et

Mutiple fractions

Surviving fraction

Single fraction

Radiation dose

Source: Austin Health

Figure 2.1 Cell survival curves of low and high algieta ratio cells and the relative effect

of fractionation
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2.6.1 Moderatehypofractionation

Brenner and Hall were the first teport that prostate cancer may have a low algheta
ratio of 1.85y[484]. Thislow ratiowas supported by additional studiegt85-487], resulting
in proposas for the investigationof hypofractionationin prostate cancef484, 488490]. A
meta-analysis of clinical data supported thencept that prostate cancer had@aw alpha
beta ratio[491]. The caveat to the analysis was tlzasirgle study mostly drove the low

alphabeta ratioand, if excluded analphabeta ratioof >4Gymay be possible

Thisrecognitionthat prostate cancer haslaw alphabeta ratio hagesulted inseveral &rge
scale RCTs thhavedemonstrated the nornferiority of moderatehypofractionation
(fraction size 2.43.4Gy)compared to standard fractionatiomyith similar disease control

and late toxicity ab years(see Table 2.5)
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Table 2.5 Characteristics and ResultsRrfostatecancerhypofractionatedradiotherapyrandomisedcontrolled trials
Trial Standard Hypofractionation Number Median Riskgroup ADT  Median 5-year Overall Acute Late
fractionation of age follow-up biochemical survival toxicity toxicity
patients (years) failure free
survival
RTOG 73.8Gy/41Fx/1.8GP 70Gy/28Fx/2.5GPF 1,115 67 Low No 5.9 years Notinferior Not Not Increase
Gl&GU
toxicity
CHHIP 74Gy/37Fx/2GPF  60Gy/20Fx/3GPF 3,216 69 Low 13% 24 62.4 Notinferior Not Not Not
7¢8 weeks 4 weeks Intermediate weeks months inferior  significant significant
73% (5.2years)
57Gy/19Fx/3GPF High 12% NOT Not  Not  Not Not
4 weeks inferior (.e. inferior significant significant
Inferior)
PROFIT 78Gy/39Fx/2GPF  60GYy/20Fx/3GPF 1,206 71 Intermediate 12 6 years Not Inferior Not Not Not
8 weeks 8 weeks weeks inferior  significant significant

ADT = mdrogen deprivation therapyFx = fractionsGl = gastrointestinalGPF = gray per fractipBU = genitourinaryGy = gray
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In the CHHIP trial,,316 patients with predominantly lowo intermediaterisk prostate
cancer were randomised to ADT and IMRT uaiognventionalfractionation schedule
(74Gyin 2Gy fractionspr one of twohypofractionatedschedules (60Gy or 57Gy in 3Gy
fractions)[492]. With a median followup of 5.2 years, the 60Gy arm was Aaferior to the
74Gy arnfor biochemicafailure-free survivabnd late toxicity(see Table 2.5However, the

57Gy am was found to be inferior, illustrating rapid doseesponse.

In the PROFIT trial,2D6 patients with intermediateisk prostate cancer were randomised
to conventional (78Gy in 2Gy fractions)ypofractionated(60Gy in 3Gy fractions) IMRT
[493]. With a median followup of 6 years, the 60Gy arm was Riorfierior with respect to

biochemicafailure, clinicalfailure, diseasefree survivalnd late toxicity(see Table 2.5)

The NRG/RTOG 0415 trial randomisegdlh patients with lowrisk prostate cancer to
conventional (73.8Gy in 1.8Gy fractionshgpofractionated(70Gy in 2.5Gy fractions)
3DCRT or IMR#94]. With a median followup of 59 years, the 70Gy arm was namferior
with respect to biochemicaliseasefree survival However, a small statisticalsignificant
increase in late Grade 2 Gl and GU toxicity was observed hyfiaractionatedarm (see

Table 2.5)

An attempt at doseescalating thehypofractionatedarmwas madan the HYPRO superiority
trial, but thisled to an increase in Gl and GUitaty [495, 496] In the HYPRO trial, 804
patients with intermediateand highrisk prostate cancer were randomised to conventional
fractionation(78Gy in 2Gy fraction)r doseescalatechypofractionated(64.6 Gy in 3.4Gy
fractions) IMRT497]. After amedian follow up of 60 months, theyear relapsedree

survival was 77.1% for the conventional arm compared to 80.5% for theakesdated
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hypofractionationarm (p=0.36). The-8ear incidence of late Grade 2+ Gl and GU toxicity
was 17.7% and 39%espectvely,for the 78Gy arm compared to 21.9% and 41.3%
respectivelyfor the 64.6Gy arm. Nemferiority could not be confirmegand the dose
escalation did not imprové-yearrelapse survivgd98]. However, cumulative late Grade 3+

GU toxicity was significantly higher in the 64.6Gy &ér896 vs 12.9%, p=0.021).

In summaryfour large prospectie RCTs that enrolled over 6,000 patients, as well as
additional singlanstitution RCTs, demonstrate that EBRT delivered to the prostate using
moderatehypofractionation(2.4 to 34Gyper fraction) provides similar early prostate cancer
control and similar toxicity to EBRT delivered usiogventionalfractionation (180 to 20Gy
per day)[247]. It should be acknowledged that most of the patiemmghese trialshad low

and intermediaterisk prostate cancer. It remasruncertan whetherhigh-risk prostate

cancer has a low alpHaeta ratio andwhether hypofractionationwould be appropriate.

Therefore, moderatdnypofractionationshould be offered tdow- to intermediaterisk
prostatecancerpatientswho choose EBRT ftire treatment of prostate cancej247, 248,
499]. Moderatehypofractionation(60Gy) is no#inferior to conventional EBRT @ Gy)
andhasadvantagesn terms ofpatient convenience and resource utilisatidgtowever,
attemptsat further doseescalation hae not improved biochemical contrgland have similar

late Gl toxicity rates but an increase in late severe GU toxicity.

2.6.2 Ultra-hypofractionation

More extremehypofractionationschedules are currently being expdor. Ultra
hypofractionation(fraction size of >5Gy) is delivered with stereotactic body radiotherapy

(SBRT). Multiple singtentre prospective studies treating patients with predominantly {ow
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risk prostate cancer with SBRT to doses @38525Gy in ¢7.25Gy fraction sizes have
shown excellent biochemicalogressiorfree survivabf 95¢98% for lowrisk and 90.7% for
intermediaterisk prostate cancer after at least 44 months of folaw[500-503]. The
incidence of late Grade 2 and 3+ Gl toxicity ranigeth 2to 12%and Oto 5%, respectively.

Late Grade 2 and 3+ GU toxicity incideramggedfrom 4to 17%and Oto 2.5%, respectively.

A phasel/ 2 study ofultra-hypofractionated dose escalation SBRT for locakd prostate
cancer(in 91 patientshas been pdormedwith 45, 47.5 and 50Gy in 5 fractiof4]. At

the highest dose level of 50Gy, tbeerallincidence of late Gradg, 3 and 4 toxicityas
24.6%, 4.9% an8l.3% respectivelyNotably, at this dose level, 6.6% of patients developed
high-grade rectal toxicity and five of these patients required a colostdamgde 3+ late
rectal side effects correlated witte volume of rectal wall receiving 50Gy being >3amd
>35% circumference of threctal wall receiving 39GErade 2+ acute rectal toxicity was
significantly correlated wittreatment of >50% of the rectal wall circumference to 24Gy
Thus caution was advised with higthose SBRT tihe prostate because afs proximity to

the bowel, and the need for appropriate dose constraints was empdeasi

The Scandinavian HYPR®PC norinferiority phase 3rial randomised 1,200 patients to
conventional IMRT (78Gy in 2Gy fractions) or an accelerhiguhfractionatedSBRT arm of
42.7Gy in 6.1Gy fractiofS05]. No difference in late toxicity has beerpmted at2 years.
After a median followup of 5 yearsthe reported failurefree survivafollowingultra-
hypofractionatedradiotherapy is nofinferior to conventionally fractionated radiotherapy
for intermediate to highrisk prostate cancelhere weremore severe arly side effects

with the ultra-hypofractionatedschedule, but late side effects were similar.
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TheProstate Advances in Comparative Evidence (PA@ERnferiority study will randomise
patients to conventional IMRT (62Gy in 3.1Gy fractiong)lypofractionatedSBRT arm of
36.25Gy in 7.25Gy fractionthis studyis still in progressThere ae also ongoing trialsising
oneor two fractionsof ultra-hypofractionatedstereotactic ablative body radiotherapy
(SABIRfor prostate cancerincluding theONESHOT trial (NCT0329488906], the PROSINT
IGRTphase 2rial (NCT@570919 [507], the NCT0400431#&ial [508], and the 2STARhase

2 study[509].

The evidencdor ultra-hypofractionationconsists of1 single phase 3 studgndprospective
singlearmtrials and metaanalysig510]with limited follow-up. The recommendation for
prostate ultrahypofractionation in the guideline from the American Society for Radiation
Oncology, American Society of Clinical Oncology and American Urological Association
(ASTREASCEAUA guidelinereconmendationfor prostate ultrahypofractionationis
conditional as theevidenceis immatureand thee isuncertaintyregardingthe risk-to-
benefit ratio[248, 504] The guidelingloes notrecommenddoseescalated ultra

hypofractionation and, thus, it is generally regarded &g investigationatechnique

2.7 POSTPROSTATECTONRADIOTHERAPY

The role of dosescalation and IMRT in the pgstostatectomy stting for PSA salvage is
less well documented. Some have suggested that the -gesgonse relationshigs similar
for salvage and definitive primary EB[RT1]. Two analyss[512, 513Jhavesuggestedhat a
strong doseresponse relationship existand concluded that it is appropriate to consider
doses above 66.6G3gr postprostatectomy radiotherapyPPRT)A recent review by Ohri

et al. [514] estimated a potential 2.5% gain in PSA controlJg&y. TheAmerican Societfor
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Therapeutic Radiology and Oncology Gurssis Panel has suggested tligte highest dose

of radiation therapy that can be given without morbidity is justifigj&15].

The proximity ofthe rectum to the prostatic bedneans thatdoseescalation for PPRT can be
associated with increased rectal toxiciti®hen conventional radiotherapy techniques are
used, it is estimated that dosescalation above 72Gy would result in araaceptably high
rate (20%) ofcrade 3 toxicity514]. Ohri etal. reportedthat late Gltoxicity in PPRT
increasedoy 1.2% pegray[514]. Consequentlythe European Association of Urology (EAU)
guidelines still recommend only §86Gy, which is reasonable for conventional or 3DCRT
techniqueg516]. However a recent survey among physicianghe USAevealed that 55%
of themdeliver doses of at least 70Gy and 91% use I[8R7]. A number of studies have
concluded that higldosesalvage EBRT is safiainly when IMRTechniqueis usedand that
the 5-yearPSA relapséee survivals greater than 70% patients withpre-treatment PSA
<0.5ng/mL518, 519] Goenka et al. reported late Grade 2+ GU and Gl toxiafi#6.8%

and 1.9%respectivelyfor their IMRT cohort receiving >70{520]. Ost et al. delivered
higher PPRT doses with a median 46y, and reported late Grade 2+ GU and Gl toxicities

22% and 8%respectively521].

Futhermore, there isemerging evidencéhat supporsthe concept thathigher dosesnay
improve outcomea. Cozzarinet al. repored animproved 5year biochemical relapsiee
survival (83% vs 71%) and dise&se survival (94% vs 88%), for deeszalated PPRT to
>70.2Gy compared to <70.2(®B22]. A ystematic reviewby King et alsuggestedhat the
doseresponsecurve approximatea sigmoidal curve for PPRTappeaed to parallel that
for definitiveradiotherapyfor localised disease, with a dose of 70Gy achieving 58.6%

biochemicarelapsefree survivalversus38.5% for 60G{b623]. Theestimatedproportional
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gain inbiochemical relapséree survival wag% per incremental Gy. The ongoing phase
Swiss Group Clinical Research 09/10 trial will randomise patients without macroscopic
disease to either 64Gy or 70@ndmay providea furtherunderstandingpf dose escalation
in the salvage settinfb24]. In thepresenceof macroscopic diseast,is recommended tat

doseescalated PPRS utilised whiletaking into accounthe organs at risk518].

2.8  MULT+MODALITYMAGINGTECHNIQUEBORRADIOTHERAPY

IMRTand VMATallow for the creation of very conformal radiotherapy dose distributions.
However, radiotherapy is a processd therefore each step in the process must be
optimised to achieve the precise delivery of the IMRT to the tar§Gensequentlyaccurate
design of the target that the IMRT dose distributions can be shaped aramagrecie
alignment with the patient and targetre required Newerimaging methods arbeing
employedto achieve this:

1 multi-modality imagindgor the design and assessment of the taiget

1 IGRT fomaccurate alignment and verification of the delivery

2.8.1 Magnetic resonance imaging

Following the advent of 3DCRT, the CT scan has formdzhtie of radiotherapy planning.
CT is an excellent template for IMRT. Once it is appropriately calibafddnning CT is
geometrically corregtand the Hounsfield numbers are directly related to electron density.
This allows for heterogeneity correctisrand accurate radiotherapgjosecalculation.CT

scanscan be performed rapidly at high resolutions, limiting the movement artefact.

However for prostate radiotherapy, CT does not have sufficient §sflue contrasto

accurately separatthe prostate fom surrounding tissues such as muscle and vesgett
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is unable to define the structure of the prostaiacluding the zonal anatomy. It is generally
not possible to delineate the tumour within th@ostate,including the dominant intra
prostatic lesio (DIL)or the extent of the tumour, such as extracapsular extension or

seminal vesicle invasidta74, 525]

MRI is incrasingly used in oncology for staging, assessing tumegponseandtreatment
planning in radiotherapy. MRI can enhance the radiotherapy treatment planning process by
providingan excellent charactesation of soft tissues compared with CT. Miggether with

the developments of dynamic contrashhanced MRI and diffusion MRblti-parametric

MRE mpMRI) can better charactese the morphology and functional aspects of tissue and
tumour regions. These MBevelopments permit treatment individuightion, dose

escalatiorstrategiesand, in the future,IGRT

MRIisan important tool in prostate radiotherapipr defining the prostate and the tumour
within the prostate[526]. It is superior todigital rectal examinatiomndtransrectal
ultrasoundguided(TRU$biopsy for staging and localig prostate cancef527]. It can
visualise the normal anatomincluding the zonal anatomy, capsule, seminal vesicles and
surrounding structure§s25]. Prostatevolumes defined on MRI are significantly smaller than
CT because less normal tissue is incly&@-530]. MRIlimproves the uncertaintyn

contouring particularly at the apex and bagé the prostate,and therefore reduces inter

observer and intraobserver variatiorj526, 531533]and the dose to normal tissy&34].

MRI can define th®IL which isthe most commorocal recurrence s#[535, 536](see
Figure 22). Furthermore, it can determine the pathological extefthe tumour,having a

high specificity for extracapsulaxtension and seminal vesicle invasion that can be difficult
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to define clinically or on C&nsuingthat these target components are appropriately

treated [174, 537]

DIL = dominant intrgorostatic lesion, ECE = extracapsular extension

Source: Austin Health

Figure 2 Transversd2 weightednagnetic resonance imagirspowing dominant intra

prostatic lesion andextracapsulaextension

Prostate cancer is typically seen onWw@ighted MRI as a hypointense lesion within the
peripheral zon& hyperintenseylandular tissa. In the centrakone which can show a mixed
hypointense and hyperintense pattern dueltenign prostatic hypertrophyprostate cancer
can appear as a severely hypointense lesion that is referred to as the charcoal sign.
Aggressive cancetend to have more hypointense signal with increasing Gleason score

[538].
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2.8.2 Functionaimaginganddominantintra-prostaticlesion

While doseescalated radiotherapy (with ADProduces favourable outcomesnimost
patients, disease failuréncluding local recurrenceemains an issue in up to 20% of
patients[539]. Recent studies suggest that the majority of these local failures occur at the
site of the original tumourthat is,the DIL defined on F&eighted MR[536, 540] It is
presumed that thigesults fromthe higher probability of radiatiomesistant clones being
present at the site of highesionogenor cancer cell numbel535]. As prostate cancer has
been shown to have a radiotherapy desesponse, it is presumeithat local control could be
improved by increasing the dose to this reg[éd1]. Several planning studies have
demonstrated the feasibility of using a simultaneous integrated boost (SIB) to very high
doses while providing adequate rectal sparisgch asnaintaining a DIL teectal distance of
>4.2mm[542]. There have been only a few studies that have reported early outcomes of
SIBIMRT techniqueg543-545]. However, it is hoped that better local control may prevent
seeding or reseedingdistant diseas¢546] and subsequently leah improved survival

[281]

The effectiveness of escalated radiation doses to Ditigriently partly limited by
conventional imagin@ ability toidentify the Dllreliably[174, 537] The definition and
asessment of the DIL va mainly been performed on F&eighted MRI. However, there is
increasing evidence that functional imagjmcluding diffusioaveighted MR(DW-MRI)
[187, 547550], dynamic contrasenhanced MR[547-549, 551Jand positron emission
tomography (PETL87, 543] can more reliably identify the DIL. Magnetic resonance
spectroscopy has aldmeen used in the past, but its importance appears to be diminishing

newer imaging techniquesecome available
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DW-MRI depicts differences in the diffusion of water moleculae to Brownian motion.
High cell densitiedor example, ircancer, intracellular oedemand fibrotic stroma, can
restrict water diffusion In prostate cancer, normal glandular architecture is disrupted and
replaced by a high density of aggregated cancer cells and fibrotic stroma. These changes
inhibit the movemen of water molecules with resultant restriction of diffusiowhich is
measured as a reduction of apparent diffusion coeffici&D G values in the cancer tissue.
Prostate cancers usually exhibit reduced ADC values and high signal intensity in a high
b-vadue DWMRIL Investigators have found that DWRI is better than T#veighted imaging
in detecting prostate cancer and differentiating it from benign tisgaE?-555]. Moreover,
DW-MRI may be able to disceprostate cance® aggressivenesy differentiating lowrisk
from the high-risk diseas¢552]. Changesletected byDW-MRImay charactese the

response to treatment such as A[bb6].

DynamiccontrastenhancedViRIvisualses the bood flow characteristicdue tothe
vasculasation of the prostate and the neangiogenesis of prostate cand®57]. It
measures the change in eighted signal intensity with timg.e. Sit curveg following
administration ofthe gadolinium contrastThe resultant &icurve will showarise or wash

in, and then a fall or wasbut. Qualitative and quantitative analysis can charaseeri
prostate cancer from normal prostate tissue. Typically, prostate cancers show a steeper
washin slope, higher peak enhancement and steewashout compared to normal
prostatetissue Combined with T1 and T2 imagiagnamic contrasenhancedviRlis

reported as having better accuracy than conventional MRI.

Increasingly a mulparametric approach (mpMRI) using-W2ighted MRIdiffusion

weightedMRIland dynamic contrastnhanced MRI is beingsed to improve the diagnostic
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accuracy of defining prostate cangbly combining the morphological and functional
components of MRI. The European Society of Urogenital Radiology (ESpB)Iished
guidelines for the structured reporting of mpMRAhlled theProstate Imagindgeportingand
Data System (FRADS]558]. This system is used to generate a final overaRRDS score
(1¢5) that reflects the likelihood of a significant aggressive prostate cancer. It is presently

being utilsed most often for guiding biopsy dmmonitoring active surveillance.

PET is an imaging technique that provides in vivo measurements in absolute units of a
radioactive tracer. The radioactive tracer can be labelled with slnat radioisotopes of

the natural elements of theddy® biochemgal constituentsThus, PET provides the ability

to detect andquantitate physiologic and receptor processes in the body, particularly cancer
cells. FD@&luorodeoxyglucosgPET is the most widely us#id PET in oncologifowever, its
performance is suboptimal with prostate cancer becaustheflow metabolism and urinary
excretion of FDG thahask the prostate uptakfs59]. Newer tracers such adGcholine, '8~
choline[560], !Gacetate[561] and prostate-specific membrane antigeffPSMA) [562, 563]

are increasingly being used in the management of prostate cancer, including radiotherapy

[564]

Previouslycholine-based PET has been the most sg#iti PET methotbr assessingrimary
prostate cancerCholine isan essential component of theelt membrang565], whichis
taken up into cells and phosphorylated by choline kinase to phosphatidylcholine and
integrated into cell membrane phospholipiddGcholine is a radiotracer based on choline
Prostate cancecells show increased transpomaincreased expression of choline kinase
compared with normal cells, providing the rationale for the usé'@fcholine as a

radiotracer in prostate cancet'Gcholing unlike FDGhas minimal urine excretion and thus
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improves the visuadation of prostate cancer. It also has impressive sensitivity for primary
and metastatic prostate cancer and excellent specificity of 81&suiperior to FDG and
magnetic resonance spectroscopiCcholine PET has shown particular prise for

identifying the DII[188, 566570]. Pathological correlation studies have suggested thhG
choline PET standardized uptake val8&\y 60% provides the most accuraiL definition
[185], andmay assist imlefiningthe most aggressive tumosif571]with the highes Gleason
score[187]. ThisDILwould be a very suitable target for further radiotherapy dose escalation

[181]

PSMA PET staging shows high sensitivity and excellent specificity in dgtiaiprimary
within the prostate andfor nodal and metastatic disea§&94, 195, 203, 572hlthough this
isdependent on thePSAevel.t { a! &cButafyand resolution have resultedts
increasing use for staging advanced prostate cafté8, 573, 574]JPSMA PET @soa
useful toolfor radiotherapy planning, includirigcation of theDIL and ofrecurrentdisease
and lymph nodenetastasegost prostatectomy[575-578]. A studyshowed thatPSMAPET
resultedin salvage radiotherapy modificatioms59% of patients ompared to CT alone
[579]. Other studies have shown a similar impact of P$NAIt altered treatment
decisions in 2633%o0f primary treated patient$580, 581] and 42;61% ofsalvage
radiotherapypatients[581, 582] PSMA PET may also assist in the assessment of response
following radiotherapyZamboglotet al. showedPET or MRI detected a locatuerencein
27%o0f patients The dose distribution in the DIL defined by PSMA PET/CT ocobiath

wasanindependent risk factor for biochemical recurre&83].

While functional imaging techniques such asIMRI,dynamic contrasenhancedviR|

H1Gcholine PEBnd PSMA PERNndistinguish aggressive prostate candeey stillsuffer
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from low resolution. Tle low resolutioncan be partly overcome by aegistering or fusing

the images with highiesolution T2weighted MRI and CT to improve tB¢L delineation

In conclusionwhile CTgivesan excellent geometric and dosimetric regentation of the
patient, it does nohavesufficient softtissue contrast taccurately define the prostate, the
DIL or tumour extentincreasinglymulti-modality imagingincluding functional imaging
playsa complementary role in accurately and psady defining the targets in prostate
cancer radiotherapyf-ollowing the development of MRhacs, MRI will increasingly play a

pivotal role in radiotherapy alongside CT.

2.9 IMAGEGUIDEDRADIOTHERAPY

Multi-modality imaging allows for ancreasingly precise definition of the shape and
function of the cancer target. IMRF VMATcanintricately shape &ight conformal

radiation dose distribution around these targesss the last step in the radiotherapy chain of
events, the precise delivgrof the radiatiorntakes on paramount importance; the patient and
particularly the cancer targets need to be accurately aligned with the radiotherapy dose
distribution. Increasinglymaging techniguesuch adGRT are being usid dailyto align

and moritor the patient and target.

2.9.1 Prostate angrostatebed motion

Prostate motion can occur between daily radiotherapy treatmeartd isdefined asnter-
fractional motion Motion duringthe deliveryof a radiotherapyractionisknown as inta-
fractional moton. The notion is secondary to physiologiagiangesincluding changes in
bladder volume, rectal distensiglevator contractions and respiratigb84]. Motion is

greater in the anteriorposterior (AP) and supeni-inferior (Sl) a@s, compared to the left
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right (LR) axis. An analysis of prostate motion repogethter-fractional standard deviation
of 1¢2mm in the LR axis and£2mm in both the AP and Sles{585]. Howeverevengreater
motion has been reportedavith one study with the prostate mosing7.2mm posteriorly,
9.2mm anteriorly 6.8mm inferiorly and 12.9mm superiofy86]. Intrafractional motionis
smaller rangng between 0.86nm and1.8mm in all directional a&s[587]. However, intra
fractional displacement ajreater than2mm occured in 14% of fractionfias been reported

[588].

The efficacy ofadiation therapyis based on th@recisedelivery of treatment to the target.
Historically pelvic bones were used for alignment and verification for prostate radiotherapy.
However the prostatecanmove relative tdbony pelvisTherefore, nodern prostate
radiotherapyusesdaily online verification with gold fiducials inserted into the prostébe
ensure treatments are accuratedfigned The differences in fiducial position are measured
prior to radiation delivery, and if necessary, the treatment couch is repositigkreaivn as
dcouch shif€ to match the intended position. Up to 90% of treatnidractions require such

a treatment shift correction when using fiducial localisatjb&9].

The prostate bed is the main targetRPRTThe prostate bed is not rigid and can be divided
into two halvesthe superiorandinferior prostate bed. Thesuperiorprostate bed can move
independently of thanferior prostate bed due to the proximity of the rectum and bladder
[590]. Theinferior prostate bedincludesthe vesicourethral anastomos(¥UA)and adjacent
periurethral tissue The majority of postprostatectomy recurrences (70%) occur in the
inferior prostate bedwhich thereforeneeds to be targetegrecisely{591-596]. Thesuperior

prostate bedisthe second most common recurrence site after the VIO&& superior
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prostate bedincludesthe posterior bladder wallith retrovesicalspace andthe seminal

vesicle remnanéxtending to the cut end of the vas deferens.

With contemporaryradiotherapy, condeam CTCBCTgan identify thesuperiorprostate

bed using the bladder/rectum interfac&herefore, the utilityof fiducial markers to

delineate thesuperiorprostate bedislessimportant. However,CBCT cannatisualisethe

VUA orinferior prostate bed accurateligecause of insufficient soft tissue contrast relative to
surrounding tissuesnaking the use of fiducial markensore critical Alsg the predominant
displacement seen in theuperiorprostate bed is aanterior-posteriorrotation which is

very difficult to correct Most treatment couchesannottilt or only possess a limited range

of rotation [590].

The use of fiducial markers and surgical clips placed in the prostate bed for PPRT is
uncommon but has been reported in the literatUy&85, 590, 59/604]. Reasongroposed
for lack of useof fiducialsincludethe prostate be@® deformability[603], the ability to use
the existing surgical clips as fiducigd®4], availability of alternative localisation techniques
such as iroom CBCTor image guidance radiotherag§03]. There is also aimfectionrisk

and fistulag if the fiducids are insertedvia the rectum605].

Qurgical clipglo have the advantage of beinpn-invasive However,some studies have
found them difficult to match because of the varying number and asymmetric Jiééxe
602]. The use of gold seedsmorereliable as they are easily identifiable, stable and

representative of the prostate belb85, 601, 602]

Page |99



Chapter2 Literature review

An analysis of prostate bed motion by Alander et alho used a combination of gold seed
fiducial markers and CB@®&ported interfractional standard deviation of 1.4mm in the LR
axis,and5.9mm in both the AP and Sles{601]. Huang efl. used a combination of surgical
clips and CBCandreported interfractional standard deviation of 2.8mm in the LR axis,
3.9mm in the Sl axis and 4.3mm in the AP [®d8]. These shifts areot dissimilar to motion
seen with anntact prostate Therefore fiducial markerwtilisation for PPRTs being

contemplated particularlyfor dose escalation

2.9.2 Seminalesiclemotion

The incidence of seminal vesicle invasion at presentatiogd4%[606, 607] although the
incidence is decreasing, most likely due to earlier detedtipRSAesting Forprostate
radiotherapy,seminal vesicle invasion rigkoften calculated using eith&artintables[608]

or Roack® formulae[258]. However, it is generally agreed thegminal vesicleshould be
included in the CTV in all higisk prostate cancer patients. Parket al showed that if the
seminal vesicles are not included, the proximal half of the seminal vesicles will receive some

dose butit would generallybe regarded as inadequate dosimetric coverd§e9].

The proportion of seminal vesicles that should be included in the CTV is mainly based on
pathological analysis of prostatectomy specimens. Most studies, including the largest and
often-quoted review of 344 prostatectongpecimenssuggest that the patterof spread is
generally continuous and usually (90%) contained in the proximal@idH612]. It should be
noted that theg were surgical studies and contained very fatients withT3disease

Other studies have suggested treminal vesicle invasiaxtending to the tip occurs in 40
58%o0f patients[613, 614] Notably, one such study did have 1686T3 patients, which may

be more indicative of radiotherapyatientsin practice[613]. While clinical guidelines state
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that either the proximal half or the proximat2cmof seminal vesicle$15, 616]should be
includedin the CTVYpatientswith highrisk diseaseeferred for radiotherapy may have more

extensiveseminal vesicle invasidhan surgical studies would suggest.

Investigations of seminal vesicle motioave varied in the patient numbetthe number of
scans, methodology (prostate centroid or fiducial segdegimargin calculationThe
movements both systematic and randoirfinom 1.1 to 1.9mm laterally, 2.8 to 7.3mm anterior
to posterior, and 2.2 to 3.6mm gerior to inferior, while random movements varied from
0.4 to 1.4mm laterally, 1.2 to 3.1mm anterior to posterior, and 0.06 to 2.1mm superior to
inferior [617-620]. The CTV to PTV margins ranged from 4.5mm to 1@hih624]. Seminal
vesicledisplacement mainly occurs in the anteroosterior direction and isnostly a result

of changes inthe rectal filling.Bladder filling appears to have a weak correlation with
seminal vesicle motiof617, 619] The differences in the studies are partlyedio

methodology but observererror mayalsohave contributed.

It is clearthat seminal vesicldisplacemenis greater than and sometimes independent of
the prostatemotion, particularly in the anterior to posterior and inferior to superior
directions. ©@nsequently, most studies recommend greater margins for seminal vesicles to
achieve an adequate dosehisis most likely of more importance in higisk patients when

the seminal vesicles are more likétybeinvolved. At least the proximal haif the sminal

vesiclesshould be treated, if not the entire seminal vesicle with adequate margin.

2.10 PRrROSTATEDUCIAIMARKERS

Historically positional verification was based dime alignment of pelvic bonesn orthogonal

X-ray filmimages Tre use of filnrequiredtime for them to be processed ardkveloped.
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Becausdilm verification was timeonsumingjt was performedwveekly after treatmentand
assessed offlinéVith the advent of rapidligital imagingsuch as &ctronic portal imaging,
verificationwasincreasinglyperformeddaily before treatment and assessauhline.
However becausehe prostate can move relative to the pelvic bontss method was

considerednaccuratefor doseescalated IMRT for prostate can¢éB9, 25-627].

The utilsation ofbiologically inert radiopaque fiducial markessregarded as more precise
method of prostate target locadition andhas rapidly gained acceptandgold seeds arthe
mostcommonly used fiduciaCrook et alwere the first to report thafiducial markers
provide a veryaccuratemethodfor localising the prostate during radiotheraf§28]. The
use of fiducials in the prostate gland is ide@iey can be implanted with little risk of
migration, can easily be visualised in the treatmesam, and the prostate shape rarely
changes significantly during radiation therapy. Typically, tHickecialsare inserted into the
prostate at the apex, midgland and basdor better accuracy and reproducibility of prostate
alignment.Use of tireefiducialsalso reducslocalsation uncertainty due to migration of
the fiducialsin the organ[625, 629] Fiducials have been used infrequently in the post
prostatectomy setting as the prostate beslsubject to deforméon [603], the dropout rate
and migrationof fiducialsare higher wheninserted into the bladdecompare tothe prostate
[630], and there is a risk of infection amyen fistula particularly iffiducials arenserted

transrectally{631, 632]

Gold seedshowever, can cause artefacts on CT imaging, such as distortion-catlkw
metal artefact and change in target density. The distorted CT image can also result in
inaccurate delivery if not accounted ff833]. Theartefacts can also hide anatomical detail

that could lead to inaccurate contouringarticularlyat the prostate® apex
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The ideal fiducial marker is easy to deliver with good visibility, minimal distortion in CT
imaging, minimal dose perturbationjdcompatibility with soft tissue ancdhegligible
migration[634]. Several new fiducial markers have been develojpsproduceless

distortion with CT imaging. Visiooilises helical coils of gold teduce the relative thickness
of the fiducialand decreas¢he equivalent densitythus reducing image artefa@35].

Others use a mixture dbw-densitybiocompatible materials and gold particlgg34]. Other
alternativesareto use radiopaque materiaisith lower Znumberssuch as stainless steel

titanium [636]; and carbon, ceramic or polymer materif25, 637]

2.10.1 Aducialconstruction

Fiducials for prostate cancareinert, constructed ofreadly available materialrelatively
inexpensiveandvisualisedor treatmentverification The fiducials armost frequentlymade
from gold, 0.51.5mm in diameter, cylindrical and&2mm in length.Some fiducialsare
knurledto decrease the risk of migratioin contrastothersare either star-shaped incross
section Goldlockt, Beampoint,Sweden)r are folded(GoldAnchorst, Naslund Medical AB,
VassvagerSweden) To improveMRIvisualisationmarkersmay containsome steel

(PolyMark«, CIVCO, USA).

Tracel (AugmenixWaltham, MAUSA]Js a liquidfiducial markercomposed of

polyethylene glycol (PEG) hydrogel with 1% bound iodine. It is injected as a particulate
materialand is absorbed by the body withfrmonths. It is visible on MRljtrasound CT

and CBCWwith no artefact seen on CT. Highexch fiducials include electromagnetic
transponders (Calypso Medical Technologies, Seattle, USA) which transmit radiofrequency
waves Theseaequireauniquelocalisation and tracking system that can track prostate

motion duringdelivery of theradiotherapy fractior{638]. However, Calypso transponders
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can distort MRI planning imagesnd the system isxpensiveo implement[639]. Navotekis
a radioactive emitting fiduciabut it is alsocostlywith additional concerns regarding its

radioactivty [640].

2.10.2 Fiduciainsertion

The technique of implanting prostate fiducials has been well desdf641, 642] Fiducials
can be inserted under local or genesalaestheic. Insertionshouldbe performed at least a
few days, preferably week, beforethe planning CT scan to allow for any oedema or

haemorrhage to settle.

During theinsertion procedure, gtients are positioned in the left lateral or lithotomy
position, and alubricaed transrectal ultrasound is1sertedinto the rectum. The prostates
fully visualised in the axial and sagittal planes #r@position for fiducials deermined.
Needles are used to deploy the golds seeds transreataliyore recently transperineally.
The transperineal approachas alower risk of infection and rectal bleedirggimilar to
transperineaprostatebiopsieg. Moman et al. reported on 914atients having gold fiducials
implanted;of the 402 patientsundergoing transrectahsertion, two patients developd
urosepsiswhile there were no episodes afosepsisamong512 patients haing
transperineal implantatiorfi643]. Igdemet al. assessed pain scom@songoutpatients
following TRUS implants without local anaestie theyreported low mean pain scores and

87%o0f patientsreported comparable or less pain than the diagnostic bidpdy].

The insertion of fiducials fd?PRTs most oftenperformed using the transperineal approach
to minimise infection riskThe patienis positioned in thedorsal lithotomy position wittan

indwelling catheter (IDC) inserted into the bladd@rtransrectal ultrasound is used to
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visualise the bladdegyrethraand prostate bedTraction on the IDC ballogpositions it at
the bladder neckjust above theprimarytarget, theVUA.The fiducials are inserted using a

brachytherapy grid and stepper around the VUA.

Severe complications from fiducial insertion aaee. Moderate complications includpain
and fever in6.2% of merand minor voiding problems i4.9%[645]. Minor complications

consist ofhhaematuriaand haematospermig18.5%), and rectal bleeding (9.1%).

2.10.3 Fiduciaposition

It isgenerally recommended that three fiducidde inserted Thisallowsfor triangulation,
permits multi-planar positioning of the prostatenablesfiducial migratiorto be assessed,
and allowsfor some redundancy when a fiducial is 1825, 629] However, narker loss
during radiotherapys uncommorand is reported atl.4%[646]. The lost fiducials are usually
passed via the rectum Ibwccasionalllsomeembolise to the lungwWhen inserted at the
prostateapex and base, two fiduciadse nearly as effective as three for prostate
radiotherapy alignmenf585, 629] Typically, he threefiducialsare positioned at the
prostatebase, mid zone andpex, preferably imn alternating rightleft pattern butavoiding

the urethra.ldeally, they are space approximatelylcmapart.

ForPPRTthe VUA in the lower prostate bed is delineated by two to three markers inserted
into the retrovesi@l tissueadjacent tothe VUA. Two fiduciaksre reported to be effective
[647]. Thisdoes not allow the calculation of rotational ergpbut this issmall at the VUA
androtational correctionslo not greatly improve translational shif@47]. Hduciak can also
be inserted intahe retrovesical tissue or into the posterior bladder wall to delineate the

upper prostate bed631].
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2.10.4 Fiducials an@mageguidance

Radiotherapy verification using fiducial markers most frequently utilises image guidance
with CBCDr kV orthogonal planar imaging. Previous methods used MV imagiolyding
MV electronic portal orthogonal planar imaging atv CTMoseley et alhad showna

highly significant correlation agocentreshifts between MVkVand CBCT fiducigl648].
However,CBCHBNd MRI volumetric imaging provide information about the organs af risk
such as bladder filling and rectal distensidime Calypsonage guidancsystemhas beeran
innovative method thatantrack prostate motion during treatmertt.e. intrafraction

motion). However, it does not provide information about the organs at[6<©].

Comparison studies of the use of IGRT/fiducial markers with IMRT versd&Radn
treatments have generally shown a decrease in late Gl@n@u toxicity{650-652], and in
one study there was an improvement in clinical outcoi®®&0]. The difference in toxicity can
be attributed to the combination of the IMRT technique with reduced dose to organsk,

daily image guidance and margin reduction

While the first studies that showed an improvement in outcome utilized weekly fiducial
orthogonal planar imaging match, daily online CBCT fiducial verification should result in
similar, if not better, results. Some studies of CBCT have shown similazatenfishifts to
fiducial based planar imagin§53]. Contemporary online CBCT is likely to be more accurate

as it enables the daily assessment of fiducalsvell agectal and bladder filling.

Soft tissue matching coAgeam CT (CBCT) has beensidered an alternative to fiducials as
it avoids the surgical intervention, albeit minor, for the insertiblowever, i has been

suggestedhat fiducial based matching of CBCT may be more accurate than softbiasad
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CBCT matching while still providithe assessment of soft tissue and organs at risk
assessment. Shi et al. concluded that CBCT withtisettebased automatic corrections is

not as accurate compared to alignment to fiducial markers for prostate &3]

The online assessment of a 3D soft tissue match on CBCT can bexggmplbnging the
verification to treatment time. This prolongation can lead to patient and or organ motion

due to bowel gas or bladder filling, resulting in inaccurate radiotherapy delivery.

The prostate is challenging to define on CT because it basilar HU value and contrast to
surrounding tissues. Prostate soft tissue verification assessment of CBCT is even more
difficult due to its poorer image quality resulting from its cedmeam geometry and

prolonged acquisition time, making it more proneddifacts and scatter than conventional
CT. The resultant images have a diminished signal to noise ratio, contrast to noise ratio, and
often greater artefact from bowel g4655]. The inferior image quality of CBCT contributes
to a significantly worse interobserver variability with CBCT soft tissue matching compared
with fiducial matching656]. Matching to the prostate base adjacent to the bladder is easier,
but one cannot accurately assess rotatsoand translations resulting from prostate

distortion. Studies of intepbserver variability have highlighted the difficulty distinguishing
the softtissue prostate from adjacent structures, particularly at the base and,ajuexto

similar densitie$657, 658]

Furthermore, radiation therapists require greater training to perform soft tissue matching to

assessranslations and complex rotations on grainy images subject to artefact production
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[659]. Whereas fiducial imaging, including CBCT, has similar or better accuracy but requires

less daily physician input and is less tioomsuming660].

Fiducial matching with daily online CBCT provides an efficient workflow with accurate
prostate targeting while maintaining appropriate soft tissue and organ at risk assessment.
However, with continued improvements in the matching algorithms and artificial

intelligence, fiducial markers may eventually be supplanted. Furthermore, the increasing use
of MRI linacs (MRL) that can better visualize the prostate gland and the tumour will enhance
the accuracy of soft tissue verification due to its better sfsue contras{659]. However,

MRL workflow can be arduous, and Midible fiducials may #timprove workflow

efficiency, but this is yet fully explored.

2.11 RECTASPACERS

The rectum has been the limiting organ at risk in prostate cancer radiotherapy. Rectal filling
can changehe prostate position, leading tohaccurate dose delivery witlvorse cancer
outcomes and increased rectal toxicj§61-663]. Initial attemptsto minimise rectal filling

that have been shown to diminish prostate motimtiudelow-residuediet, laxatives,

emptying rectal gabeforeradiotherapy, enemas and suppositori€&4-666].

Endorectalballoors havebeen wsed toprovide a constant rectal volume that can immobilise
the prostate and decrease thelumeof rectum irradiated667]. Endorectaballoonsare
associated withower rates of rectal mucosa changtsan standard prostate radiotherapy

whichresults inless rectal toxicity668]. Theyreduce the radiation dose tmostof the
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rectum, but the anterior rectal wall remainadjacentto the prostateandreceiwes relatively

high doses

Rectal spacers have been investigated to reduce the radiation dose to the rectum, including
the anterior re¢al wall. Spacersreinsertedinto the perirectal space betweedie prostate
andDenonviller@ fasciaanterior tothe rectal wal[669], thereby displacing theectum
posteriorly away from the prostaté’rada et al. first described the useadbiodegradable

spacer geto provide temporary separation dhe prostate and rectum for prostate
radiotherapy[670]. Therole of rectal spacers reducing toxicity fronprostate radiotherapy
isincreasimy. Therefore, spacemnayenableincreasinglose escalatiof671], safer

hypofractionation[669] and prosate re-irradiation[672].

Spacers used in prostate cancer radiotherapguldremainstablein sizeduring treatment
and eventually degradafter the completion of the prdate radiotherapy The materials
used forspacesinclude blood(blood patch) [673], hyaluronic acid669], collageri674],
synthetichydrogeld675] (paceOAR, Augmenix, Waltham, MA, Uyand biodegradable
(poly [L-lactide-co-caprolactong) balloons[676, 677] SpaceOAR (Augmenix, Waltham,
MA, USAjs the most commonly used and studispacer. It consists of@mmercially
availablesynthetic PE@ased hydrogelSpaceOARasalow allergicrate, distributeswell in
the perirectalspace, remains staburing the coursef radiotherapy and is absorbed by

6 monthsand excretedby the kidney$675, 678]

Theinsertiontechnique forSpaceOAR hydrogel injection was first described by Hatiboglu
et al. [679]. The patient isanaesthetsed or sedated an@laced in the lithotomy position

Antibiotic prophylaxids recommended to reduce thesk of infection.The prostate and
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rectum are visualised usingi@nsrectal ultrasound prob#& guidean 18G needle
transperineally posterior to Denonvillierslrectoprostatic) fasciainto the anterior perirectal
fat. Hydro-dissection of the tissuplanesis performed withsterile saline. Thethe hydrogel

mixture isinjected into thishydro-dissectedspace where it subsequently polymeas

Complicatios from spacer insertions are uncommonheyinclude infection, allergic

reactions, injection site reactions such as bleeding and pain, urinary retention, rectal
pressure constipation andinadvertent injection into the prostate or recturRae major
complicationsnclude acute pulmonary embolism, severe anaphylaxis, prostatic abscess and
sepsis, purulent perineal drainage, rectal wall erosion, and rectourethral fi&8C].

Sacers may be relatively contraindicated in patiewith a high risk of adhesionis the

perirectal space, includintpose withinflammatory bowel disease, chronic prostatitis and

perianal diseasg71].

Multiple retrospective angbhase Ztudies have analgsl rectalspacers. They have generally
shown that gprostatecrectal separatiorof 9¢14mmis achieved671, 674] Theuse of
spacershasresulted inlower rectal dosesrad reducedtoxicity with improved rectal quality

of life [605, 674, 678, 68684].

The first phas@ study of hydrogel spacers was reportedMgriadoset al. [685] and then
updated byHamstraet al. [686]. It was amulti-institutional studythat randomised 222 men
with low- to intermediaterisk prostate cancer to hydrogel spacer or the control arm in a 2:1
ratio. Fiducial markers were placed at the same tasehe spacer insertiofor image
guidanceThe trial confirmed the initighhase Ztudies,showing that the spacer wasell

tolerated, andeasily and successfully inserted irgtpproximately 99%f patientswithout
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major complication. Overallhere was no difference in acuteectal toxicitybetween the
spacer and control armglowever, here was aignificant increase in the perirectal space
and reduced rectal radiation doses in the spacer arhetrial alsoshoweda significant
improvement in late rectal toxicity and its santy, anda betterbowel quality of lifaen the
spacergroup. The decline in urinargnd sexuatuality of life was worse in the control group.
The conclusion was that the spacer was a safe and effectivéaiomducing radiation rectal

toxicity and impoving quality of lif§685-687].

Theinvestigation ofspacers in thé&?PRBettingis limited [688-692]. The nsertion ofaspacer
in post-prostatectomypatients can be challengiras the tissue planeare disruptedduring
surgery Thereis alsoa concern that tumour cells could be displaced posteribylyhe
spacerleading to a geographic radiotherapy miswever the anterior rectal walis nota
common site of local recurreedollowingradical prostatectomy591-594, 693, 694]
suggestindghat spacershavea potential roleat least inpatients with macroscopic local
recurrence Earlier studies usingRUiopsies to identify theecurrence si following
prostatectomyshowed that the peranastomotic siteor VUAwas the most common site,
with anincidence in the range of 60p&91-593]. LaterMRI studie®f postprostatectomy
PSA relapses hawenfirmedthat local recurrenceoccurmainly in theVUAregion,followed
by the retro-vesiclespaceand seminal vesicke[594, 693, 694]|Therefore, itis essentiathat
patientsbe carefully selectetbr the use of rectal spacerand that amacroscopic local

recurrencedoes notinvolvethe anterior rectal wall690].

Lehrid et al.performed a retrospective review of 21 pgstostatectomy patiens
undergoing pst-operativeadjuvant or salvagtMRT to a dose of greater than 72Gy and who

had a PEhydrogel rectal spacer insertd@89]. The patiens did not haveanimaged local
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recurrence.This studyshowedthat usinga rectal spacedid not appear tacompromise

biochemical relapséree survivabr rectaltoxicity. Following doseescalatedpost-operative
radiotherapy with a rectal spacghe acute and lateGltoxicity rates were lowThe relapse
free survival was higbompared to both historigl controls and toxicity grades previously

reported in the liteature.

In conclusion, tsidies have showthat spacers increase the separation of prostate and
rectum withsignificant dosimetric rectal sparing effecide rectal sparindiasresultedin at
leasta reductionof late rectal toxicity Spacersare generallysafe and easy to deliver with
low complication rates. Howevgimage guidance remairessential Bzen though posterior
prostate displacements are reduced with spacers, prostate motion during a course of
radiotherapy is still aimportant factorin the delivery[675]. The use of spacers in tipost
prostatectomysetting shows some promise but has ryet been subject to rigorous
analysisSpacersre likely to becriticalwith further dose escalation or hypofractionated
prostateradiotherapy, particularly ultrdnypofractionatedor SABR techniquelut studies

arenot completed[669].

2.12 (GONCLUSION

Radiotherapy dose escalation for highk prostate cancer has progressed from 3DCRT to
IMRT, resulting in a steadynprovement indosimetry and outcom& The dose conformity
and efficiency are further improved withe VMAT form of intensity modulatiom.herefore,

it isincreasingly importanthat the target cancer is appropriately identified and defined with
multi-modality imagingincorporatinghigh-resolution morphological and functional scans.

The precision of delivery also becomes paramoueqiuiringthe appropriate utilgation of
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IGRT techniquesog@ether with fiducials and spacers, these imaging technigueatly add

to the accuracyand safety of prostate radiotherapy.
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3.1 PrREFACE

Chapter Iepresentsa manuscript that was peereviewed and subsequently published

Radiotherapy and Oncology 2017(see full reference above).

The first important step in precision radiotherapyc@nputed tomography@T) simulation

and image acquisition. Target definition is vital for accurate conformal radiotherapy planning
and subsequent treatment delivery. An error in target definition walldsopagated

throughout the radiotherapy course, potentially leading to a geographic mresefore, the

first investigative chapter of this thesis explores the use efegpstered magnetic resonance

imaging (MRI) to define the target more accurately.

Post-prostatectomy radiotherapyPPRT)either adjuvant or salvagesan effective modality
in the treatment of prostate cancefmhe clinical target volume (CTV) includes the surgical
bed (i.e.the prostate fossa and seminal vesicle pexb this representthe most common
sites of local recurrence. The specific anatomical sitelsidethe vesicourethral
anastomosis (VUAbladder base, including bladder suture limetrovesi@al space and

seminal vesicle bed to the cut end of the deferens

Notably, the most common site of recurrence is th&JA Thereforethe VUA must be

accurately identified to ensure adequate dosimetric coverage. Radiotherapy protocols stress
the importance of including the VUA in the CPkésent guidelines recommend adding an
inferior margin to the VUA to allow for microscopic extension beyond the VUA. The
Radiation Therapy Oncology Gro{Tr Ogguidelines recommendn 8¢12mminferior

margin whereas theAustralasian Faculty of Radiation Oncology Geldiinary Group

(FROGYIxguidelnes suggestéomm.
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The hypothesis is that standard radiotherapy planning CT does not define the most common
recurrence site, th&/UA asaccuratelyasT2weighted MRI. The aim of this study was to
analyse the spatial differences between MRI and Gharocalsation of the VUAand
assessndvalidate guideline recommendatiorigr the CTdefined VUA CTV margins in

comparison to an MRlefined VUA.

3.2 CONTEXT

International guidelinetavesuggestd that MRI be the gold standard for identifyitige
most canmon site of recurrence, th&#UA for PPRTHowever, prior to this studyhere was
only indirect evidencéo supportthis recommendationThis published study validates and
confirms the guideline recommendation that a-Weighted MRI is more precigban CTin
identifyingthe VUAfor precisionpost-prostatectomy radstherapy.Future studies on the
clinical impact of MRI on tumour control and normal tissues toxicity are warranted,

particular as radiotherapy embraces MRI simulators and MRI linacs.

CTV margis account for the microscopic extension of the gross tumour. Therefore, CTV
margins are based on pathology studies of microscopic extension and data pertaining to
clinical and imaging recurrence patterns. The CTV margins foppaostatectomy

radiotherapy depend on the accuracy of the VUA definition. THE25nm margins
recommended by the guidelines may be insufficient if the VUA is not well defined. PTV
margins are margins beyond the CTV to compensate mainly for setup uncertainty and inter
and intrafraction motion. They may also account for delineation errors, including the
definition of the VUA. If the CTV is defined using CT imaging, it may require additional

margins to account for delineation error. If MRI is used to assist with the VUA delineation,
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the PTV may be reduced if one initially incorporated a delineation error margin. However,
PTV margins are department dependent. Therefore, appropriate considerations and clinical
study are required. Further reductions in margins to reduce toxicity would t®bd

appropriately addressed in prospective studies.
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