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Abstract

Key words: Imag&uided Adaptative Brachytherapy, biological, equivalent uniform dose,

optimisation interstitial.

The contouring uncertainties associdtevith the use of computed tomography imaging for
brachytherapy planning creates the need to investigate an alternative planning methdohége
Guided Adaptative Brachytherapy. This alternative method needs to be more robust against imaging
and contourig uncertainties compared to the original GESTRO prescription regarding dose
volume histogram criteria. This study evaluates the atilis of biological dose metrics (equivalent
uniform dose (EUD)) during Imagaiided Adaptive Brachytherapy (IGABEatment planning and
optimisation. A retrospective planning study was conducted. The eighteen patients that were included
in the planningstudy received Glibased Imagé&uided Brachytherapy (IGBT) in combination with
external beam radiotherapy (EBRT) betwe2014 and 2015. A novel biological optimisation model
was developed and used to efficiently and automatically optimise brachytherapglé®i)by utilising
either dosevolume, biological metrics/indexes or both for fast treatment plan generatidme
module was refined to allowokward and inverse planning and optimisationocmimbined interstitial

and intracavitary brachytherapy.

Additionally, the utilisation of OAR total dose constraints during the planning process was applied and
evaluated. The result®f the study showed that the inverse optimisation tool could produce better
target volume coverage compared to the manual optimisation tool. In some cases, the inverse
optimisation tool led to higher OAR doses; however, the values recordme wtill withn set
constraints. When comparing the conventional and biological planning methods, the biological
planning produced superior CIIVdosesand dose distributions within the CTV. The inverse
biological approach reported significantly higher average-G&Wos o, Dioo wwalues and CFVWrEUD,

Do odDos v@and Doo evalues compared to inverse conventional planning approach. With this, theseve
biological approach also had the ability to record significant lower average bladder wall EUD and
Do.1emDo.1em” Values. Even though the inverse conventional planning approach reported significant
lower average small bowd.’> values compared to the IBG approach, both approaches were still
well below theDxn® hard constraint of 75 Gy. Dose escalation was aellein the CTM with a
reduction in OAR dose with the combination of interstitial/intracavitary bréoésapy. It was
concluded from the study that the incorporation and utilisation of biological metrics, which
incorporates the entire dose distribution the organ of interestjs the preferred approach when

comparedto the conventionaphysicaldosevolume approach.
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Chapter 1- Introduction

1.1  Origin and occurrence of cervical cancer

Cervical cancer is a malignant growth or tumeaidirthe entrance of the uterusesulting from an
uncontrolled division of abnormal cells. This disease is listed as thth fourst frequent cancer in
women worldwide, with an estimated 570 000 new cases ib820 The majority of new cases and

deaths (approximately 85% and 90%, respectively) occur indo@vmiddleincome countries (LMIC)

2

A cancer profile of South Africachich isclassified as a LMIC, indicates that the annual humber of
cervical cancecases are about 12,983 and the annual number deaths are roughly 5 595 (estimates
for 2018)3. The unfortunate reasons for the alarmingly high prevalence of this diseasatim/Africa
include the absence of a properly implemented populati@sed screemig programme, a poorly
controlled human immunodeficiency virus (HIV) epidemic with high HIV occurrence, late diagnosis and
incomplete access to timely and effective treatmérifreament received is mainlineffective as it is

primarily 3DExternal beammadiotherapy and 2D based brachytherapy.

The human papillomavirus (HPV) infection is a-esthblished cause of cervical cancer and causes
nearly 100 % of cervical cancefhere are 15 highrisk (oncogenic) HPV, with just two, HP&/and
HPV18, respongile for 70 % of all cervical cancer cases worldwid€he majority of cases are
squamous cell carcinoma (SCC) which originate from cells in the exocervix and commonty tinéed
HP\t16. Adenocarcinoma, which devebfiom gland cells, are usually kied with HPVL8 6. HPV
commonly spreads through sexual contact; however, it can spread without sexual contact,-to skin
skin contact with an infected area of the body. Mostleeseinfections are transient, and 90 % resolve
spontaneously within 2 to gears. A newly diagnosed HPV infection in young women lasts on average
for between 8 to 13 month& So, it is well known that HPV seldom leads to cancer. However, if HPV

is addessed, the resulting cancer is also addressed.

Even thougiHP\infection is a necessary cause of cervical cancer, it is an insufficient cause. Additional

cofactors are present for progression from cervical HPV infection to cancer. Dietary habits, tobacco

1(WHO, 2018)

2(WHO, 2018; Bhatla et al., 2019)

3(Bruni et al., 2019)

4 (Denny, 2008)

5 (Smith et al., 2007; Frumovitz, 2015)

6 (Pirog et al., 2000; Altekruse et al., 2003; Pandey, 2017; Robadi, Pharaon and Ducatman, 2018)
7(Jason D Wright, 2019)
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smaking, longterm hormonal contraceptive use, teenage pregiey, multiples pregnancies, family

history and HI\have been identified as established cofactbrs

In 2018, the South African population was estimated at 57.73 million, while approximately 13 %
(around 7.52 million) of the population are people livingtvHIV.A projected 19.0 % of the adult
population aged between 15 and 49 years, is HIV poshitél/\/positive patients have an increased

risk of persistent HPV infection, premalignant lesiand cervical cancer compared with uninfected
women.'?Local data suggests that cervical cancer occurs up to a decade earlieinfidtyd women

11 Moreover, the characteristics of invasive cervical carcinoma could take a more aggressive clinical
coursein HI\tpositive woment?, It also hasa higher recurrence and mortality rate with shorter

intervals to recurrence and death than women who are-hiégative'®,
1.2  Screening programmes and vaccinations in South Africa

It has been established that a Werganiged cervcal cancer screening programme or widespread
good quality cytology is the most powerful prevention tdofr the reduction of cervical cancer
incidenceand/or mortality 14 Cervical cytology testing, also known as a pap smear, involvestica!

exfoliated cells from the cervix and examining these cells microscopitally

The national cervical cancer prevention programme, preseaffgrsthree cervical cytology smears
per lifetime at public health facilities, starting from the age of &@ery tenyears.Patients with HIV
infection undergo more frequent cytology tests, at diagnosis and every five Yebiswever, the call
and recall systemare insufficient, and the number of women lost to follays, before treatment, is
high. In the pwnate secto, cytobgybased opportunistic screening is weltcepted, but are
implemented inconsistently. Some women undergo screening yearly, thussewéced; while, many
others do not undergo screening at all. The disease prevalence is lower, hatnideforincorred

tests is also loweY.

8 (Jason D Wright, 2019)

9 (StatsSA, 2018)

10 (Snyman et al., 2006; Batra, Kuhn and Denny, 2010)

11 (Snyman et al., 2006; Simonds, Neugut and Jacobson, 2015)
12 (Maiman, 1998; Nappi et al., 2005)

13 (Maiman, 1998; Nappi et al., 2005)

14 (Denny, 2008)

15 (Denny and Kuhn, 2017)

16 (Botha and Dreyer, 201Bruni et al., 2019)

17 (Botha and Dreyer, 2017)
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Highrisk HPV testing is widely available and offers improved sensitivity for existing and future cervical
pre-cancer lesions over a single round of cytology. This approach has been accepted as an alternative

primary screning test to the traditional cervical cytolody.

There are currently vaccines, offering protection against persistent HPV infection. Ina2@dtional
schootbased HPV routine vaccination program was introduced. In this program girls retiaeeages
of 9 ard 10 are vaccinated with a Cervix HPV vaccine. The vaccination protects against the two high

risk HPV types, HPA6 and-18 and is admistered in two dose fractions at least sionths apart'®,
1.3 Staging andlifferent treatment regimens

The Interrational Federation of Gynaecology and Obstetrics (Figo) staging system is used mostly for
the staging of cancers within the female reproductive organs, including cervical cancer. Until recently,
The FIGO staging wpsmarily based onlmical examinatiorwith the addition of certain procedures

that were allowed by FIGO to change the staging. The latest FIGO staging for cervical cancer was
revised in2018 to allow stage assignments based on pathological and imagiggs, when availde

20 The stage oftte diseae comprises of its size, depth of invasion and how far it has spread- Cross
sectional imaging, such asagneticresonanceémaging(MRI) or Computed Tomography (CT), is used

to obtain measurementsfaumour size volume, and exte of disease. A peic MRIis the best single
imaging method for assessing primary tumours ovemrf in size, since it can accurately determine
tumour location and size, pelvic sidewall invasion, parametrial involvement hamghh node
metastasis? Although MRI is seen asehgold sandard, CT imaging is more widely available and can
produce adequate clinical information. Positron emission tomography (PET) has become the standard
tool for nodal involvement evaluation. The olvement of paraaortic and/or pelvic lymphnodes

could beused to guide clinical decisions related to radiation treatment planning, such as the delivered

dose and field siz&.

The stage of cervical cancer dictates the treatment regimen for each indiwidseand a distinction

is made between early sige disase and locally advanced disease (LACC).
Early stage disease

Early stage disease comprises of FIGO Stage IA, IB1, IB2 dhdSlAgical treatment is the preferred

treatment modality. Radiotherapy provides equally good désin terms of lochcontrd and survival

18 (Kitchener et al.2014; Huh et al., 2015; Botha and Dreyer, 2017)
19 (Mbulawa et al., 2018; Bruni et al., 2019)

20 (Bhatla et al., 2019)

2l (Sala et al., 2013; Dappa et al., 2017)

22 (Viswanathan, Beriwal, et al., 2012)

2 (Bhatla et al., 2019)
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in cases with contraindications for anaesthesiasurgery?®. The primary treatment for caseswith
lymph-node involvements radiochemotherapy, including brachyttepy?®. The choice of treatment

in early stage desase should be madey consilering anatomic, clinical and social factéts
Locally advanced disease

Locally advanced cervical cancer (LACC) consists of FIGO stad)éABBhe standard of care (SOC)
for treatment and management of LACC includes pelviRTEBvith concomitantcisplath

chemotherapy followed by B.

The combination of BT and EBRT maxdmthe probability of locoregional control wétilnminimizing
the risk of treatment complication®. Several studies of the combination of EBRT and BT treditme
have shown a ecline in local recurrence rate¥ and improved overall survival (O%)was obgrved

when BT is a component of treatment compared to pelvic external beam radiotherapy (EBRT) alone.

According td, patients receiving SOC treatment had digantly improved O contrast to a patient

not receiving the standard of care treatmenthks also been reported that no additional treatment,
including sophisticated EBRT techniques like Intensitdulatedradiation therapy (IMRT) or
Stereotactic bdy radiation therap{SBRT)xan make up for the survival decrement from lack of BT as

a comporent of definitive care®?.

The addition of chemotherapy to the SOC treatment has been found to improve survival and local
control among women with LACC. Howewemcurrent chemotheaapy inceases the severity of acute

side effects but without increasing th risk of severe late treatmentlated side effects®. The
American Brachytherapy Society (ABS) recommends that chemotherapy should be administered on
EBRT dayral not on a BT dayue to the potential for increase complications due to norriasue

sensgtization 34,

The overall treatment time (OTT) is also importafteatment should be completedithin eight

weeks; whereinbetter local tumour control and survivaan beexpected®®. Before the era of

24 (Bhatla et al., 2019)

B5Wt NBaONR O A YBSILI2MNTIOANIR A YNE SOKIeYiIRK SNI LJ8 F2NJ / F yOSNI 2F (i K:
26 (Bhatla et al., 2019)

27 (HaieMeder et al., 2005; L. T. Tan, 2011; Tanderup et al., 2014; Bhatla et al., 2019)
28 (Logsdon and Eifel999; Bhatla et al., 2019)

2% (Hanks, Herrig and Kramer, 1983; Delgado et al., 2019)

30 (Hanet al., 2013; Tanderupt al,, 2014; 2016Delgadcet al., 2019)

31 (Robin et al., 2016)

32 (Hanet al., 2013; Robin et al., 2016)

33 (Morris et al., 1999; Eifel et al., 20@@ifel, 2006)

34 (Viswanathan, Beriwal, et al., 2012)

35 (Mahmoud et al., 2017; Bhatla et al., 2019)
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concomitant chemotherapythe impact ooverall treatment timevasdemonstrated with loss of local
control and OS obetween 7¢8% per weekof prolonged treatment®. The retroEMBRACE study
establishedhat an additionddose of 5 Gy EQRZDy CT\FTwR is required to compensate fordelay

in OTT byneweek?®’.

The Universitas Annex Hospital is a public facility that provides radiotherapy services to all public
patients in the Fre&tate, Northern Cape and Lesotho.sTacility treats raghly béween 300 to 400

cervical patients per anmu, resultingin an average of more than omew cervix case daily. This high

number of cervix patients forces the facility to investigate and implent&et most effective

treatment teciques, which is bahced wih regard to the quaty of treatment and the time needed

to prepare and deliver the treatment. While other methods are being investigétddS FI OAf A (1 & Q&

goal is still to deliver quality treatment to all patients.
1.4 Aim

Thestudy ains to devebp a noel biological optimizéon model which can be used to efficiently and
automatically optimize BT plans utilizing either destume or biological metrics/indexes or both for

fast treatment plan generation.

36 (Girinsky et al., 1993; Perez et al., 1995)
7 (Tanderup et al., 2016)
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Chapter 2= Theory

The most clinically ghificant effet of radiation therapy is the production of irreparable DNA cell
damage which results in the loss to sustain adequate cell division. In tumours, the main goal is the
complete loss of proliferative ability by #le tumour cells, whichs aneededfor carcercure. In the

case of normal cells, the goal is to maintain the proliferative ability of as many normal cells as possible.

Proliferative sterilisation is often referred to as cell ill
2.1 Cell survivacurves

The linearquadratic model Q) is most ¢én used in describing the cell surviving fractif, a

illustrated inFigurel.

0 Dose (Gy)
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
+— Small /B

02  Large a/ff —>
o
@ -04
2 L
-

0.6

08 |

Figurel - Cell survival curves in radiotherd@p® & ! R I hydériBissionsfrbmi (McMahon, S., The lineaguadratic
model: usage, interpretation and challenges, Phys. Med. Biol., 64 (2013})1 Copyright © (2018) Institute of Physics
FYR 9y3AYSSNAyYy3a Ay aSRAOAYyS: o

SF is defined as the proportion @lis that retan the ability to proliferate rglative to anunirradiated

control population) with the assumption that there are two components to cell kill, namely:

f Lethal (norrepairable) lesions, with a survival fraction SF = éxgb(0 = NB LINRA Sy (i SR

tangent to the survival curve at its origin.

1 Sublethal lesions, no#ethal and potentially repairable, but the accumulation of which can

cause cell death, with survival fraction SF = ( 5)
Equation(1) can be used to calculate the SF:
YOAZBH Q1 0Q (@)

Where

38 (E.B.Podgorsak, 2005; Barrett et al., 2009)
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SF the surviving fraction
h | yparameters which characterise the cehisolved
d - single dose given

¢KS NIGA2 hki 3IAGSE GKS NBEFGAGS AYLRNIFYyOS 27

the cells involved, this ratio controls the shape of the survival curve, as illustrakegiurel:

w [ I NB S indicatés that the linear term dominates and results in a relative straight cell
adzNIDA GFE OdzZNBS GAGK | avylff NBLIF AN OF LI OAaG e
-10 Gy).

w { YI f findicates that he quadratic term is more domim&with a large repair capacity
0f S NBALRYRAY-3Gy).anNisIcdse, dohbling teSdbse wik lead to more
than doubling of the effect on the surviving fraction. Such cells will be particularly sensitive

to changes in fraction size wheadiation is given as a fractionated schedule.

Typically, survival curves are continuously bending, with a slope that steepens as the dose increases.
2.2 Equivalent dose in 2 Glyactions (EQD)

The radiobiological effects of a different dose per fractiae sliffer from those of a 2 Gy per fraction
for the same radiation dose distribution in an organ. Therefore, the LQ model is used to convert doses

per fraction into the biologically equivalephysical dose of 2 Gy per fraction (ERRs illustrated in

Equation (2):
,Q | T
Where

¢ "QNumber of fractions
‘Q - fractional dose received (Gy)
Q -2Gy

| f - Tissuespecific paameters

The EQBgives the ability to compare different treatment techniques and fractionation schedules.
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2.3 Radiotherapy Treatment techniques

The clinical stage, the size of tumour volume, lymphovascular space involyerdat involvement,
and histologicabubtype at thebeginning of radiotherapy are wethown prognostic factor®’. Risk
factors for local control (LC) and survivat&been identified as large tumour size (>5 cm), young age
0 Xnn @ S-$qbEEnous hisybBgy, positive lymph node BRI, as well as thadvancedstage of

all risk factors for locoregional failure after definitive platirtn@sed chemoradiation in patientgith

locally advanced cervical canéér

The presence of bilateral parametrial invasion decreases thgea0 diseasdree survival (DF $ate

Ay {GFr3S LLL. LIGASydao ¢KS LINBaSyOS 2F OSydNI ¢
the DFSand increases the pelvic failure rate by about 11 % for all patfén®ang et al. suggested

that the ratio between theumour volume ad regression providessentialinformation that could

guide early intervention for patients at high risk of treatmeatidre “2 The Syear survival rate,

including progressiofiree survival (PFS) and OS in noggative diseaseompared to nodepositive

disease is significantly high®r

Radiotherapy techniques used in tireatment of cervical cancer can tmukdividedinto two main

categories:

1. External beam radiotherapy (EBRThis technique will be discussbdefly.
2. Brachytherapy (BT This technique is the focus of this study and will be discussed in detail.

2.3.1 External beam radiotherapy (EBRT)

External beam radio#rapy (EBRT) playsvdal role in the management of patients diagnosed with
cervical cancer. fe role of EBRT is to shrink bulky endocervical tumours, to treat paracentral
infiltration and nodal disease that lies beyond the reach of the BT system angdrénenting optimal

BT treatment.

In generalEBRT can be delivered with orthovoltage, pagttblerapy or using a linear accelerator. The
latter is applicable to cervical cancer treatmeftervicalEBRTis delivered using a machine that

produces high engly photons or/and electrons, known as a linear accelerator. The radiation source

3% (Delgado et al., 1990; Kovalic et al., 1991; Eifel et al., 1985 & al., 1995; Perez et al., 1998; Morice et al.,
2003; Van De Putte et al., 2005; Barbera and Thomas, 2009; Bae et al., 2016; Cho and Chun, 2018)

40 (Bae et al., 2016)

4! (Kovalic et al., 1991)

42(J. Z. Wangt al., 2010)

43 (Choi et al., 2018)
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is located otside the patient, and the target (tumour) within the patient is irradiated with an external

radiation beam.

Conventionally, EBRT planning was based on bortprydandmarks visible onpays and treatment

was delivered by using parallel opposed fieldshe fourfield box technique. The parallel opposed
fields achieved adequate dose coverage to the target, but with an increase in dose to the bladder and
rectumand inferior dose to the parametrium. The fefield box technique was introduced and have

led to reduced dose in normal tissues and an improvement in dose distribution compared to parallel
opposed field$* The risk associated with conventional EBRfaisthe actual tumour volume can fall
outside the field borders determined by standard bongdmarks; resulting in underdosage of the

target volume.

Since the 1990s, 3Ebnformal EBRT (30RT) in combination with @Bsed treatment planning, has
been impémented internationally*>. CT/MRI/PET imaging gives the ability to visualise and delineate
target and normal tissue volumes. However, all commercially available treatment planning systems
(TPS) use CT images to provide information regarding electron ylefsissues which is required for

the dose calculation algorithms. The dose and volumetnerage of all structures are measured and

evaluated by calculating the necessary destume histograms (DVHSY.
EBRT idesignedo treat the clinical target ®@lume (CTV), which include the following:

1. The gross disease (gross tumour volume (GTV), kramsvthe primary tumour with local
extensions (if not removed surgically);

The entire cervix and uterus;

Parametrial and uterosacral ligaments;

The upper vagina @t least 3 to 4 cm inferior to the most inferior extent of the tumour;

a o w DN

Pre-sacral nodes andll other nodal volumes at risk.

The prescribed dose must encompassplenned target volume (PTV), which consists of the CTV plus

a safety margin of between 7 ttD mm to account for uncertainties in the daily patient-sgt*’. The

primary tumour and egional lymph nodes at risk are treated with definitive EBRTttaah dose of
approximately 45 Gy (i.e. 40 to 50 Gy). If present, the nodal disease can be gptiotsted with an
FRRAGAZ2YIFE wmn G2 wmp D& o0& OGKStmenyESAaINIGA2Yy 2F Law

4 (Gulia et al., 2013)

45 (Vordermark, 2016)

46 (Elshaikh et al 2006)

47 (Management of Cervical Cancer: Strategies for Limiésdurce Centres A Guide for Radiation Oncologists,
2013)

48 (Wagner, Jhingran and Gaffney, 2013)
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IMRT, an advanced form of 3CRT, has recently been developed and utilized. In contrast to the
uniform radiation intensity used in 3DRT, the uniform intesity of each beam is purposely altace
produce a variable intensity/fluence acrosshadbeam. Each beam consists of hundreds of beamlets,
with an individual intensity level. The use of multiple beams can produce a highly conformal dose
distribution, albwing precise shaping to the target volume and thus further sparing of the normal

tissues.

IMRT or Volumetric Modulated Arc Therapy (VMAT) is associated with exceptional PTV coverage, with
considerable sparing of normal tissues, reduced gastrointest®Bl gnd genitourinary (GU) acute
toxicity and reduced late overall toxicity compared 30D-CRT without compromisinthe clinical
outcome . Pelvic IMRT has been reported to improve the quality of life with regards to physical
functioning and other treatmeneffects during treatment®. However, the replacement of BT with
smaller EBRT fields deliver a central dose of between 60 to 70 Gy resulted in higher complication
rates, while more reduced survival rates were evidgniIMRT was shown to be inferior BT with

respect to the specific target volume doses when dose constraints to thdédarectum and sigmoid

are obeyed>?

However, thefemale pelvis is known to have significlgrdissociated tumour motion, normal organ
motion and tumour deformation/shrikage, which result in intrand interfraction cervical motion,
unwanted exposure to OARs and a reduction in treatment accuracy which shoubkém into
account®. IMRT andmore conformal techniques requirsvestmentin rigorous ImagéSuided
Radiotherap (IGRT) as these techniques can only be performed by implementing IGRT. Improvement
in treatment accuracy gabe obtained by implementing IGRT adaptive approaches. Applying relevant

PTV margins can be one way to account for Hfitaation cervical motiori”.

During the past few years, IGRT has become the new standard of care in several tumoth fhipies
technigue useain-room imaging techniques to obtain 3D images before/after treatment daily, reliant
on what imaging protocol is followed. The imagas used to determine the changes in target, OAR
volumes and positioning since the initial treatment plan. Trigal plan is then adapted accordingly

to optimize dose delivery and achieve safe dose escalation throughout the course of the treatment.

49 (Mundt et al., 2002; Gandhi et al., 2013; Chen et al., 2015; Deng et al., 2017)
50 (Klopp et al., 2016)

51 (Logsdon and Eifel, 1999; Tanderup et al., 2014)

52 (Fokdal et al., 2016)

53 (Haripotepornkul et al., 2011)

54 (Tyag et al., 2011; Jadon et al., 2014; Heijkoop et al., 2015)

55 (Martinez et al., 2001; Barker et al., 2004; van de Bunt et al., 2006)
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At the sane time, advances in diagnostic imaging, as well as image guidance during radiation delivery,

permits for nore precisely defined treatment delive;
2.3.2 Brachytherapy (BT)

The ability of BT to deliver between 80 to 85 Gy (B@the tumour periphery whileéhe central
cervix receives even higher doses (> G30EQER) undoubtedly explains the excellent LC ratiegt
can be achieved when cervical cancers are treated with a combination of EBRT and BT. This is one of

the many reasons why BT is not optional ie treatment of cervical cancéf.

BT is a form of radiotherapy treatment where small, encapsulated aatliee sources are placed

within or adjacent to the tumour. The two main types of BT are interstitial and intracavitary BT (ICBT).

The type of BT selécSR RSLISyRa 2y (KS SEGSYyd 2F GKS RAaSH

anatomy. Interstitial BT (ISBis based on the temporary or permanent implantation of the sources
within the tumour volume (with the aid of needles) and is mainly used to treatstpte,
gynaecological and breast tumours. Intracavitary BT is based on the placement of sources téynporar
within body cavities, such as the cervix/uterus, close to the tumour volume (with the aid of an
applicator) and is mainly used to treat gynaecatagiumours such as tumours in the uterus, cervix

and vagin&®,

Most common ICBT applicators widely #adalie includegwo variations on the Tandem and Ring design
and Tandem and Ovoid design. As the name suggests, the Tandem and Ring applicator cansist of
tandem, an intrauterine tube placed through the cervix to the level of the uterine fundus, and a ring
that sits on either side of the cervix. The Tandem and Ovoid applicator consist of a tandem and two
ovoids (colpostats) that are placed on either sideh® cervix in the lateral vaginal fornices. Both
applicators result in comparable treatment outcométhaugh differences exist ithe distribution of

radiation doseandease of use, the choice of use ultimately resides on the User
BT treatment doseates fall into three categories:

1. Low dose rate (LDRjrom 0.4 to 2.0 Gy/h;
2. Medium dose rate (MDR)more than 2.0 to 12.0 Gy/h. MDR is not in common use;
3. High dose rate (HDRjnore than 12.0 Gy/h.

56 (Taylor and Powell, 2004; Elshaikh et al., 2006)
57 (Tanderupet al,, 2013; 2014)

58 (E.B.Podgorsak, 2005, pp. 4852)

59 (Banerjee and Kamrava, 2014)

60 (E.B.Podgorsak, 2005, p. 454)
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The most common radiation source used for high dede (HDR) afterloading is Iridiuf®2 (1r192),

due to its medium averageray energy of 400 keV antd high specific activity. The only downfall of
Ir-192 is its relatively short halife of 73.8 days, which requires several replacements throughout the
year®, As illustrated ifrigure2, the Ir192 surce is a platinum/iridium allo8.5 mm longand0.6 mm

in diameter) with a high concentration af-192, resulting in thehigh activity.The 1 mmplatinum
coatingattenuates any kectronsthat aregeneratedthrough decay. The capsule is welded to thelen

of a wirg which enables retraction and deploymdram within an HDR remote afterloading machine.
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Conventional 2D Intracavitary bragttherapy

Brachytherapy is ®n as one of the oldest treatment modalities in radiotherapy. In 1903, soon after
Marie and Pierre Curie discovered radium in 1898, radium sources were successfully used in ICBT for
the treatment of cancer of the cervix. The @ogresciption was mainly sbjective due to the lack of
knowledge and databoutthe biological effects of radiation on the tumour volume and the adjacent
normal tissuesDifferent dosimetric systems were formulated and used as guidelines to reach the
required treament outcome. Thes guidelines focused on the treatment duration, loading and
arrangement patterns for a specific set of radioisotopes and the amount of radium required to deliver
the desired prescription, specified in figurs. The dose receivdry normd tissues duringreatment

was neglected?

The Manchester system was formulated in 1938 and subsequently modified by Tod et al. in 1953. The
modification attempted to overcome the shortfalls and issues as mentioned d3ovke treatment

was deined interms of dose to a @int, which wasconsideredto be a representative of the target

61 (E.B.Podgorsak, 2005, p. 4554%
62 (Srivastava and Datta, 2014)
63 (Tod and Meredith, 1938; 1953)
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volume itself, being reproducible from one patient to the next. After calculating the dose (iidem)

at several points within the pelvis, Tod et al. determitieak the initial site of nemsis was within the
paracervicatriangle, this triangle was categorized as the dbisidting region where the uterine
vessels cross the ureter. Keeping the paracervical triangtérid, they defined point A, 2 cm lateral

to the central canal of the utersand 2 cm superior to the muea of the lateral fornix, in the plane of

the uterus. The combination of applicators used for treatment, loading and source arrangement
patterns, as well as applicator design, were specified tovelethe same doseate to point A. The
constancy of doseate at point A was believed to be a major strength of the Manchester system point
A dose prescription. However, this original defined point A were not visible on orthogonal planar
radiographs, tlerefore point A were redefied in relation to the applicatowhich was easily visualized

on a radiograph. As seenhigure3, the newly defined point A was described by Tod and Meredith as
a point 2 cm above the external ostbe uterus and lateral to the terine tandem in the plane of the
uterus, respectively. Point B was defined 2 cm above the external os and 5 cm laterally to the midline;
in other words, 3 cm lateral to point A. This point was seen as a representative a@dgbelelivered

to the obturatar nodes and pelvic watt. This point A dose prescription was suitable in clinical practice

with limited imaging modalities available.

l;(—2cm-><—3cm —>
|
|
|
|

e VA

Figure3 - Original definition of points A and B, according toglManchester systerf®.

Questons were raised of how well the BT point A (BPA) correlated with the anatomical point A (APA).

Lewis et al. showed that the BPA and APA were at a minimum distanceocof &8m one another in

64 (Tod and Meredith, 1953)
85 (Tod and Meredith, 1938)
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93 % of their observatiorfS. A stidy by Wang et al. showedahthe averagedistances between the
APA and BPWere5.4+1.1 cmon the left and5.2+ 1.0 cmon the right, this led to the doseceived

by the APA to be 30 % and 35.2 % of the prescribed dose to the left and right BPAtivespd-rom
these resultsthey concluded that the BPA providl@n imaccurate dose estimate of the APA and
indicated the need to revisit the current BPA In 1985, the International Commission on Radiation
Units and Measurements (ICRU) published a reipovhich the solaise ofpoint A wasfrowned upon

as this reference point was situated in a very high dose gradignis, resulting imny errors and
inaccuracy in the determination of distancsith considerable uncertainties in the absorbed dose

calcdated at these specific paig.

Recommendations were made regarding the dose and volume specifications to achieve common
ground in reporting ICBT for cervicaincer®. In addition to Point A and B, it was recommended that

the dose received during treatmeto be specified in termsfo

1. Total reference air Kerma (TRAK);
2. Description of a reference volume;
3. OAR reference points to estimate the risk of late conapilins.

1. Total reference air kerma (TRAK)

The TotaReference Air Kerma RAfERAKIs defined as thair kerma rate in the aito air at a distance
of 1 m from the source, corrected for attenuation and scatter. As illustrated in Equé)pthe TRAK

value is the sum of the products of the referencelarma rae and the dwell time of edtsource:

YYO© YOUT"'O ©)

2. The reference volume

For the target dose, an additional and different approach was recommendéuker thanreporting
the dose at a point. It was suggested that at an agreed dose level, tendions of the volume
included in thesubsequenisodose should be reported as theference volume. The recommended

dose level was 60 Gy.

56 (Lewis, Raventos and Hale, 1960)
7 (Wang et al., 2007)
68 (Chassagne et al., 1985)
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3. OAR reference points

At the time of the ICRU Report 38 publication, an approximation of the dose to OARs clyue on
derived from standard orthogonal radiographs of the applicator. Hence, referpoags were

defined in relation to the sources visible on radiographs

As seen irFigure4, the bladder reference point was defined in teraigthe Foley balloon filled with
7 cn? radio radiopaque fluid inserted into the trigone of the bladder. The catheter was pulled

downwards tobring the balloon alongside the urethra:

1. On the AP radiograph, the reference point is taken at the centre of dffledn.

2. On a lateral radiograph, the reference point is obtained on an Anterior Posterior (AP) line
drawn through the centre of the balloonh& reference point is taken on this line at the
posterior surface of the balloon.

-~

balloon ‘/
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bladde
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erence point
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ST M
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Figure4 ¢ The localization of rectum and bladder points. (Reprinted with permission from ICRU. Dose and Volume
specification for reporting intracavitary therapy in gynaecology. ICRU Report No. 38. Bethesda, MD: International
Commission on Radiation Units andeédsurements, 1985.)

The rectal reference point was related to the applicator, as illustratédgares:

3. On an anterior radiograph, the reference point is taken atitftersection of the intrauterine
source through the plane ohe vaginal sources.
4. On a lateral radiograph, an anteriposterior line is drawn from the lower end of the

intrauterine source. The point is located on this line, 5 mm behind the posterioratagatl.

69 (Chassagne and Horiot, 1977)
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5. The posterior vaginal wall can be visualised, depamdipon the technique, using an
intravaginal mould or by opacification of the vaginal cavity with ragiaque gauze used for

packing.

Nonetheless, these points do not take the particular nortisalue anatomy into account, which could

be more subject to dy-to-day variatiomaffectedby fluctuatingextents of bowel and bladder filling
Dose rate

In the past, ICBT was delivered by using LDR, which involves the source of relatively low &bavity.
treatment was delivered in phases that ranged from harseveral days, dependent on the dose
prescribed. The radiation sources were manually loaded after the applicators/catheters were placed

in the target position; this led to unnecessary radatexposure to staff members.

The introduction of computedriven remote after loading systems over the recent years, in which
radiation sources are controlled with the use of a computer, has made it possible to deliver BT with
high activity source&. Ths has led to the ICBT practice changing from LDR to HDR iswdshdone

by taking several advantages of HDR over LDR in considefation

1. Shorter treatment times
1 Smaller risk of applicator movement during treatment
1 Opportunity for outpatients to be trated ¢ no hospitalization needed
1 A greater amount of patient todtreated
2. Eliminates unnecessary radiation exposure to radiation workers and visitors
3. No shielded inpatient hospital rooms required
4. Smaller diameter sources
9 Reduces the need to dilate thervex
9 Insertion of applicator physically easier
5. The ability to vay dwell positions and dwell times allows the possibility of dose distribution

optimization

During HDRCBT, the 92 source is moved through the applicator along a specific route; along this
route, the source is brought to rest at several positions. pb&tion and the duration in which the
source is stationary determine the dose distributianthin the patient. HDRCBT delivers a high

radiation dose concentrated to the local tumour volume while consequently sparing normal tissue,

0 (Koom et al., 2007)
"1 (E.B.Podgorsak, 2005, p. 454)
72 (Stewart and Viswanathan, 2006)
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due to the inverse saare law that causes a rapid dose faff outside the tumour®. Based on existing
prospectve and retrospective studies, it was proven that HORT is comparable to LIDEBT with
regard to complications rates, logegional control and survival outcomé&s A study by Romano et
al. reported, as stated above no significant difference in oVstavival rates or LC rates between the
two approaches, but acute as well as chronic toxicity was higher inBiDgbmpared to LDBT

outcome’.

Due to the loss in@ke rate effect in HDRCBT, multiple HDR fractions are necessary to reach the
required treatment outcome; a welbalanced ratio between the rate of tumour control and late
normal tissue complications. The applicator placement may vary from one treatmaetiph to the

other leading to a variation in the applicator spatial position in refato pelvic bony anatomy, pelvic
organs and adjacent organs at ri€kSubsequently, thieesults in the varying location of point A and

the 60 Gy ICRU volume TherdoNB = Ydzf GALIX S | 5w FNI OdAzya €SIR
left andright side for each treatment fraction, thus point A changes into a volume A for a single patient
8 This also resudtin multiple ICRU volumes in a given patient duringtipld HDR fraction® and

lead to variation in several reporting parameters such as ICRU volum@&s:aith the same patient
during the course of HDRBT treatment’. Das et al. stated that these uncertainties in reporting as

per ICRU Report 38 guidelser to Point A, cds for the guidelines to be revisét
ImageGuided Brachytherapy (IGBT)

The limitation of BT based on point A/reference volumes and orthogonal radiographs have focused
investigation on BT treatment based on the actual position ottimeour volume and @Rs in relation

to the applicator.

The availability of CT and MRI has facilitated more detailed anatomic information and the ability to
visualize the soft tissues of the pelvis with higher resolution, permitting a closer approximéthon o
location of he uterus, cervix, vagina, or the OARs, including the sigmoid, rectum, bladder, and small

bowel 82, The combination of 3D imaging and intracavitary applicators that are CT/MRI compatible

g2

OFL'YS Y2NB | @l AtlofS A fowédKds accuraiccaizatiok ot @tracadtafydo A y I G A

73 (Viswanathan, Beriwal, et al., 2012)

74 (Teshina et al., 1993; Patel et al., 1994; Hareyama et 8022 Lertsanguansinchai et al., 2004; X. Wang et al.,
2010)

5 (Romano et al., 2037

6 (Grigsby et al., 1993; Hoskin et al., 1996; Datta et al., 2001)

T (Dattaet al., 2001; 2004)

78 (Srivastava and Datta, 2014)

 (Datta, 2005)

80 (Dattaet al., 2001; Datta, Da®t al, 2003; Datta, Baset al., 2003)
8! (Datta, Basu, et al., 2003)

82 (Koom et al., 2007; Viswanathan and Erickson, 2010)
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applicators in relation to all necessary neighbouring structures, and with this the ability to obtain the

actual dose delivered to the tumour volume and surrounding ordans

Plan comparisons &re performedby Shin efal., for the conventional point A plan and@Fguided
CTWbasedplanl FNJ OGA2ylf wmnn 22 R2aS gl & LINBAONAROGSR
the CTV plamndto point A in the conventional plan. Tl@&Fguided CTV planning of ICBa&s found

to be superiorto conventional point A planning in terms of avoidance of overdosed normal tissue

volumes and conformity of target coverdge

A CT assisted dosimetry study conducted by Kapp et al. showed that the doses received by OARs,
specificdly focusing on he sigmoid, bladder and rectum are often underestimated when using the
ICRU system. The study concluded that OAR doses are higher than traditional 2D planning techniques
document®, Another study confirmed that prescription based on point@ses, lead taumour

volume uncertainty and underdosagéhemaximum ICRU 38 bladder and rectum doses significantly
underestimate the maximum doses to OARs dadotesthe 90" and 99" percentile of the maximum

doses to the rectum and bladder, respeetiy®®. The maimum dose to the bladder and rectum was

found to be 1.4 and 1.5 times higher in-Gased treatment planning than represented by the ICRU
bladder and rectum point in 2D base planniigOther studies have found the same results, some
reporting doses higheby approximately twefold on averagé®. CharraBrunaud et al. studied the

effect of 3D imagebased BT on treatment outcomefor the 2D arm of the study, dosimetry was
planned on orthogonal-xays, and for the 3D arm, dosimetry was plannedddrimageslimproved LC

and toxicity rates were found with 3D imagased BF°. These findings have led to the development

of 3D imageguided BT guidelines, to increase the dose to target volume, while reducing the dose to
the OARs. The Gynecologic Groupgopéen de CurietBrapie and the European Society for
Therapeutic Radiology dn Oncology (GYN GESTRO) Working Group published their
recommendations in 2005 and 2086 The American Brachytherapy Society (ABS) has also adopted
the GEEESTRO guidelinésr contouring, imagébased treatment planning, and dose reportitigA
publication by the ICRU, in collaboration with GEETRO are now considered the guidelines which

should be followed for contouring, imadmsed treatment planning, and dose reportitig

83 (ViswanathanBeriwal, et al., 2012)

84 (Shin et al., 2006)

8 (Kapp et al., 1992)

86 (Datta et al., 2006)

87 (Fellner et al., 2001)

88 (Ling et al., 1987; Schoeppel et al., 1994; Pelloski et al., 2005)

89 (CharraBrunaud et al., 2012)

90 (HaieMeder et al., 2005; Pétter et al., 2006)

91 (Viswanathan, Beriwal, et al., 2012; Viswanathan, Thomadsen, et al., 2012)
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The contouring guidelines provide information in the delineation of tbidowing recommended

target and OAR volumes:

1 The initial gross tumour volume (GY- includes the macroscopic demonstrable extent and
location of the tumour before any treatmenit can consist of a primary tumour (GT),

known distant metastaseGTVMinit), orinvolved regional node(s) (GTVx).

The GTM isseen aghe basis for treatment prescription and planning. It is assessed by imaging,

clinical and/or pathologidanvestigations.

1 Clinical Target Volume for the Primary Tumour (TJd/4ncludes the GTI and a volume of
surrounding tissue in which the risk of microscopic disease is deemed so high that this region

should be treated with a sufficient dose to conttbé microscopic disease.

1 Residual Gross tumour volume (GT¥) ¢ is defned as the residual tumour at the time of

BT after treatment assumed sufficient to conttbé microscopic disease.

1 Adaptive Clinical Target Volume (CTeMyp) ¢ can be defined afteany treatment phasgit
includes the GTWes and the residual pathologitissue that might surround the GNs.

9 Highvisk clinical target volume (CTMg ¢ According to GEESTRO the CAlVris defined as
the CTVTaapt that includes the GTV.es, dways the whole cervix, and the adjacent residual
pathologic tissue, if @sent. This is the volume bearing the highest risk for recurrence and is
selected by clinical examination and imaging at the time of BT after EBRT and chemotherapy
in LACC.

1 Intermedate-risk clinical target volume (CIN) ¢ carrying a significant microspic load,
encompasses the CTMgrwith a safety margin of between 5 to 15 mm. The safety margin is
chosen according to the tumour location and size, tumour regression, tumour Gpreh

treatment strategy.

9 The delineation of OARs which include the ol of the rectum, sigmoidbladder and

bowel.
9 The traditional ICRU rectum point can serve as a reaginal reference point.

The CTMurserves as a reference for both prescriptiand evaluation of IGBT. The total radiation
dose is prescribed to theT® Turthis dose is suitable to eradicate macroscopic disease and selected

according to the stage of the disease, tumour volume and the treatment approach.

The imagebased treatmenplanning and dose reporting guidelines provide the following information:
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9 The use of cumulative dosmlume histograms (DVH) for the evaluation of complex dose

heterogeneity.

Dosevolume parameters for target and OAR volumes can be calculated from am\draverted

into biologically weighted EQMoses by using Equati¢®) and are recommended for dose reporting:

1 DVH parameters for target volumes (GTV,-GHRéand CTWIr) are defined as the minimum
dose deliveredo 100 %and 90 % of the respective volume of interest (VO ko kAandDeo %

0 Duoo %is mainly dependent on accurate target delineation, due to the steep dose
gradient; small spikes in the target contour can cause large deviationgoiia Mo %
hasbeencond RSNBR (2 06S | Y2NB WwaidloftSQ LI NrYS

influences®.

The nearminimum dose g %is a more robust metridn which 2 % of the target volume receives less
than this dose. Because of the steep absordede gradiats in BT and the significant resulting
differences between 8 xand Doo % care must be taken when previolysreported values are
compared®. The use of B wand Qo sparametersare recommended for reporting dose to the GTV
Tur If the CTVWIris usal for prescription and in the case of clinical trials, these two parameters are

also recommended for the CTM.

BTrelated morbidity such as fistula, ulceration or circumscribed telangiectasegigentlyrelated to
asmall volume receiving high abseddoses To assesses such volumesdadoses appropriately the

reference volume approach has been suggested

1 The DVH parameters for organs at risk (OAR) are set as the minimum dose in the most
irradiated tissue volume: 0.1 érand 2 ¢ (Do 1em” and Dzerr’). Reporting of 5 and 10 crare

optional.

91 During the reporting of DVH parameters, it should be mentioned if the applicator is included

in the considered volume or not.

1 The reference volume, TRAK, prescribed dose, point A dose is alsoounsaasimetic

evaluation.

The underlying assumptionaclude identical locatioss during fractionated brachytherapyhe full

dose of EBRT in the VOl is considered, contiguous volumes and contouring of organ waltsiér > 2

9 (Kirisits et al.2005)
9 (Schmid et al., 2011)
% (Potter et al., 2016)
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The perceived limitations of these recommendations are that-6ETRO suggests the use of MR,
which is seen as the gold standard for imagin@T{®. Most clinics are limited in terms of imaging
capability, and MRI is not necessarily readily available for BT treatments, especially when several
treatment fractions are involved. However, CT is more frequently available in RT clinics and can be

usedfor this purpose.

Nonetheless, MRI has been proven to be superior to CT regarding the assessment of tumour size and
configuration. Due to lower contrast, CT tumour contours significantly overestimate the tumour
volume, especially in the lateral directiofhis result in significant differences in theohd, Do and

volume treated to the prescription dose or greater for the &hwWcompared with that using MRI.
Therefore, MRI remains the gold standard for tumour definition and delineation, but CT has &ho

be adequate for contouring of OAR volunfésintravenous contrast can enhance the rectum and
bladder, as well as the central areas of the cervix more than the peripheral. dteagnight help to

identify the uterine artery, thus assisting the delai®n of the upper border of the cervix and in

effect, improve the outcome of CT contouriffty
ImageGuided Adaptive Brachytherapy (IGABT)

A perfectly optimized BT treatment delivers a very high boost dose to the primary tumour, however
sparing OARs due tosharp dose falbff outside the target volumeDue to this sharp dose faiff,
definition and contouring of target and OAR volumes on the specific day of treatment has a
pronounced impact on the efficiency and accuracy of the BT treatment. This progmdimpact of
contouring target and OAR volumes on a day to day basis have led to the introduction oijuidee

adaptive brachytherapy (IGABT) for cervical cancer.

IGABT address the effect of tumour shrinkage and OAR geometrical changes in comhiilatibe
dosefall off associated with BT treatment. The key advantage of IGABT is the possibility to conform
and optimize the dose to the anatomy of the specific patient, considering tumour volume, topography,
and the position of OARs on the specifiy datreatment. IGABT has shown to reduce the incidence

of severe late rectal bleeding and the improvement of LC rates, even for advanced disease

The ability to adapt the dose to a regressing tumour volume results in much higher tumour dose
delivered conpared to conventional methods of pouased treatment planning or IGBT which

applies a single treatment plan over all fractions, irrespective of changes in target and OAR volumes

9 (Dimopoulos, Schard, et al., 2006; Johannes C. A. Dimopoulos et al., 2009)

97 (Dimopoulos, Schardt al., 2006; Viswanathaat al., 2007; Johannes C. A. Dimopoubsl., 2009; Eskander
et al, 2010; Krishnatret al., 2012; Hegazgt al,, 2013; Viswanathaat al., 2014)

9% (Viswanathan et al., 2007; Srivastava and Datta, 2014)

9 (Johannes C.A. Dimopoulos et al., 2009; Kang et al., 2010; L. Tan, 2011)
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and positioning!®. The dosimetric consequences and differences in dostédodTVI,r and OARs
were studied by Beriwal et al. using individualised MR&3ed 3D treatment plans for each fraction
versus plans based on a single scan for all fractions. The study showed that @lsingipproach
achieved adequate dosimetry in ntosf the patients, but individualised treatment plans improved

dosimetry by accounting for variations in the position of OARs and applicator gect¥etry

Studies have shown that IGABT contributes to the treatment of pelvic nodes in LACC, at the level of
around 5 Gy in the external, internal and obturator areas and 2.5 Gy in the common iliac. However,
individual variations have been observednd therefore the assessment of the genuine BT

contribution at the individual level should be recommend&d

In LAC,the implementation of MRI based 3D treatment planning, which includes dose escalation
dosevolume adaptation and a combination of intracavitary/interstitial brachytherapy if needed,
seems to improve LC, LC rategtate years above 85%, with low treaent related morbidity are

reported 1%,

The CTVTur Doo shas been reported to be one of the most noteworthy predictors of LC. Treatment
delivered in 7 weeks with asBCTVTurX85 Gy provides-§ear LC rates, in terms of CTyvolume

at the time of BTasfollows:

1. Inlimited size CTWurOf 20 cnithe LC > 94 %
2. Inintermediate size CTWrof 30 cnithe LC > 93 %
3. Inlarge size CTWrof 70 cnithe LC > 86 %

As mentioned above, aincrease in CTFVWursize are relatedo poorer LCTo achieveequivalent LC

an additional 5 Gys required for an increase @TVTurvolume by 10 crh The extension of OTT is
associated with poorer LC, and a €Thvdose of 5Gy is essential to compensate for an increase of
OTT by one week. Histology, chemotherapg dose ratavas found to have no significant impact on
LC104.

LD! . ¢Qa loAfAdGeE (2 -Ré&hile@diidgtdddde toPARVEIEMediaRd sévirés / ¢ +

toxicity rates have led to numerous studies reporting an improvement in the therapeaiiic,

100 (Lindegaard et al., 2013)

101 (Beriwal et al., 2009)

102 (Bacorro et al., 2017)

103 (Potter et al., 2007; 2011; Lindegaast al., 2013; Rijkmanet al., 2014; Sturdzat al.,, 2016)
104 (Tanderup et al., 2016)
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improved LC, DFS and G%. With all this said, IGABT should preferably be the standard of care at

every organisation.
Interstitial Brachytherapy (ISBT)

Studies have shown that even though ICBT is mostly used foBRID®Randard ICBT applicatdike

the Vienra-type ring applicator or the Utreckipe ovoid applicator, do not ensure sufficient coverage

of the target volume in all patients with advanced cervical catféein cases where CTMrvolumes

are irregular and bulky, or a significaesidual diseasesipresent, the recommended minimum CTV

Turdose is difficult to achieve. ISBT is recommended in cases where ICBT is not technically possible
RdzS§ G2 GKS LI GASyGQa Fyldz2yées 2N Al Kwith§BLTIS Ol SR
a Perspexdmplate is used to guide and maintain the needles in a parallel position within the cervix

and its paracervical tissue. Saha et al. reported a high tumour response, better parametrial coverage

and better 3year LC in Stage 11IB, coaned to ICBT%,

The avdability of combined interstitialntracavitary applicators, allow for a combination of
intracavitary and interstitial BT treatment €16 BT), which lead to a higher total target dose, superior
dosimetric target coverage and tresl volume in patients, wich translate into higher LC rates and
reduction in pelvic recurrence, without increasing the dose to critical structures and maintaining a low

rate of morbidity°.

Studies have shown that the application of adaptivdSQreatnent improves the LC in dally
advanced cervical cancer, by enabling tumour dose escalation in large tumours > 8fthvout

adding to treatment related late morbidity’®. It results in 3year LC rates of 95 to 100 % in
limited/favourable (IB/1IB) and 8® 90 % in large/poor regmse (lI1B/111/1V) cervix patients linked to a
moderate rate of treatment related morbidity scored using LENT/SOMA Score. This approach has led
to a decrease of 65 to 70 % in pelvic recurrence and in major morbidity, comparbd tostorical

Vienna seried'™.

105 (Potteret al, 2007; Tanderugt al, 2010; Potteret al, 2011; CharrdBrunaudet al., 2012; Wanderast al,,
2012; Nomderet al, 2013; Rijkmanst al,, 2014)

106 (Tanderup et al., 2010; Mohamed et al., 2015)

107 (Nag et al., 2000; Kuipers et al., 2001; Viswanathan, Thomadsen, et al., 2012)

108 (Saha et al., 2008)

109 (Kirisitset al., 2006; Dimopoulos, Kirisitst al., 2006; JurgenliemBchulzet al., 2009; ®10; Potteret al.,
2011; Fokdatt al, 2013; Tan, Koh and Tang, 2015; Foktal., 2016)

110 (Fokdal et al., 2016)

11 (Potter et al., 2011)
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The use of I€S BT treatment has been investigated as an alternative to the usual parametrial EBRT
boost in patients withsubstantialparametrial involvement at the time of BT. This alternative method

was reported to bewgperior in target coveragesawell as OAR sparif.
Total dose and fractionation schedule

Direct comparisons between dose and fractionation schedules for BT are liniltecefore, the
chosen fractionation schemes are mosifyectedby resource and practicalities constraints. Aietgr

of schedules are used in clinical practice for HORT. Frequently used treatment regimens in the
United Stateswere published by the AB®id fractions are usually delivered 1 to 2 times per wéék
Due to limited published experience regardif$8T, the number of implant procedures and the
fractions per implant session are not standardized, due to this, it is delivered by a varietgtofard

regimens.

A study by Sharma et al. proved the clinical feasibility of a weeklyl&8BRschedule of 10 &2, in
terms of LC, survival rates and low toxié¢tyy Kumar et al. studied the impact fafur different dose
fractionation schedules on EQID HDRIGBT. Th€ TVTur Deovsand Point A were similar for 5.5 Gy x
5 fractions, 6.5 Gy x 4 fractions, and 7 Gy fractions, as well as EQIdr OARs bladder, rectum,
and sigmoid. The fourth dose fractionation schedule, 9 Gy x 2 fractiens faund to produce
significantly unfavourable EQDvalues compared to the other three fractionation schedules

investigated*®.

At Universitas Annex Hospital, a maximum rectum dose of 2 Gy per fraction was prescribed and
applied for five BT fractions. Standarddirag patterns were used and the dose at point A varied based

on the rectal 2 Gy normalization point.

Nowadays, witlthe implementation ofGABT which produce a plan of the day and OAR volumes that
vary in spatial position from dap-day in relation to tle target volumeand havedistinct geometrical
configurations and, the possibility of fractionation compensationtexishis approach focuses on the
total treatment OAR constraint, rather than tlsenstant pesfraction treatment planning constraints.
This allove OARs to receive higher thahe average dose in one fraction if compensated for in

upcoming fractions!é,

Nomally, the fractional OAR constraints, of one or more, could limit the prescribed target dose, while

other OAR constraints have not been reached in the same fraction. On the other hand, the target dose

112(Mohamed et al., 2015)

113 (Viswanathan, Beriwal, et al., 2012)
114 (Sharma et al., 2011)

115 (Kumar et al., 2019)

116 (Shaw, Rae and Alber, 2017)
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aim could beachievedwithout any of the OARs constrds being violated, or equally, only at the
expense of one or more OAR constraint violations. However, this scenario can change in the following
fractions and the possibility of adjusting peaction OAR constraints optimatlygroughoutthe course

of treatment to reach a rigorous total treatment OAR constraint exists. Lang et al. proposed that a
difference between the total dose constraint and the already delivered dodee split, equally,
between the remaining fractions. Thus, the new fractional doseolmes the new per fraction dose
constraint!’, This is a conservative and optimistic concept that bet on favourable future geometries
as opposed to obtaining the maximum benefit at the current fraction. This relates to the belief that
geometric changes are aimly due to time trends instead of random changes such as tumour
shrinkage It assumes that future fractions will have no worse geometry than the current situation.
Shaw et al. proposed a more greedy and pessimistic approach tkandbrely on better bances in

the future and exploit any chance of compensation. It assumes that the fractions deliwenéch
includes the current one, are the best predictors for future ones. The proposal aims to achieve the
entire compensation in the current fraction, vidithe conservative approach allocates it over all

undelivered fractiong?s,

Shaw et al. compared the two approaches and found no statistically significant differences, as a result
of the detected time trend of a shrinkingTV¥Tur It is believed that thgreedy approach will be more
beneficial when BT is applied aft@ratthe end of the EBRT treatment when major tumour shrinkage

has already occurrett®.
2.4  Optimization in HDR brachytherapy

The ideal outcome and mostgnificant challenge of radiotherapytie ability to create a treatment

plan in which all targets have received at leasteast a prescribed doswithout compromising any
normal tissue dose limits. To make this challenge even harder, not all normal tissues respond the same
to radiation, andherefore, several clinical objectives should be applied to address this issue. To obtain
a weltbalanced mn, optimization is necessary. Optimization in HBIRs referred to as the tool which

is usedo adjust source dwell times and positions within tygplicator and catheters to achieve the

desired dose distribution.

There are two main optimization approaches, namely, forward and inverse optimization. The forward

optimization process requires the following astarting point:

1. Anatomy of the patien{CTV and OAR volumes).

17 (Langet al,, 2007a)
118 (Shaw, Rae and Alber, 2017)
119 (Shaw, Rae and Alber, 2017)
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2. A standard template of defined source positiarsd dwell times.

Dwell timeand dwell positionsof the template plan are altered by the user by means of a trial and
error method. The user assesses the changes by calculating anctévglthe dose distribution
utilizinga DVH to evaluate if the desired target and organ dose prescribed by the radiaiiologist

has been met. If not, the process is repeated until the necessary criteria have been met. This type of
optimization requirescontinuous user input, and in complex anatomy cases, this approach can be
time-consuming, and the outcome can be adadje, but, in most cases, not optimal. A more
advanced optimization approach known as inverse optimization has been developed whielssaddr

the shortfalls and limitations of the forward optimization approach.

The inverse optimization approach is basedtba user defining the desired outcome; this user
defined outcome is reached by using an optimization engine to determine the valuég afitell

times and times of the sources within the applicator/catheter.

The inverse optimization process requires fhllowing as a starting point:
1. Anatomy (CTV and OAR volumes).
2. A standard template of defined source positiarsd dwell times.

3. A userdefined desired outcome The target and OAR dose prescribed by the radiation

oncologist in terms of an ide@8D dose distribution.
4. A userdefined criterion which defines the quality of the dose distribution.

5. A userdefined penalty mechanism that must be digd when these criteria are not met or

are violated.

Two types of inverse optimization algorithms haveebeoroposed in radiation therapy planning,
deterministic and heuristic algorithm3.he formerfollows the same search path with the same
starting poirt andtendto get trapped in local minima. The latter follows a random search path in each
optimization run anchasthe ability tofind the global optimum solution by escaping local minima. A
well-known algorithm is Simulated annealing’. The two most common algorithms in HDR

Brachytherapy will be discussed briefly in the following section.

120 (Mohammadi et al., 2015)
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2.4.1 Hybrid Inverse treatment Planning and @mization algorithm (HIPO)

The Hybrid Inversereatment Planning and Optimization algorithm (HIPO)nisi@atomybased 3D
inverse optimization algorithm developed by Karabis et?l By setting dosimetric constraints, HIPO
has the ability to optimise # source/needle placement and dwell times. The user has two options

when HIPO is used as the selected optimization algorithm:

1. Optimization of source positions and dwell times.

2. Optimization of dwell times for a given applicator/needle configuration.

A stachastic optimization algorithm (simulated annealing) is used to select and determine the source
placement, for which the corrgending dwell times are optimized by applying a deterministic method
known as the Limited Memory BroydeRletcherGoldfartgShannaalgorithm (LBFGS), which is part

of the quasiNewton method family.

It is not realistic and practical to define the complelesired 3D dose distribution. As an alternative,
the user defines a range (D4 within which the dose value at any samplingirg d must lie. Low

and high objective functions are used Equat{épand (5):

C:l-o

"0 Qo6 O Qo (4)

C:|o

nQo O Qo ©O (5)

Where:

n is the transition/step functiorEquation(6):

nw o p W T

ne 2o on (6)
C

N T W T

Nis thetotal number of dose sampling points in thergesponding VOI.

121 (Karabis, Giannouli and Baltas, 2005)
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'O and O are lowand high dose limitsrespectively
‘Q 6 is the dose of theisampling point:?

A common characteristic between the two functions is that dose vahssw and/or above the
specified upper and lower dosienits for anatomical structureare penalized andefined for any VOI.
Theobjective functiongliffer inhow the violation is penalizeshd what dose normalization is applied.
t I NI Y Spedfies the typef objective function. For variandeased objedie functions withh =
2, dose valuesxceedinga critical dose value are penalized quadratically, for Leg®andiot

objectives linearly witth = 1 and for DV#based objectives independent of the dose vahith h = 0.

When describinghe range of doseequired for target volumes, such as Cli¥and CTVIr, both low

and high objective functions are relevant. The role of the low objective for target volumes is to ensure
that a minimum dose level is kepthd role of the high objective for target volumés to avoid
overdosage within the target volumes. To protect the OAR volumes from overdosage, only the high
objective function for each individual OAR is considered. Dose optimization in BT considers the
simultaneous optimization of many competing objeets and is, therefore, a true muttbjective
optimization problem. Competing objectives exist, and it is, in most cases, impossible to meet all the
objectives simultaneously. This can be solved by comlgjribjectives functions using penalty/weight

factors (w).

The objective function can be defined as the weighted sum of individual objective functions for the

different structures. This function is given by Equation

Q 0Q 0 Q 0 "Q 0 Q (7)

These penalty factor values are dependent on the importance of the specific objective within the
optimization processand it is advantageous to know what the effect of the different values will have

on the dose distribution.

This algorithm was tested fahe use in HDBT, and the outcome compared with clinical data was

found to be satisfactory?®,

122 (Lahanas, Baltas and Zamboglou, 2003)
123 (Karabis, Giannouli and Baltas, 2005; Trnkova et al., 2009)
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2.4.2 Simulated Annealing

Kirkpatrick et al. first introduced simulated annealing ($A) It is a heuristic global optimization
technique, which is suitable for sas with many variables, as in HBR. This algorithm can process
objective functions with arbitrary boundary conditiowgh the statistical guarantee of finding a global
optimum of a given functiof?®>. SA mimics the physical process of heatingaterialbefore slowly
cooling the temperatue while allowing wider sampling and uphill transitions ¢bliinbing) in a
controlled fashion. Thus, each transition can transform one configuration into a worse one, and as a
result, it is possible to jump out of loaminimal?®, Lessard et al. described the use of SA for anatomy

based dose optimization in prostate HBR?":

The optimizak 2y LINRPOSaa adGlNIa 6AGK Yy AYyAGALFE R2aS ofF
step. Atransitionis generated (stepP{ bmM QU0 o6& NI yR2Yf& AyONBIaiaAyakRS
dwell times. After every iteration, the algorithm decides if thewndose distribution is accepted to

become the current one and replace the former distribution. If the selected transition
improves/decrease th@bjective function, then it is always acceptdilthe selected transition causes

'y AYONBLI &S vefunctbd, it id &sd ac2ept@ SbOtiwih a probability given by Equation

(8):

<

C

ca
O
Q

8)

WhereT(K) is the pseuddemperature parameter which is analogous to temperature in an annealing
system and’O O 0.

At higher values of T, uphill movement is more likely to occur which pémnsystem ¢ escape from
local minimum with a finite probabijit As T tends to zero, transitions become more and more
unlikely. In the case wheréwould be set to zero for aK, the probability of accepting a transition
with a positiveYO would be zero and the ptimization would behave as a regular local search
algorithm. The parameter k is some constant that relates temperature to energy (in nature it is
.2t 0T YlFyyQa O2yadlyidoo

124 (Kirkpatrick, Gelatt and Vecchi, 1983)
125 (Lessard and Pouliot, 2@)

126 (Mohammadi et al., 2015)

127 (Lessard and Pouliot, 2001)
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The standard SA gives consistent results in the search for the giobialum but £nds to be too slow
128 The fastsimulated annealindFSA) approach was introduced, which reduce the temperature

parameterT(k) used to calculat® (YO) at every iteration according to the relation in Equat{&h

o Y
YQ ol ©9)

wherek is the iteration numberTo 0 KS AYAGALf GSYLISNI (dzNB= iblyR
pseudcetemperature is set proportional to the meafEvalues of 500 random transitiori&k) to E (k;

+1).

The objective function is used to translate the clinical criteria into mathemdibcai and allows
comparison of a given dwell time distributid relative to the next K +1). As illustrated in Equation
(10), from the doserate matrixQ the dose distributionD; is given by the sum of the dosate

contribution from all dwell positiongwith a regpective dwell timet;:
(0] Qo (10)

As illustrated inFigure5, the degree of fulfilment of each clinical criterion is measured using dose
potentials. These doggotentials convert tie dose distribution to a penalty valwa. This conversion

is defined bythe relation in Equatioril1):
0 a O O EE 0
6O & 0O Y E®@E Y (1D
0 0 EE O Y
where the parametersn, mg, L, andRare the characteristic of the selected dose potentials. Each

clinical criterion is controlled by itswvn potential active on its respective dose calculation points.

128 (Ingber, 1993)
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Finally the sum of the penalty valueg overm dose points is performeds show in Equation(12)

to obtain the global penaltiz of a given clinical criterion:

0 12
0 v
The objective functioik) of the dwell time distribution of iteratiok is given by the sum of all terms

representing the clinical criterjas shown in Equatiofi3):

0Q 0 Q (13

This energy value is used to compare a given dwell time distribltielative to the nextK:+1). The

Ot 2aSNJ G2 GKS OfAyAOrt 202SO0AQDS leyeRy anKtBe LIK@ & A
objective furction. Agreement with thelJK @ & A OA I yQa LINBAONARLIIA2Y FyR
criterion over the other is adjusted using the parameters of the dose potentials. Thus, the most

sensitive part of the algorithm is the choicktbese parameters.
2.5 Conceptof Equivalent Uniform Dos€éEUD)

The use of cumulative and differential degglume histograms has become a crucial tool in modern
3D treatment planning. However, their usage is limited to a point selection on the DVH to Wwaich t
prescribed dose is normakd. The use of a singilwsevolumehistogram point for dose reporting

and specification is adequate when the dose distribution throughout the evaluated volumes is uniform
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12% this is however not the case in BT treatment espligifor normal tissue sttures. The concept
of equivalent uniform dose (EUppstulatesthat two different dose distributions areomparableif
they have the ability tgoroduce the same radiobiological effect. The EUD parameter can easily be

calculatedfor target and OAR volumes by using data obtained fiom| Qa &

Furthermore the uncertainties in the delineation of target and OAR volumes lead to uncertainty in
derived DVHparameterswhich leadgo the uncertainty in the dose received by both target antiFO
volumes during BT treatments. The contouring unaerties associated with the use of CT imaging for
BT planning creates the need to investigatealternative planning method for IGABT. This alternative
method needs to be more robust against imagengl contouring uncertaintiecompared tothe

original GE-ESTRO prescription with reference to DVH criteria.

The EUBbased planning method, which cae categorized as a biological method, has been studied
for this purpose and was found to be equivalentl®BT treatment plans for OARS. Biological
optimization was proven to be an effectiaad easyool to obtain a large variety of dose distributis,

with improved sparing of normal tissues for the same or higher target tddeoses can be selectively
fine-tuned in different regions, with either increasedsks to the target, or a reduced dose to critical
structures®®2 Furthermore, the summation of EUDs from sequential treatment fractimogidesa
reliable worstcaseapproXmation for the total treatmert dose Thisopens possibilitiedor either

simultaneaus integrated boost in EBRTsafe dose escalation in IGBY

To perform biological dose optimization in IGABT, biological dose metrics (EUD) for target and OAR
volumesneed to be calculated. Equatidqth4) can beused to determine the EUD of target volumes

(EUD) relative to the EBRT dose delivered in 2 Gy fraction2(&y), from the surviving fraction:

. [ A
oYoO — = 14
0"YO —a (14)

The differential DVH of target volume&sinebe used to calculate the surviving fractior(8f each
treatment fraction.SFis calculated from Dthe dose bin for theikth fractional tumourvolume:

129 (Niemierko, 1997)

130 (Shaw, Rae and Alber, 2013)

B1(Wu et al., 2002; Schwarz, Lebesque and Mijnheer, 2004)
132 (Wu et al., 2005)

133 (Sobotta et al., 2011; Shaw, Rae and Alber, 2013)
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V'O b YD 15

The generalized (gEWvas used for all OAR volumes and will be calculated using Eq(Egjon

"QOYO 0O ~ (16)

whereb and ‘O are bins of the differential DVH anlis a tissuespecific parametet®%. The tissue

specific parameter for the bladder will be used as 8 and for the rectum and sigmoid as 12, respectively.

The sigificant advantage of EUBased plannings that thedose metric considers the entire dose
distribution ofthe organscontrary toa single dos&olumehistogram point, as suggested by GEC
ESTRO.

2.6 Toxicities in normal tissues

The therapeutic ratio decliness a result of large tumour volumes lying closer tdROMlumes. To
maintain the dose to the target volum@AR doses are increakeand this can lead to an increase in
OAR morbidity. Although BT allows for rapid dose faff, OARs may still receive higloses of
radiation because of their proximity to tharget. The implementation of IGABT has made it possible

to adapt treatment volumes and in effect, the ability for dose escalation. Even though dose escalation
is performed in the tumour volume, sexemorbidity is reduced and kept low in OARs while nmatke
treatment related morbidity is still evident®. Therefore, acute and late toxicities remain a valid
concern even in the era of IGABT. Acute toxicitigsally appear withithree months of treatmen

and are usually reversibnd resolve within a fewnonths®®, Late toxicities occur afteéhree months

of treatment and are usually irreversible.

Quantitative objectivescoring systems that explicitly consider multiple patiesntd physiciartbased
endpdnts, such as the LENHOMA systemare suggestedto avoid ambiguitygiven the multiple

endpoints used to score toxicify.

134 (Shaw, Rae and Alber, 2013)

135 (Potter et &, 2011)

136 (Viswanathan et al., 2010; Morris, 2015)
137 (Viswanathan et al., 2010)

50



Bladder

Dose to the bladder range from 40 to 50 Gy in EB#vever,if combined with BTbladderdose
estimates to a total of betwee 70 to 90 Gy and can reach > 100f@ythe regionsclosest to the
radiation sourceThis region is likely to vary between fractions; therefore, the true maximum bladder
dose in patients is unknown. As discussed, the ICRU assigned a bladder dose paensetyy stdies
have found that this point is noepresentative of the Glbased or ultrasoundbased volumetric dose
maximum and surface area of normal tissue irradiat&dA previous report revealed that kaigh

bladderDxn® is a vital risk factor for mderate to severe gradbladder bleedingfistula andcystitis

139

A large prospective study® found that severe bladder morbidity, mainly frequency/urgency,
incontinence, and cystitis after IGABT is limited and compares ffailyuto 2D brachytherapy.
However, mild to moderate morbidity is still evidengspecially with a high level of urinary frequency
and gradually increasing incontinence. Late bladder morbidity should be further reduced through

continuous optimisation of tehniques with individualisatiorof radiotherapy and side effect

management
Rectum

Based on long term evidence and results of the large prospective EMBRACE study, significant
correlations were established between overall and single endpdprtsctitis, bleeding, fistula)ate

rectal morbidity and dosevolume Dz’ and Doicn’) and the ICRU rectevaginal reference point
parameters. Thé,®> parameter of the rectum should not exceed 75 Gy EQDthis is associated

with major and more frequent rectal morbidity such as fistulae, wreBe.n> X465 Gy is reported to
decrease rectal morbidity such as bleeding and pro&ti§ **. The EMBRACE | study also

demonstrated that G3 and G4 rectal morbidity is very uncommon in IGABT
Sigmoid/Bowel

Despite advances in radiotherapy,vial toxicty remairs an enormous issue after the completion of
treatment!*:, Late bowel morbidity was assessed in terms of physician reported morbidity and patient
reported outcome (PRO) for a large group of patients that underwentlIBRBT in locally adwced

disease. Grde 1 and 2 bowel morbidity was prominent with occurrence rates of between 28 to 33

138 (Viswanathan et al., 2010)

39 (Yen et al., 2018)

140 (Fokdal et al., 2018)

141 (Georget al., 2012; Mazeroret al., 2016)
142 (Mazeron et al,, 2016)

143 (Denhamand HauetJensen, 2013)
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% during followup. The most frequently reported side effect was flatulence and diarrhoea, which
significantly increased aftehree months. Incontinencgradually worsened with time. PRO revealed
higher prevalence rates. The 3/5 years actuarial incidence was investigated, grade 3 and 4 bowel
morbidity was limited at 5.0 % and 5.9 %, while the incidence of stenosis, stricture aral\iias 2.0

% and2.6 % respectively*4.

No singledosevolumeparameter has been reported and validated yet to predict late bowel toxicities
in IGABT treatmentHowever, a study by Bockel et al. reported a positive correlation between bowel
morbidity anda TRAK valug2cGyat 1 m, which can be used as a predictor for late bowel toxicities.
They also found a positive correlation between the probability of late bowel morbidity with smoking,
a CTVIurvolume ofk25 cn? and a TRAK value2cGy at 1 ni“,

Vagina and vulva

Theepithelium of the vagina and vulva is sensitive to the effects of radiation. Acute radiation effects
experienced after radiotherapinclude vaginal erythema, mucositis and moist desquamation, which
usually resolve within 2 to 3 months. Some patient megperience progressive and egoing

acuteeffects which at the end may result in vaginal and vaginal entrance stenosis and ft&yility

Early to late vaginal morbidity was evaluated during the fikst years of followup in IGABT. Mild to
moderate symppmswere pronounced, with the symptoms developing witkikmonths, gradex1,

89 % and grads2, 29 %. Severe vaginal morbidity was reported to be less than reported from earlier
studies. The other reported vaginal symptoms reported were stenosiswedlby vaginal dryness ad
vaginal bleeding anchucositis in a lesser extefft. Vaginal stenosis develops in 88 % of patients who
receive pelvic radiation as a result of radiotherafiyVaginal stenosis is dominant and correlates with
EBRT as well as BT épa total treatment dose aim oK65 Gy EQEXo the rectovaginal reference
point isrecommended“®. To establish a vaginal dose-égcalation planning strategy, Mohamed et
al. redued the dwell times of sources residing in the ovoid/ring, whilzintainingthe target dose
and increasingdwell times in tandem/needles. In this attempt, the dose to the ICRU reatinal
point was reduced by an average of4 Gy EQR while Dxr® doses to bladder ancectumwere
reduced by an average oft2 Gy and 32 Gy. This vaginal dose-@scalatim planning strategy has

the potential to decrease the incidence of vaginal stenbSis

144 (Jensen et al., 2018)

145 (Bockel et al 2019)

148 (Schover, Fife and Gershenson, 1989; Jeesah, 2003; Denton and Maher, 2003; Silberstetral., 2013)
147 (Kirchheiner et al., 2014)

148 (Mittal and Kaushal, 2015)

149 (Kirchheinert al.,, 2016)

150 (Mohamed et al., 2016)
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Ureteral stricture

Ureteral stricture is a welknown but rare severe late complication following cervical cancer
treatment 1% The risk for severe to lfiareatening ueteral strictures was reported to be unusual
and generalljow in Stage | and Il tumours, with an increased risk in Stage Ill and IV tumours treated
with IGABT®2

2.7 Dosimetry

In 1995, the American Association of Physicists in Medicine (AARBRGroup No. 43 (TG43)
published a protocol, which comprised and introduced a neélwd®se calculation formalism to
establish the 2D dose distribution around cylindrically symmetric brachytherapy line sources
(assumed) such as palladittf3, iodinel25 and ¥192.In 2004 an updated T@3 protocol was
published®3,

The generatloserate formalism

The dose rate at a specific position adjacent to a radioatthsurce depends on several parameters.
These parameters include the distance to the source, thecgognape,the reference air kerma rate
(RAKR) of the source, the thiess and composition of the shielding around the source, the

composition of the medium between the calculation and source position.

P(r,0)

Figure6 ¢ The coordinatesystem utilized for brachytherapy dosimetry calculationg. w S LINRwRttdp@réhi&sion from
(Rivard, M.J., Coursey, B.M., DeWerd, L.A., Hanson, W.F., Saiful Hug, M., Ibbott, G.S., Mitch, M.G., Nath, R. and
Williamson, J.F.. Update of AAPM Task Group NoR&®at: A revised AAPM protocol for brachytherapy dose

Bl (Mclintyre et al., 1995; Maier, Ehrenbock and Hofbauer, 1997; H&kkn, Sjoberg and Tiitinen, 1998; Fokdal
et al., 2019)

152 (Fokdal et al., 2019)

153 (Rivard et al., 2004)
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calculationsMed. Phys., 31 (2004) 63374). Copyright © (2004), The Authors. Published by American Association of
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As illustrated irFigure6, the dose rate atthe poird ¥ Ay G SNBad t ONE‘ 0 Ay 641 0
Equation(17):
"Oi h—

0 i h— Wzb Qi "Oih— (17)

Where
r - The distance (in cm) from the centre of the2 dzZNOS (12 GKS LRAyld 2F Ay GaSNB

P (0, o) - The reference point that lies on the transverse bisector of the source at a distance of 1 cm

from the origin (with =1 cm)

—-58FAYySa (KS &a2dz2NOS (NI yag@SNE)S LXIFyS FyR Aa Sid
‘ -The angle between the direction of radius tera and the long axis of the source

"Y - The airkerma strength of the source (cGy.tht)

Z - The dose rate constant in water (cGyUr)

"Oi h— - The geometry factor

"Qi - The radiatose function

"Oi h— - The anisotropy function

The dose rate constant in wateZ|

The dose rate constant is defined as the dose rate to water at a distance of 1 cm on the transverse

axis per unit air kerma strength source in wats illustrated irequation(18):

Oi h—

~ (18)

The dose rate accounts for:
9 Spatial distribution of radioactivity within the source encapsulation;
9 Scattering in water surrounding tie®urce;

9 Selffiltration within the source;
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i Effects of source geometry.
¢KS IS2YSONE FdzyOGA2y D ONE ‘0

The geometry function neglects scattering and attenuation but provides an effective inverse square
law correction baseé upon amapproximate modebf the gatial distribution of radioactivity within the
source. The geometry function can be calculated for a point and line source and give rise to the

following functions:

Equation(19) can be used for a point source apgimation:

O ih— i (19)

Each source can be assumed to be a point source if the distance between the dose calculation point

and the source centre is at least twice the active length of the sotfce

Equation(20) can be used for a line source approximatien/e  p: T
Oih— = T, — (20)
0i O+
2 KSNB | Ad GKS y3atS: Ay NIRAFYy&as adzomidSyRSR o0&
calculation poi, P(r' 0 @ OwWwSTFSNJ G2 CAIdz2NBE c 0
Equation(21) can be used for a line source approximadion L ¥: ' n
Oih— 1 — (21)

The radial dose function g(r)

The radialdose functionaccounts for the effects of attenuation and scatters in the water on the

GNF ya@SNES LI IyS 27F G K-6ff whizldzNddlGdedirt thgéométry funatibn. S E Of dzR
The radial dose function may also be influenced by filtratibplwtons by the encapsulation and

source materials. This factor can be determined by fitting a-&ftther polynomial fit to the tabulated

g(r) data as shown in Equatiof22):

154 (E.B.Podgorsak, 2005, p. 475)
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Qi ® O Ol ol ol i (22

Parametersy to @ should be determined so that they fit the data withir2 %.

The anisotropy function F(®)

The anisotropy function accounts for the anisotropy of dose dhistion around the source, including
the effects of absorption and scatter in the water. It giviee angular variation of the dose rate around
the source at each distance due to siiration, oblique filtration of primary photons through the

encapsulatig material, and scattering of photons in water as illustrated in EQu#&2at

i Fi Oih—"0ih— 23
l Oih— O ih—
The anisotropy function decreases:
1 Asrdecreases;
9 'a ° FLIWNRIFIOKSa n ¢ 2Nl wmyn c¢cT

1 As the source encapsulation thickness increases;

Chapter 3 Methods andMaterials
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The planning study was conducted on a novel treatment planning module thatspecifically

developed for the purpose of this study.
3.1 Patient data collection and contouring

Theexisting patient databaseasused to oltain anonymous patient andeatmentdata of 18cervix
cancer patientsThe patientgeceivedCFbased IGBTh combination with EBRT between 1 January
2014 and 3Mecember 2015Planning was performed on the Oncentra Brachytherapy Treatment
planning system (Version 4.6.0yhe plannig aim vas to deliver a dose of at least 7 Gy to the CTV
Tur Doo ssper fraction, with a total of five fraction3.he patient data consisted of a ©fage set of3

mm axial sliceswith the applicator in siti, scannedrom L1 to 5 cm below the vaginal inttas, with

a ToshibaAquiion Large BoreCT sanner The applicators used for treatmentvere CT/MRi
compatibletandem and ringpplicatos (Nucletran Systens, Veenendaal, The Netherlanddekta AB,
Stockholm, Sweden). They were inserted under consciodatioa without the insertion of a Foley
catheter and vaginal packinQue to the extremely high workload in this clinic, foley catheters are not
used in general, as well as no vaginal packing. Patients are also treated under conscious, sedition
this ako infllences decisions about catheter placement and paclBogvel preparationis performed
beforethe insertion of the applicator to ensuren@mpty rectum.Theselection of patient data isot
limited in terms of disease stagingnd thus any patient wi received five IGBT fractions auld be
included. The only requiremerig that the patientsshould havedifferent CTdatasets for each IGBT
treatment. The CT datasets over tleatire course of BT amebtained thus, a total of 90 CT datasets

are used in tlis invesigation.

Each CT data set are contourasl per publishedCRUB9 **and GEESTRQ@uidelinesas described
earlier in the Imagé&suided BrachytherapyGBT) Section Pag4.

The following tumour volumes and dose points deginedand contoured:
1 Highvrisk clinical target volumeJTVTug

1 Intermediaterisk clinical target volumeJTVTir) - TheCTVTyrwith a safety margin of 16im

is used:;
1 PointA left and right.

The GTV was omitted as it cannot be identified on CT im&gémaed CTVTnrand CTVTrvVolumes
are contoured based on the description of the tumour during clinical examinations recorded before

the patients received BT treatment. Variations of thesaum@s from the actual tumour will have no

156 Wt NEAONR O A Y BILIRWIONER A NS SO KIeYIRK SWINI L8 F2NJ / I yOSNI 2F (K
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impact on the studyeven f they might have been slightly different when delineated on a MR image
set, the reason being that all optimizatioand planningtechniqueswere performed on the same

image datasets.

Accoding to the ICRU 89 repoft’, volume selection and delineati of ORs are performed along
their walls, either as a wall contour as an outer contour. Outer contour delineation is sufficient for
small absolute volumes, while orgavall contouring is sugested for volumes larger than 2 &’

Both hare been contoued in this study, as the EUD constraints applied in this study has been derived
from OAR walls by Shaw et'&l

C2NJ h! wQa GKS F2ff 2 avergd @finedddd toyftéured YR R2aS LRAy(a

9 Bladder wall and outer contour with content;
1 Rectumwall and outercontourwith content;

1 Sgmoidwall and outer contour with content;
T Small bowel outer contour with content;

1 ICRU Rectwaginal reference point.

The ICRU bladder pointas not defined and reported in any of the patients as there were no Foley
caheters inseted befae treatment, as stated earlier. The absence of the Foley catheter makes it
impossible to define the ICRU bladder point. Several studies have shown that the ICRU bladder point
doses are not necessarily a true reflection of the doseikexd by thebladderand therefore time is

rather spent on the contouring of the bladder volumes, to ensure accuracy of all necessary DVH

parameters used for planning and reporting purposes.
3.2 Dosimetry

IDL, short for Interactive Data Languagas used to alculate the3-D dosedistribution aroundthe
cylindrically symmetridr-192 source The 2D dose formalism described in the updated-4%
protocol, as described in Sectidh was used as a guideline to develop-B 8lose formalism®®. The

dose disributions were calculated in terms of the source orientation within the tanderdthe ring.
3.2.1 Calculation of the @ dbse distribution

An empty 3D dose matrix was created. The matrix size was 4@itima resolution value of 0.25 cm.

A 0.35 cm log IF192 source was virtually placed in the centre of the matwith a position/origin of

3 . NI OK& G4 KSNJI I

1566 Wt NBAONAOAY IS wSO2 YR wSLZNJAY “
YRNWSLZF ABNY AT . K OKR SNIIA EC

N
1576 Wt NEBAONROAY IS wSO2dl
158 (Shaw, Rae and Alber, 2013)
159 (Rivard et al., 2004)
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(0, 0, 0). As shown below Figure7, the sources within the tandem are virtually placed along the y

axis and the sources within therrg are wtually placed along the-axis.

(@) (b)

—
| S—

Figure7 ¢ Display of the virtual placement of the sources within the dose miatfor dose calculation. a) Tandem sources were pls
along the yaxis and b) ring sources were placed along thaxis. Both these placements had a positiof (0, 0, 0) in the centre of th
sources.

The following parameters are calculated in terofs single source position (0, 0, 0,) and the actual

point of interest (Refer td-igure6):
Theradius ()

The radius (k) betweenthe souce origin (X, YSk, i) and actual point of interest (¥ayai,zax) is

calculated by:

i OO @i OO Gl GO Al (24)

Theangle ( ix)

The angle’(jx) between the source origin withithe tandem (X, YSik, ZS«) and actual point of interest

(xaik, Ya,zax) is calculated by:

N wi WO i G0 A
— OAI (25)
GX0 wi
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The angle‘(j) between the source origin within the ring {¥sysk, z$«) and actual point of interest

(Xaj, Yaik,za) is calculatedby:

PR Ww i Www i Qo i
— OAI (26)
awai

The geometry dinction G (5 i)’
The geometric functios (kk, * i) is calculated byusing Equatiori27) and(28).
For a line source approximation:

If — °T

ol M T oEr @0

2 K S N;Bs the angle, in radiansubtended by the tips of thBypothetical line source with respect
to the calculation pointP (r' 0 ®thd actifedength of the sourgahich in this case is 0.3%n
(Refe to Figureb).

The geometric function is taken as a point source-at= 180° and 0.0°

The radial dose function gif)

A 8" polynomial fit is done to determine and calculate the radial dose functigg) &fr using Equation

(29) The parametersd to @ is choserto best fit the function:

Qi W i Wi Wi Wi Wi (29)

Where

- 0.9918

- 0.0094

- -0.0016

- 0.000006

- 0.0000009

- 0.00000@07

E:E:E: E:Ex Ex
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Thusequation 28 can be rewritten as:

"Qi T wp WBQ i Tdrp @ oQ i o i

(30)
XQ i

The anisotropy function Fx," ix)

The anisotrapy function valuesare obtained from published value'$®. The complete table can be

found in Appendixl.
The dose rateconstart (Z) and Air Kerma Strenght|g)

A dose rate constant of 1.1dGyh*U? for Ir-192is used*®®. The air kerma strength value\@ll be

obtained from the standard plan.

The doserate per unit airrkerma strength

All calculated values are substituted intouatjon (31) to calculate the 3D dose distribioh around

the source:

ol h—

Oi h— z —or — Qi Oi h— (31
The two 3D dose rate matrixgshich repregnts thedose distribution around the sources within the
tandem and ring, respectivelgire exported and saved as text files. These exported dose distributions
will be imported and used during the dose calculation proceduithin a patient marix, which will

be explained in SectioB.3.2
3.3 The development othe treatment planning module

The treatment planning wdule that is developed andescribed in this sectiowill be referred to as
the In-house Developed Module (IHDM) in thest ofthe document. The IHDNM solely a research
module/tool and has never been used clinically. However, if the tool gives a good distribution, the
dwell timesand positions on the Oncentra TPS can be made the same to reproduce the distribution

on theclinicd TPS.

The samdDLsoftwareis used to develop the IHDM. The module has the ability to cover a wide range
of tasks from importing various DICOM files pthging CT data to forward and inverse optimization

and planning.

160 (Granero et al., 2006)
161 (Granero et al., 2006)
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3.3.1 Import of various DICOMiles

Themodule is developed to import/read various DICOM files which are exported from the commercial

Oncentra Brachy treatment planning system

1. Seies of CT image data;
2. RT Structure sets of all contoured structures;

3. Treatment data.
Series of CT image dat

Information regarding CT images is imported; this information is used to display the CT data in three

different anatomical planes as illustrateélbw in :
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Figure8 - Visualisation of CT dateith applicator in situ,in three anatomical planes by thtHDM (a) Sagittal view(b) Coronal viewand
(c) Axial view.
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RT Structure sets of all contoured structures

The RT structure file is importetthjs information is used to relate the position of the contoured target
and OAR volumes to the CT dafeigure 9 below displayshow the contoured volumes are

superimposed on the CT data for all three anatomical planes.

Figure9 - Visualisation ofcontoured volumes superimposean CT data in three anatomical planey the IHDM (a) Sagittalview, (b)
Coronalview and (c) Axial view.

I aaf 508ls&aashadvn irFigurelOis created which gives the user the ability to visualise all
relevant structures throughout the CT data in all three projections in increments of 3 mm. During
planning and optimization, thi®ol is usedo visualize and evaluate the dose distribution/placement

of the applicator in relation to the and target and OAR volumes.
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Slice select

Transverse | «< Previous slice || Mest slice »» | Cument slice =-174 70 cm

Coronal <¢ Previous slice | | Next slice 33 | Cument slice = -0.02 cm

Saggtal | << Previous slice | | MNext slice »> | Cument slice = 1.86cm

Figurel0-Hb{ t A0S &St SOlib (22t Ay (G(KS LI 5a InaoiyinrsBKm hétemdaisS R G 2

Treatment data

Treatment data regarding the standard plan is obtained through the RT plaftike standard plan
consists ofintra-uterine source positions located at 1 cm intervals from the ring to the tip and the
source posibnswithin the ring are fixed and based on a standard source loading pattern currently
used within our institutionA standard plan consisbof a total of 15 sources, iftra-uterine sources

and eightring sources, this can be changed, dependinghecomplexty of panning geometriesThe
length of the intrauterine applicator visible on the CT image was fixed at 6Ttw@ source dwell times
were individually set to 10 seconds, irrespective of the source strength. The following infornsation

obtained flom this fileafter it is imported into the module:

1. Source activity in terms ofeRerenceAir KermaRate (RAKR)
2. Number of sources used

3. Dwell positions andwell timesof all sources;

4

Dose at point Aerand Arighs
3.3.2 Calculation of dose distribution withirthe patient matrix

The actual source coordinates within the patient agracted from the RT plarThis positional
information regarding each individual source is used to ensure that the dose distribution caldolated
the DosimetrySectionis correctlyimported and positioned within the patienfThe calculated dose
distribution representing the sources within the tandemmused br all 7 tandem sourcesThe
calculated dose distribution representing the sources within theigmiged for al 8 ring sources. The
IDL-calculateddose distributions that werexported and saved as text files (as described in Section

3.2.7) are imported and placed accordingly for each treatment fraction.

The rdevant air kermastrength("Y and dwell times (J of the sources are obtained from the RT plan
file; however, the dose rate constant value ag already incorporated in the calculated dose
distributions calculated in Sectidh2.1 The dwé# times(t;) of the specific source is multiplied with

the relevant dose distribution of each individual source (DoskEhe air kerma strength value

multiplied by the summatin of all source dose distributions to reach the total dose distribution:
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EoQai Q 0O¢i Qo Y (32

The total dose distribution is superimposed on the CT data in all three projec®slown irFigure
11below.

&
<
: '3
8
g
8

Figurell - Visualisation ofthe dose distribution superimposed on th€T dataand contouredvolumes in three anatomical planes by tt
IHDM. (a) Sagittal view(b) Coronal viewand(c) Axial view.
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3.3.3 Calculation and disply of rekvant target and OAR dose

The total dose distribution igsed to calculate the dose distribution in all relevant targets and OAR
volumes convertednto EQD2 by using Equati@?). The target and OAR dosestributions are used
to create differential and cumulative DVHs. EUD values are calculated by using E4aaod (16)

and Dz and Do wvalues for OAR artdirget vdues areobtained.

B Dose Volume Histogram = X
File

Figure12 - Cumulativedosevolume histogram in treatment planning module. All contoured structures are displayed on
the same DVH. The legends indicate which structure is displayed, along with-Yokene paraneters ard EUD values

The cumulative DVHEiQurel?2) that are plotted and displayed for each individual structure are used
as a guideline during the optimization process to determine the increase/decreaséseaffesource

dwelltimes inrelation to the structures.
Dose files

The module is developed to read and write text files. Text files are created and saved during each
fraction after the plan has been optimized and finalized. The text files consist oflknifey updated

information:

1. DVH parametersf target volumesand OAR volumes
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Dwell times of all sources;
Total treatment time;
TRAK value;

ICRUWRectevaginalreference point doses;

© g ~c w D

Dose to point Aerand Arignt

The data of the saved text files are imported into thedule bebre planning of the next fraction
commence. This is used to calculate the remaining individual dose to be given to the target and OAR

volumes.
Development of the planning and optimization tds

3.3.4 Development offorward planning and optimizatiortool

A tod wasdevelopedto perform forward optimization by manually increasing/reducing the dwell of
all 15 sourcesndividually Figurel3). After the necessary adjustments are made, the new dwell times
can be applied and the de can recalculated, an updated dose distribution is/can be displayed on all
three projections and aew cumulative DVH with updated DVH parameters can be plotted. This
process can be repeated if the user is not satisfied with the outcome of the adjustmmee. There

is no limit in the number of allowed iterations, and this is solely depended on the user
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Dwell time adjustments

Source 1/ << || < || > || 5> | Dwelltime =381

Source 2| << || < || > :? Dwell time = 3.81

Source 3| << || < || > || > Dwelltime = 3.81

Source 4| << || < || > || »> | Dwelltime = 23.81

Source 5| << || < || > || »> | Dwelltime = 8.81

Source 6/ << || < | > || 5> Dwelltime = 8.81

Source 7| << || < || > || 5>  Dwelltime = 43.81

Source 8| << || < || > || »> | Dwelltime = 13.81

Source 3| << || < || > || »> | Dwelltime = 13.81

Source 10| << <122 Dwell time = 13.81

Source 1) << || < || > |55 | Dwelltime = 19.31

A

Source 12| << || <] [> || >> | Dweltime = 38.81

A

> | Dwell time = 38.81

A

Source 13| << <[>

Source 14| << <> Dwell time = 33.81

A

Source 15| << || < || > | 55 | Dwelltime = 63.81

A

Apply new dwell times || 0-D2cc Auto: :G-Dch Auto || O-EUD Auto | G-EUD Auto | Add needles

Figurel3 ¢ Planning interface ofthe module. Individual dwell time adjustment for each source can be made and applied
bythS a!yBH eRgStt GAYS&aé odzidizy o

A userdefined maximum of 150 seconds is set to an individual sodwed time.

3.3.5 Development ofinverseplanning and optimizatiortool

A toolwasdeveloped that comprise of a novel algorithm which has the abilitpadorm invesse
optimization by automatically increasing/decreasing individhaéll timesof all 15 sources until set
dose objectives/constraints are reachddwell timesare increased/decreased while the position of
the sourcesis kept constant.The nunber o sourcesused in the inverse optimization proceiss
dependent mthe number of sources within the standard plan. If the standard plan is altered to consist
of more/less than 15 sources, the inverse optimization tool can easily accommodate thesgttiea
decreagd number of sources. The optimization tool also has the ability to switch off sources that

possess a very low dwell time and in retudo not contribute to the dose distribution.
Dose impact analysis

A dose impact analysis performed as he sirting padnt of the inverse optimization process. The

relative contributionof each individual source towards target and OAR doses are evaluated. This is
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done by settingource dwell timesi 2

intered i A &

asSit Gz |
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OA2FFE0 F2NJ mn aarcedEDSas 4 f
O2yailFgirelelowdzS o642y £ 03 |

Dwell time adjustments

Source 1 Dwell ime = 60.00

Source 2 Dwel time = 0.00

Source 3 Dwell time = 0.00

Source 4 Dwel time = 0.00

Source 5 Dwell time = 0.00

Source 6 Dwel time = 0.00

Source 7 Dwell time = 0.00

Source 8 Dwel time = 0.00

Source 9 Dwell time = 0.00

Source 10 Dwelltime = 0.00

Source 11 Dwell time = 0.00

Source 12 Dwelltime = 0.00

Source 13 Dwelltime = 0.00

Source 14 Dwell time = 0.00

Source 15 Dwelltime = 0.00

Figurel4 - Dose impact analysis fdhe starting point of the inverse optimization process.

The impact &
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mathematical relatioshipbetween the following dose parameters:

1. Target volumes: §3+Vvalue;

2. OAR volumedyr® (conventional) and EUD (biological) values.

Even though the abee listedparameters were used to determine the mathematical relation between

a

At t dz

the target and OAR volumes, the dose impact analysis process can be altered in the duture t

incorporate other relevant parameters like target volume EUD aiglMalues.

After evaluatihg all sources individualljhe sourcesare arranged in accordance to their importance

for each individual VOIThis dose analysis is used to determine thiéaihindividual source dwell times

at the start of the optimization process.

Optimizaion process:

Obijective functions for th€TVTyrand all four OARs are created. The objective functions consist of

an evaluation of the current structure dose and the required objectwaétraint setWeightfactors

(s_w)are assigned to eacl®ARvolume and congiered as a measure of thienportance of this

objective in the optimization procesthe individual OAR objective functionstioe four OAR volumes

are weighted and summed to obtaisingleOAR objective functiorOfF_o)
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6°¢  0°G1 0°GO 0°Gi 0731 O 0o (33)

Where:

0"0¢ i ¢ Individualobjectivefunction forthe rectum

0"0¢ ¢ Individualobjectivefunction forthe bladder
0"0¢ i ¢Individualobjectivefunction forthe signoid

0"0¢ i ax'thdividual objectivdunction for the small bowel

i 00¢ Total weight of all OAR volumes:

[ 00 [ 0 £1'Q { 01 £¢0 1 01 £iQ i 01 £(QDHQ (34)

Where:

i 01 €1"Q¢ Weight factor for the rectum

[ 01 £d0c Weight factor forthe bladder

i 01 €iQg¢Weight factor forthe sigmoid

[ 01 &{Q ©Weight factor forthe small bowel

The weight factorsralues are dependent on the importance of the specific objectthin the
optimization process|f the result for some of the objectives is not satisfacfotigen the
correspondingweight factor is increasedAs this influences the other weightde result for other

objective(s) will, most probably, deteriorate.

Theoptimizaton process airs to increase the dose in the target volumes while decreasing the dose
in the OAR viomes creating a muHlbbjective optimization problem. The mutbbjective problemis

dealt with by combining théwo objective functions as a simgtotal dojective function(OF):

50 0°® 0°G (35)

Where
0 "¢ Objective function oCTVTur

0 "G ¢ Single objective function for all four OARs
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A possible optimization solution is reached when tiigectivefunction (OF)isat O (minimum)If the

objective function has not reached its minimum, dwell times are adjusted.
Dwell time adjustment procedure:

Objectives per source per structuwae constructed. The adjustment (adj) per source weight is

determined by combinig these djectives:

QO p QO E QUnE QG & QO ©EQ (36)

Where

‘QOi ¢ ¢ Rectum objective per source
Q00n¢ ¢ Bladder objective per source

‘Q0i ¢ ¢ Sigmoid objective per source

QUi ®EQ¢ Small bovel objective per source

The calculated adjustment values per souaceapplied to the current source dwell times:

QO QHARQ QU QWAEQ HQQ (37)

The newly calculated source dwell times arelégrd, andthe dose is recalculated. This process is
repeated until the objective function has reached its minimum or the maximum number of iterations
has been reachedhis maximum number of iterations can be set by selecting an appropriate number,
or if the difference between two iterations is lower than a pset value.In the case where the
maximum number of iterations Isbeen reachedthe source dwell times that produced the best OF
value are selected as the final source dwell timeas.updated doselistribution is displayed on all

three projectionsand a new cumulative DVH with updated DVH parameters are plotted.

As illustrated irFigurels, different inverse optimization options are developed which is dependent
on the type of fractimation compensation scheme to be followed, as well as the planning utilization

used, either withbiological or conventional parameters.

0-DZcc Auto | | G-D2cc Aute | | O-EUD Auto || G-EUD Auto

Figurel5 - Different inverse planning options in the IHDM.
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1. O-D2cc Auto: Uses the optimistifractionation compensation scheme, utilizinGm’®
parameters;

2. GD2cc AutoUses the greedfyactionation compensation scheme, utilizibg> parameters;

3. OEUD Auto:Uses the optimistic fractionation compensation scheme, utilizing EUD
parameters;

4. G-EUDAuto: Uses the greedy fractionation compensation scheme, utilizing &ddmeters.

As described earlieffractionation compensatiorfocuses on the total treatment OAR constraint,
rather than theconstant perfraction treatment planning constraintandthisallows OAR<o receive
higher thanthe average dose in one fractioif this can be compensated for upcomingfractions A
conservative/optimistic approach betn favourable future geometries instead of obtaining the
maximum benefit at the current fraion, the difference between the total dose constraint and the
alreadydelivered doseésequally split between the remaining fractiaribus, this new fractional dose
becomes the new per fraction dose constraifft Amore greedy and pessimistic approachedoot

rely on better chances in the future arkploits any chance ofompensation. It assumes that the
fractions delivered, including the current one, are the best predictors for upcoming ones. It aims to
achieve the entire compensation in the curreradtion, whereas the conservative approach allocates

it over all undeliered fractions®,
3.3.6 Development ofintracavitary-Interstitial IGABTplanning and optimizatiortool

And! RR Y %08l RésSréatedto add additional sources to the Gk volume by mans of
needles Figurel6), it gives the user the ability to perform Intracavitdngerstitial IGABT (KS IGABT)
planning, should it be necessary. The tool is not limited to a single needle configueatimore
needlescan eaily be configured, even though only one needle was configured for this study. In fact,
any interstitial or applicator geometry can be-peoduced if the coordinates of the possible source
positions with reference to the (0, 0, 0) coordinatas known. Thse can be easily obtained from the

CT data sets.

162 (Langet al.,, 2007b)
163 (Shaw, Rae and Alber, 2017)
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lsource 1/ << | < || > || 3> | Dwelltime = 0.00

lsource 2| << | < || > || 3> | Dwelltime = 0.00

lsource 3| << | < || > || 3> | Dwelltime = 0.00

lsource 4| << | < || > || 3> | Dwelltime = 0.00

lsource 5| << | € || > || 3> | Dwelltime = 0.00

lsource 6| << | < || > || 3> | Dwelltime = 0.00

lsource 7| << | € || > || 3> | Dwelltime = 0.00

Figurel6 - Interstitial needle planning tool. The tool allogfor manual dwell time adjustments of the additional 7
sources used in the IC/IS planning process.

Figurel6illustrates the source positions within the single needle, the < and > buttons can be used to
decrease/increase the dwell times in small increments, where thang>> buttons can be used to

decrease/increase the dwell times in largergmoents for all source positions individually.

The position of the sources within the tandem (x_o,y_0,z_0) are used as the initial position of the
source positions within the neeellBy applying a shifixc,yc,zc)o the initial position, the sources are

shifted to their final position (x_ol, y_ol, z_ol). The final position can be calculated by the below

equations:
(38)
¢ @ a0

To determine thalirection and magnitude of the shift, an evaluation of the reported OAR doses during
the intracavitary IGABT planning process is needed. Thellaw the user to see which OAR volume
dose constraints were violated and which OAR volumes can be explditedshift will be in the
direction of the OAR volumesvhich can be exploited and away from OAR volumes which were
violated. The magnitude andirection of theshift applied to theneedleare solely user dependant.

The initial dwell time of all the neéslsources are set to zero.

After the needle sources are inserted, forward planning can commence. Tandem, ring and needle
source dwell times aabe increased/reducedndividually. After the necessary adjustments are made,
the new dwell times can be apet, and the dose can be fealculated, an updated dose distribution

is displayed on all three projectionsnd a new cumulative DVH with updat®¥/H parameters are

plotted.
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The inverse optimization section ofI€ planning has not been developed in thedule yet however,

it can be introduced in a similar way as the IGABT inverse optimization tool that was described earlier.
Therefore, the useis restricted to perform forward optimization when planning ad$@aseA user
defined maximum of 150 seconds set to an individual souradgwell time. There is no limit in the

number of iterations allowegdand this is solely depended on the user.
3.4 Veification of treatment planning module

As stated earlier, the thouse developed module (IHDM) planningl is solely for research purposes,
however, several different verifications tests eke performed to establish the accuracy of the

developed treatmetnplanning module.

3.4.1 Comparison between calculatelHDMdose rate versus T@3 dose ratgor a single

Ir-192 source

The difference in dose rate calculations between the developed IHDM and publish&8l dliSolute
dose rate value was evaluate8Severapositions of interestwere chosen perpendicular to theource
axis parallel(along)to the source axis and atifferent anglesall assuming rotational symmetryhe
relevant dose rates were obtained at the correspondpasitions of interest. The 70 different

positions of interest used during the verification can be foundppendix2.

3.4.2 Comparison between calculatetHDMdose rate versu©ncentra TP8ose ratefor

a single 1¥192 source

The difference in dose rate calations between the IHDM and the Oncentra TPS was evaluated.
Again, the sameositions of interestvere chosen perpendidar to thesource axigparallel(along)to

the source axis and alifferent anglesall assuming rotational symmetryhe relevant dasrates were
obtained at the correspondingositions ofinterest. The 70 different positions of interassed during

the verification can be founth Appendix3.

Pronounced care was taken during the comparisongftéiedzNBE G Kl 0 GKS 2NASyYy Gl GA 2

sources and calculation grids was aligned.
3.4.3 Dose distribution and fan comparison

ThelHDMwere used tooptimize three differentdose distributionson three different CT data sets

with the use of the forward ptimisation tool The plans were optimised to reach an 8 Gy-TIRDyo

wvalue.The three CT data and plan sets were transferred to Qnaemd were recalculated with the

samedwell times The dose distributions of the two systems were compared inzhdldy 2 F |y 5=+ 1 ¢

The following was compared:
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1. Shape of the DVH
2. Parameters obtained from the DVH:

9 For target volumes;
0 Doow

1 ForOARvolumes;
0 Dan®

The same three CT data sets that were used for forward optimization were used to perform inverse
optimizationon. They were optimised to reach an 8 Gy G{RADqo »Vvalue.The three CT data and plan

sets were transferred to Oncentra and wereaalculated withthe available inverse optimiser tool,

IPSAThe dose distributions of the two systems were compareitrst F2 NY 2F Img 5+ Q&

parameters were compare@ds menioned above.

All verification tests performed was to establish and ensure that the treatment planning module
delivered treatment plans thaare line with the commercial TPS that is currentised for clinical

treatments.
3.5 Treatment planning

Before plannig andoptimization commence a standard plaris created for each patient othe
OncentraTPS. As mentioned earlier, te&andard plan consistsf 7 intra-uterine source and8 ring
sources, that can be changed depending time complexity of planning geometries. The source dwell
times were individually set to 10 seconds, irrespective of the source strength. This information was

imported into the IHDM, as the start of the planning and optimisagiwocess.
Total dose planning ais

The dose planning aims tabulated below are expressed as a combination of BT and EBRT dose, both
converted to EQD2. The planning aiare defined in terms of soft and hard constrainf&he dose
received from EBRT is assed to be a total of 50 Gyor both targets and OAR volumé&¥. Tablel

provides a summary of the Clrand CTWIirdose planning aims defined in terms of soft and hard

constraints'6®

164 (Shaw, Rae and AlbelQ23)
165 (Shaw, Rae and Alber, 2013)
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Tablel - Totaltarget dose planning aims for the CTWVvolumes

Target CTVTurDeow CTVTirDoo%
Dose planning aim{ EQD2 EQD2
Hard constraint > 90 Gy > 60 Gy
Soft constraint > 95 Gy -

Table2 provides a summary of the conveatial D, OAR dee planning aim terms of hard and

soft constraints.

Table2 ¢ Total OARdose planning aimgConventional)t66

OAR RectumDyer® | BladdeDz® | BowelDxn® | SigmoidDzcn’
Dose planning aimg ~ EQD2 EQDZ EQDZ EQDZ
Hard constraint <75 Gy <85 Gy <75 Gy <75 Gy
Soft constraint <70 Gy <80 Gy <65 Gy <70 Gy

The only difference between the tabulated OAR conventional planning aims and that of recent
literature is the proposed soft constraint for the rectum, a sofhstraint of 70Gy was usedand

literature proposea constraint of 65 Gy®’

Table3 provides a summary of the biological EUD OAR dose planningnaiensis of hard constraints;
these hard constraints were derived by Shaw et®&There are ndEUD soft constrats. No bowel

EUD value has been derived yantd therefore the same EUD dose planning aim valasused as for

the rectum and sigmoid®®

Table3 ¢ Total OARdose planningaims Biological)

OAR Rectum EUD | Bladder EUD| Bowel EUD | Sigmoid EUD
Do planning aims EQD2 EQDZ2 EQD2 EQDZ2
Hard constraint 67.8 Gy 75.95 Gy 67.8 Gy 67.8 Gy

Soft constraint

166 (Tanderupet al.,, 2020)

167 (Shaw, Rae and Alber, 2013; Tandeetipl., 2020)

168 (Shaw, Rae and Alber
169 (Shaw, Rae and Alber

, 2013)
, 2013)




The hard constrainDyoo0f the CTVILris given thehighest priority and thereafter hard catraints
for all OARvolumes When hard constraintsf targets and OARSs arealized, the priorities are, to aim
for reaching/approaching soft constraints for CT¢¥ and subsequently reaching/approaching soft
constrints forthe CTWTirand OARS™.

The fdlowing values & reported but not used as dose planning aims:
For target volumes, converted to EQR2

1 DoswCTVIkr
T DoswCTVIRr
1 PointA

For OAREQDZ2
1 ICRWRectevaginal reference point

Literature suggesta soft constraint > 80 Gy and hard coastt of > 75 Gydr the Dsgo CTVTur A
Dos o CTVTirSOft constraint > 60 Gy and soft constraint > 65 Gy for Point A are profese@AR dose
planning aims adaft and hard constraint for the ICRU reetaginal < 65 Gy and < 75 Gy, respectively

are al® proposed-t
Fradional doseplanningaims

Planning was performed by considering total dose aims and not fractional objectives/consiramts.

total dose aims used in the fractional dose calculati®rd NJ | &ré suntimariz€d &Tablel, Table

2andTable3. The IHDM had the ability takculate the needed allowed fractional objective/constraint

F2NJ Fff +hLQa | dzi2YFGAOlIfted b2 | RRAYiItRe2ugart OF f C

outside of the IHDMandthis appliesto conventional and biological values.

The allowed fractionabbjective/constraint for each specific VOI is calculated using the equations

below.
Optimisticdose compensation approach:

O B Q

39
050 (39)

170 (Tanderupet al.,, 2020)
71 (Tanderupet al,, 2020)
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Greedydose compensation approach:

(40)

Where

‘O - Calculated allowed dose constraint/objectifgr current fraction

‘O - Total dose constraint/objective for whole treatmefitablel, Table2 and Table3)
‘Q - Dose received by target/OAR in previous fractions

¢ "QTotal number of fractions to be given

0 "(Fractions already treated

& "QCurrent fraction to be treated

Dose reporting

The following parameterare reported, this include Level 1 and Level 2 standards, as per ICRU 89
recommendations. Additional doseporting parameters are also added that are not listed in the ICRU
89 report'’2

Table4 - Level land 2 parameters and additional parameter that wble recorded and reported for each fraction

Level 1 Minimum standard for

Level 2:Advanced standard

Additional dose reporting

reporting for reporting parameters
TRAK Dose reporting for defined | Dose reporting for defined
volumes: volumes:
Point Adose ALeft andA Righb D100 %, Dog 9% and Do osfOr EUD for CTi¢and CTM
CTVr

Rectovaginal reference pint

dose

Dioo % Des o and Dgg ssfor CTV,

Dose reporting for OAR

volumes:

Dose reporting for OAR

volumes:

Dose reporting for OAR

volumes:

DO.lCms, (:m3 fOI’ bladder

Do.1eni®, Daeme® for sigmoid

EUD for bladder, rectum,

sigmoidand bowel

26 Wt NEBAONAOGAYIZ wSO2NRAYy3I:

YR wSLI2NIAY3
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Do.1cm®, Doem® fOr rectum Do.1cm®, Doene® fOr bowel

3.5.1 Intracavitary IGABT treatment planning

Intracavitary IGABTreatment planning was performed on all 18 patients, and all patients received
five treatment fractions with daily imaging and comtang. Dose optimizatiorwasperformed based

on two optimization techniques: forward and inverse plamniburing the two dose optimization
processes, two different dose planning methedsre used: conventional (DVH parameter based) and
biological (EUD basd).The fractional dose limits applied in both the planning methods are calculated
by Equation 12 and3l dependent on the fraction compensation approach usddgurel? is a

schematic diagram that shows the planning routes tat followed.

techniques
1

Dose optimization ]

Forward Inverse

planning planning

Conventional
planning

Conventional
planning

Biological
planning

Biological
planning

Greedy
approach

Optimistic
approach

Optimistic Greedy
approach approach

Optimistic Greedy
approach approach

Optimistic Greedy
approach approach

Figurel7 - IGABT planning routes followed
FromFigurel?, it can be seen that 8 different treatment plans are planned and created per fraction,
adding up to 40 different plans in the coarsf treatment forone patient. A total of 720 different

Intracavitary IGABT treatment plans were planned:
360 Forward optirized plans:

1. 90 Conventionallgcr’) optimistic plans;
2. 90 Conventionallcr’) greedy plans;

3. 90 Biological (EUD) optimistic plans;
4. 90 Biological (EUD) greedy plans.
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360 Inverse optimized plans:

1. 90 Conventionallger’) optimistic plans;
2. 90Conventional .r) greedy plans;

3. 90 Biological (EUD) optimistic plans;
4. 90 Biological (EUD) greedy plans.

This number of plans excludes the numbétGIS BT treatment plans.
Forward planning

The forward optimization techniquisexecuted by manual adjustment séurce dwell timesintil the
calculated dos@lamingaimsaremet. The plan criteria set ependent orthe type of fractionation
compersation scheme followedas well as the planningtilization used, either withbiologicalor

conventional parameter$riority is given to theCTVTurdose even if OAR constraints are violated.
Inverse planning

Theinverseoptimization techniquds executedby setting thedose constraints for the OARad dose
objectives for the targetprior to the onset of optimization. The plan criteria set are the samestsl
in Tablel to Table3. During the optimizatin procedure the dose constraints and objectives will
limit/allow the adjustment of sourcelwell timesto a certain extert to meet the specific objectives
set. After the inverse optimization process, the dose distributisvisually examinedand if any

obvious dwell time adjustments are requirgtis manually adjusted.
Priorityis given to theCTVTurdose even if OAR constraints are violated.
Conventionalplanning and optimization

During the conventional planning press,DVHparameters as summarizeé in Table2, are used as
OARconstraints during thelanning andoptimization proces® . A2t 2 3A OF f  LJall YS G SN,
calculated and recorded bure not implemented as corigints during the conventional planning

process.

The fractionalDser® values of the OARolumes are calculated by either Edion (39) and (40),

dependant on the fractionén compensation scheme used.

Biological planningand optimization

During the biological planning process, Bhibameters as summarized ifable3, are used as OAR

constraints during the planning and optimizatioN@ OSaa ® / 2y @Sy (A 2y lafe LI NI Y ¢

calculated and recorded buare not implemented as constraints during tHsological planning

process.
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The fractional EUD values of t@AR volumesre calculated by either E@tion (39) and (40),

dependant on the fractionation compensation scheme used.
3.5.2 IGIS IGABT treatment planning
Forward IGIS IGABT treatment planning

During the IGGABT planning process, several patients mislate one or more OAR total dose
constraintsto guarantee that the total dose objective of the CTMis reached. Theevenpatients

that achieved the worse resultge handpicked and rgplannedby performing 1€S IGABT planning. It
can be seen ifigurel8that only the forward dose planning technique is used. Patieméplanned
according tothe conventional and biological planning approach while utilizing the optimistic and

greedy fractionation dose compeaiion approaches.

Forward planning

A A

Conventional

planning Biological plannin

Optimistic
approach

Optimistic

Greedy approach approach

Greedy approac

Figurel8- IGISplanning routes followed

A total of 140 different forwar@ptimized IGS IGABT treatment plans are planned:

1. 35 Conventionallger’) optimistic plans;
2. 35 Conventionallfer’) greedy plans;
3. 35 Bological (EUD) optimistic plans;
4. 35 BiologicalEUD) greedy plans.

The CTMurorientation in relation to the OARs for the specific fractisevaluated and considered,
and this evaluation is used to determine the needed orientations. The insertioneohéedle is to
avoid the limiting OAR but covegrihe underdose region withirthe CTVTyrvolume. The size of the

shift is based on the CTMrsize and positioning of the OAR volumes in relation to the TogXolume.
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For example:

Assumehe CTVTqrisunder-dosed adjacent to the rectum and sigmoidiedto the bladder or small
bowel limiting the increase in intraterine source dwell times (blue dots) as illustrated-igurel9.
The rectum and sigmoid dosenstrintsare not reached due to the intraiterine sources located fa

off. The bladder or/and small bowel constraiat® violated to reach CTVur0objective.

o
3

3.....0. (@]

Figurel9 - Visualistion of IU sources

In this case, the intraiterine source positions cabe shifted with a constant value (c) in tb&ection
of the sigmoid and rectum by using Equat{@8). Thus, becoming the position of the sources within

the needle (red dots) as illustrated kigure20.

Y I N X X X N |
000099 O®
Bladder

5

Figure20 - Viswalisation of IUsources and needle
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The combination of the newly added needle to the existing hotexrine sources allows for
adaption/escalation of CFWirdose. The intraiterine dwell times are decreased, whichlaws fora
reduction in the bladder dosalwell times of needle sources are increased, exploiting the fact that the
rectum and sigmoid dose constraints are not reached, thus giving some flexibility within the treatment
plan. The cmbination of the two methods may allow for improved dose coveragethe CTVIir

volume.

The shift applied may vary from patient to patient and fraction to fraction. The same parameters
calculated and recorded during the-IGABT planning are calculateddarecorded during the@IS

planning.
Dose reportings done onparameters as set out ihable4.
Inverse 1AS IGABT treatment planning

The patient with the worse outcome during tlaward IC/IS IGABT will be selected to perfamrerse
IC/IS IGABT planning and optimisation. The same needfegaration will be used as was used in the
forward optimisation process. The same approach will be used that reported the best results for the

forward optimisation technique.
3.6 Statistical aralysis

Statistical analys was performed to determine ifcompared approaches displayed a significant

difference in the outcome. During the statistical analysis, normality tests were applied to determine if

the data sets were normal distribution. The outee of the normality test determined the type of

statistical testthat was applied to the data sets. Student'st-test was applied to the data which

followed anormal distribution. Thé&Vilcoxon signedank teg wasapplied to data sets that followed

skewedRA A GNROdziA2yad { G GA&GAOI.05 ReguBsyhat rasent witds o &4
Gl tdzS X nonp oAttt 0;Stherwdsy il dag PeSaBsumed tRat tRekeaw@rdzaoa S R
statistically sigificant differences.The SPSS Statistics fomdbws, Version 25.0, Armonk, NY: IBM

Corp. was used.
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Chapter 4 Results and discussion

4.1Verification of the Inrhouse developed module (IHDM)

The accuracy of the dnouse developed Module (IHDM) was verified witG43 and the Oncentra
TPS system. The IHDM doate per unit airkerma strength values for a single source was compared

with TG43 and the Oncentra TPS system.

Dose distribution andlpn comparison for multiple source positions was also executed folHBdM
and the Oncentra TPS system. These verninatwere necessary to establish if the IHE&hperform

accurate dose calculation and treatment planning.

4.1.1 Comparison between IHDM dosemte versus TGI3 dose rate for a single 1192

source

The IHDM doseate for a single 192 source at 70 different pdnal coordinates was compared
with the TG43 2D dose rate at the same positional coordinates. The radius between the centre of the
Ir-192 source and the positional coordinates chosen ranged from 0.2 &%0 cm. For simplicity

and illustration purposs, the 70 different positional coordinates used for comparison were
subdivided into seven coordinate groups. The positional coordinatdsthe same magnitude but

with different direction were grouped. Ehaccuracy results are shown belowTiableb.

Table5 ¢ The percentage difference between the IHDM calculated and TG43 dose rate per uieainta strength (%)

Coordinates Group| Average diference (%) STD Median Minimum | Maximum

FromTable5, it can be seethat the IHDM dose rate values compared very well with the gold standard
¢ TG 43 dose rate, with a maximum of 1.51 % difference. This difference was noticed in Group 1,

where the average differences weless than 2%, which is regardedths tolerancefor acceptable
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deviation in dose calculation accurdéy Each individual calculation point with the obtained dose rate

values for the IHDM and 743 can be found id\ppendix2.

4.1.2 Comparison between IHDM dose rate veis Oncentra dose rate for a single182
source

After the IHDM dose rate for a singlel®2 source were compared with 3. The IHDM dose rate

was compared with the Oncentra TPS dose rate. The samdfé@edt postional coordinates used

for comparisorwere again subdivided into seven coordinate groups, for simplicity and illustration

purposes. The results of this comparison are tabulated belolabie6.

Table6 ¢ The difference betweerthe IHDM and TPS dose rate per unit-iigrma strength (%)

Coordinates Group| Average difference (% STD Median Minimum | Maximum

FromTable6, it can be seen that the IHDM dose rate values compared well with the Oncentra TPS
system. Groups 6 and 7 displayed significant petage differences. These points are situated far
away fromthe centre of the source, therefore having a small dose rate value and leading to a big
percentage difference. The maximum difference of 9.77 %,bsanoted in Group 7, the dose rate
values at thé specific point are 0.0042 cGy/hU and 0.0047 cGy/hU foiiDM and Oncentra TPS,
respectively. The specific point differed by 9.33 % fromd3GTIhe difference may be attributed to a
small misalignment fothe source with the dose calculation grid on t@acentra TPS system. Each

individual calculation point wit the obtained dose rate values for the IHDM and TPS Oncentra can be

found inAppendix3.

173 (Nathet al.,, 1997)
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4.1.3 Dose distribution and plan comparison for multiple source positisrusing forward

optimisation

To be able to compare dose in 3D on patient CT data, the fulb8B distribution must be visible in

the IHDM. Similar to other 3D TPSs, dose, anatomical geometries and valfiimdsrest can be
displayed in three major plamse axial, sagittal and coronal. Three treatment plans, dplymised to

deliver 8 Gy to the D+ TirDoo s Were devised. The same dwell positions and times were applicable
in both systems. An examplesafch dose distributions planned using the conedii/Ols is displayed

in Figure21. The reason for the IHDM images to appear blue is due to the dose display that was set

to blue display for low doses.
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In-house Developed model (IHDM) Oncentra TPS

Figure21 -Example of the same dose distributiaon the two systems in three anatomical planes. (a) IHDM Sagittal (b) Oncentra Sa
(c) IHDM Coronal (d) Oncentra Coronal (e) IHDM Axial (b) Oncentra Axial.
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To perfom an evaluation of dose calculation accuracy o¢ tHDM, in addition to dose distribution

comparisons, cumulativdosevolume histogram comparisons of all three dose distributions were

also made.

Cumulative Dose-Volume Histogram: HR-CTV
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Figure22 - Dose distributioncomparison between the IHDMrad Oncentra for all thredorward optimised plans. Three dose distributions in
the form of cumulative DVHs for both CTWvolumes, (a) CFlir and (b) CTMr. The graphsare shown in physical dose.

Figure 22 showsthese DVHs for the CIMgr and CTVIg the two sytems show an excellent

correlation in the CT\wrand CTVIir. The maximum differencé S 6 S Sy

iKS

ye w

g2

the CTVIurand CTVIirwas 1.79 % and 2.43 %, respectively. The plans agmised to be within

the tolerance for the OAR volumes,dathe planning aim to the CTMrwas 8 Gy EQDLR However,

some of the OAR constraintgere violated in the attempt to reach the 8 Gy dose goal. The limits for

the bladder wag Gy andb Gy for the rectumsigmoid and small bowel, respectiveiyigure23 shows

the correlating DVHs for all the OAR volumes.
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Figure23 ¢ Dose distribution comparison between the IHDM and Oncentra for all thfeevard optimisedplans. Three dose distributions in tl
form of cumulative DVHs for all OAR volumes, (a) Bladder, (b) Small bowel, (c) Rectum and (d) Sigmaigaphs are showin physical dose

When comparing the OAR dose distributions, the two systems again shoverg good correlation,

as illustrated irFigure23. In the thee treatment plans that were compared, the bladd®k.’ values
were 6.94 Gy, 5.64yGnd 6.28 Gy for the IHDM, versus 6.94 Gy, 5.47 Gy and 6.41 Gy for Oncentra in
plans 1, 2, and 3, respectively. The latgdose deviation was 3.11%. The bladder volurpe sf plan

1, 2 and 3 was 54.28, 30.98 and 76.45,amspectively. In the case thfe rectum, these values were

2.14 Gy, 5.87 Gy and 4.71 Gy for the IHDM, versus 2.02 Gy, 6.03 Gy and 4.68 Gy for Dptensra

1, 2, and 3, respectively, with the lagjalifference of 5.94 %. The rectum volume size of plan 1,2 and

3 was 60.83, 88.42nal 44.91 cr, respectively. The sigmoid volume size of plan 1,2 and 3 was 34.18,

90



10.16 and 9.69 cirespectively. The sigpid D’ values were 1.92 Gy, 4.45 Gy and 3.9%@ the

IHDM, versus 1.83 Gy, 4.29 Gy and 2.96 Gy for Oncenpians 1, 2, and 3, respectively with the
largest difference of 5.94 %. The small bol®e)*values were 5.93 Gy, 7.95 Gy and 5.67 Gthfer

IHDM, versus 6.05 Gy, 7.39 Gy and 5.55 GQfmentra in plans 1, 2, and 3, respectively, with the
largest difference of 7.58 %. The small bowel volume size of plan 1,2 and 3 was 467.83, 81.30 and

206.71 cm, respectively.Talde 7 gives a summary of this comparison.

Tale 7 ¢ Summary of the results of the three forward optimised plans that were used to compare the dose
distributions in the IHDM and TPS Oncentra

CTVTur | CTVTr | Bladder Small Rectum | Sigmoid
SyStem D90 % D90 % D2cm3 bOW6| D2cm3 DZt:m3
(Gy) (Gy) (Gy) Dzcr® (Gy) (Gy) (Gy)
Plan 1
IHDM 8.02 3.37 6.94 5.93 2.14 1.92
Oncentra TPS 7.99 3.29 6.94 6.05 2.02 1.83
Percentage difference
0.38 2.43 0.00 1.98 5.94 4.92
(%)
Plan 2
IHDM 8.02 2.81 5.64 7.95 5.87 4.45
Oncentra TPS 8.16 2.81 5.47 7.39 6.03 4.29
Percentage difference
1.69 0.00 3.11 7.58 2.65 3.73
(%)
Plan 3
IHDM 7.98 3.01 6.28 5.67 471 3.09
Oncentra TPS 7.84 2.99 6.41 5.55 4.68 2.96
Percentage difference
1.79 0.67 2.03 2.16 0.64 4.39
(%)
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The differences found were examingebroughly. The only plausible reason, considering the accuracy
attained in the single source comparison results showrainle5 and Table6, may again be attributed

to the IHDM dose grid size of 2.5 mm, where Oncentra has a dose calculation grid of 1 mm. Dose
averagng leads to variations in the calculated dose when these dose grids are compared. The impact
of these differaces will be more emphasised when very small an gtructures are contoured, or
where the dose gradient is extremely steep. On the DVHSs supplie dose bin size also influences

the comparison of the IHDM and Oncentra. The Oncentra dose bin sizeef@AR DVHs is 4 cGy,
while the IHDM uses a bin einf 1 cGy. The orientation of sources within the ring in the Oncentra TPS

system may differ fym that of the IHDM, which will affect the comparison.

Considering the results shown above, the IHDM was @gkto have a dose calculation accuracy level
similar to the Oncentra system, and it was therefore accepted that clinically relevant treatmerst pla
could be devised using this module, with expected dose distributions similar to what would be

calculated byOncentra.
4.1.4 Dose distribution and plan comparisorof multiple source positions using inverse
optimisation

The same three CT data sets that wersed for forwardoptimisation were used for inverse
optimisation They were optimised to reach an 8 Gy EQD2TadMo «Vvalue. The three CT data and

plan sets wre transferred to Oncentra and were-oalculated with the available inverse optimiser

tool, It {! ® ¢KS R2aS RAAGNAROdziA2ya 2F GKS (62 agaidsSy

same parameters wereompared, as mentioned above.
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Figure24 - Dose distributioncomparison between the IHDM and Oncentra fall three inverse optimisedplans. Three dose distributions in tt
form of cumulative DVHs for both CTWVvolumes, (a) CF and (b) CTWr The graphs are shown in physical dose.

The differences é&tween the two systems can be observed in Tabl&igure24 and Figure25. The

IHDM optimised plans produce better CIl\tcoverage with the detriment ofigher OAR dose values.

However, some OAR dose wveduwere lower for the IHDM compared to the Oncentra TPS, even

though better CTMr coverage were produced. If the GTW weight is reducd during the

optimisation process, the probability of the IHDM puaihg a plan with comparable GTi¥and OAR

doseare high.
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Table8 - Summary of the results of the three inverse optimised plans that were used to compare the dose distributions

in the IHDM and TPS Oncentra.

CTVTwr | CTVTr | Bladder | Small bowel| Rectum | Sigmoid
System
Doo %(GY) | Deo % (GY) | Deen®*(GY) |  Dacni®(GY) | Daen® (GY) | Daeni® (GY)
Plan 1
IHDM 7.98 3.37 6.77 6.12 2.13 1.92
Oncentra TPS (IPS/ 8.01 3.20 5.95 6.81 1.50 1.63
Plan 2
IHDM 8.04 3.10 4.96 8.34 5.43 4.32
Oncentra TPS (IPSA  7.99 2.60 4.14 7.81 4.88 5.42
Plan 3
IHDM 8.02 3.09 6.63 5.58 5.40 291
Oncentra TPS (IPS/ 7.99 2.81 5.91 6.32 4.32 3.07

Differences were expected as the two systems may interpret weights applied to structures differently

during theoptimisation process as mathematical algorithmiedtifrom optimiser to optimiser.
4.2Treatment planning

4.2.1 Reporting of organ and organ wall doses

Although it is widely accepted that organs with contents and organ walls give similar dose metrics
irrespectiveof the contouring method, this assumption mighttroe applicable when other dose
metrics such as the Equivalent Uniform dose (EUD) is usech Wdneparing the dosgolume metrics

for various OARS for the IHDM and Oncentra, all the different executedipipapproaches used in

this study led to the samB.cm® and Do.1cn> Values, irrespective of the dose calculation being in the
organ or the organ wall. The largest percentage difference between the bladder and bladdeswall

and Do’ Values were @7 % and 0.00 %, respectively. The difference betwthe rectum and
rectum wall Dxr® and Do ier” Values were as low as 0.15 % and 0.06 %, respectively. This is in
accordance with the study by Wacht&erstner et at’™* The sigmoid and sigmoid wBl.*>and Do.1cm®

differences were 0.59 % and 0.00 %spectively. Differences were bigger between the organ and

174 (WachterGerstneret al., 2003)
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organ wall considering thBs.r® values. Differences between the organ and wall of 1.62 %, 0.73 % and

1.27 % were recorded for the bladder, rectamd signoid Dscri’ values, respectively.

The same annot be said about the organ plus content and the organ wall EUDs. Higher organ wall
9!5Qa ¢gSNB O2yaAradSydate OFtOdAZ I GSR Ay Ittt GKS LI
to use EUD dose cqmutation would therefore be to use the organ walithout content as dose in

urine or faeces is not dose in the organ. This is also applicable to larger volume dose metrics such as
Dscm® and Do Values The bladder wall EUDasreported to be up to 2.2% higher than the bladder

EUD itself. The rectuand sigmoid wall EUD were reported to be up to 0.59 % and 0.48 % higher than

the rectum and sigmoid EUD itself. Therefore, in this study, only the orghrfwaR2 aSa | yR 9! 5

be reported and discussed.

As mentioned in Sectiod.6, to verify the significant differensdbetween the approachestatistical
analysis s performedandO02 YLI NEBR® wSadzZ a GKFG LINBaSyiSR I a

be noted and discusseatherwiseg it can be assumed that there were no significant differences.
4.2.2 Intracavitary ImageGuided Adaptive Brachytherapy (IGABT) Treatmefdnning

Intracavitary IGABT treatment planning and optimisation were performed ogsigliteenpatients. A

total of 720 plans were optimised and evaluat@&iiring the optimisation process, prity was given

to the hard constraint of the CTWirand subsequentlythe hard constraints for all OARs. When hard
constraints for targets and OARs were realised, the priorities were, to aim for approaching/reaching
the soft constraints for CFWir and thereafter approaching/reaching soft constraints for OARs and
CTVTr However, if the soft constraint of the CFV volumes were reached, but the OAR soft
constraint vasstill not reachedthe dose in the CTWirvolume was increased up to a maximum of
105 GyThe local control at 95 Gy and the local control at the given dose > @4l®g evaluated per

patient to establish if the dose given beyond 95 Gy will lead to an additional increase in local control.

Before planning andptimisationcommencel, a standard plan was created for each patient on the
Oncentra TPS. This informatiawas imported into the IHDM, correspondidgsevolumehistograms
were plotted and EUD andosevolumeparameters were automaticl calculated and displayed for
all the CTWVI and OAR volume&t the onset of optimisationeach OAR volume had an idea witad
dose contribution towards their respectiv®. and EUD values werethis facilitated the
optimisationprocess Figure26, displays an example of tlimsevolumehistogram, displayingll the

automatically ckulated EUD andosevolumeparameters for all CT'¥Y and OAR volumes.

96



Figure26 - Example of thedose-volume histogram displaying all EUD arttbse-volume parameters for all CT\ and OAR
volumes.

The interface of the IHDM is gisyed inFigure27. Fom this you can see the variety of tools that
were developed.The user had the ability to visualise the CT data with the correlating dose

distributions in three different plare > 6 & dzaAy 3 tablKS aaf A0S &St SOG¢

The user had the ability to perform forward optimisation with manual dwell time adjustments of all
0KS &d2dNOSDws Rt diaA YIS |0 K &erhécasSayy ddiustmeints \Beteate, the

G! LILX & yS¢ ReStft UadadsSajtie néwdiisé disifibutios, N alldzirésponding
5+1 Q& | yR | dalcBlafd andidSplaly 4ll oseNd@rameters (conventional and biological).
The user hadte option to perform a variety of inverse optimisation technigLiElse weights assigned

to the different structures could be individually increased or decreased throughout the inverse

optimisation processes.

¢ KS d&! RR isSSgawe fth® auger thie 2aBility to adah interstitial needle to the existing

intracavitary source configuration to pérm IC/IS planning and optimisation. Dwell timeseédles
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were manually adjustedor the four different inverse optimisatiotechniques could be applied by a

push of a button to include the needle sources into the inverse optimisation process.

For all gtimisation techniques, the IHDM automatically calculated and displayed the allowed

fractional dose constraints which where degkent on which fraction compensation approach were

utilised.
Slice select
Transverse [ << Previous slice ] [ Next slice >> ]Cunenl slice =-148.40 cm
Coronal | << Previous siice | [ Next slice >> | Cument siice = -0.02 cm
Sagital [ << Previous slice | [ Next slice >> | Curent sice = -2.83cm
Dwell time adjustments

Source 1 << ] [« ] [>] (> ] Dwell time = 10.00
Source 2( << ] [<][>] (> ] Dwelltime = 10.00
Source 3[ << ] [« ] [(>] (> ] Dwell time = 10.00
Source 4 << ] [<][>] [>> ] Dwelltime = 10.00
Source 5[ << ] [« ] (2] (> ] Dwell time = 10.00
Source 6 << ] [< ][> ] (> | Dwelltime = 10.00
Source 7[ << | (<] (2] [>> ] Dwelltime = 10.00
Source 8 << ] [< ][> ] (> ] Dwell time = 10.00
Source 9( << | [< ][> ] [>> ] Dwelltime = 10.00

Source 10 Dwel time = 10.00
Source 11 Dwelltime = 10.00
Source 12 Dwel time = 10.00
Source 13 Dwell time = 10.00

Source 14
Source 15[ << | Dwelltime = 10.00

[ Apply new dwelltimes | [ 0-D2cc Auto | [ G-D2cc Auto | [ 0-EUD Auto |[ G-EUD Auto | Add needies |

Dweltime = 10.00

HR-CTV weight =1.00 HRCTV weight =1.00 8.00 .00 8.00 8.00
Bladder WH weight =1.00 < ] (> | Bladder weight =1.00[< ] [>] 7.00 700 519 519
Rectum WH weight =1.00 Rectum H weight =1.00 500 5.00 355 355
Sigmoid WH weight =1.00 Sigmoid weight =1.00 5.00 5.00 355 355
Small bowel weight =1.00 Small bowe! weight =1.00 5.00 5.00 355 355

Figure27 - Interface of the IHDMlisplaying the variety of tools available
a) Forward planning and optimisation
Theforward planning and optimisation to@s described in Sectiéh3.4 was used. Forwarnplanning
and optimisationwere performed on alleighteen patients, which resulted in a total of 360

Intracavitary IGABT forward optimised plans. The 360 plans cedsiE©0 conventional optimistic

plans, 90 conventional greedy plans, 90 biological optimistic plans and 90 biological greedy plans.
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a.l) Faward Conventional Optimistic (FCO) vsria@rd Conventional Greedy (FCG)

A total of 180 Forward Conventional plans were optimised and planned. During the Forward
Conventional Optimistic (FCO) and Forward Conventional Greedy (FCG) approach, the total OAR
conventional constraints listed ilable2 were used as the limiting dose constraints during the
optimisation and planning process. Corresponding OAR biological parameters obtained during the
conventional optimsationprocess were only noted and were not incorporated as limiting parameters.

The fractional OAR dose constrairisautomatically calculated and displayed by the IHDM by using
Equation(39) and (40) for the FCO and FCG approamspectively. The displayed fractional OAR

constraints were used and applied during the forward planning approaches.

Table9 provides the average CIMrand CTWIirDgo o Des and Doo wvalues obtained for the Forward
Conventional Optimistic (FCO) and Forward Conventional Greedy (FCG) approach.

Table9 - Average CTM Do o, Dos sand Dioo ssvalues for the FCO and FCG approach

Approach CT\:Thr CTVTur CTVTur CTVTRr CTVIr CTVITr
Do %(GY) Dog % (Gy) | Dioo%(GY) Doo 06(GY) Dos % (GY) D100 %(GY)
FCO 91.50 + 2.70| 80.39 £2.86 | 73.23 £ 3.23] 65.90 £ 2.34 | 62.38 + 2.06| 60.23 + 1.86
FCG 91.50 +2.71| 80.41 +2.87| 73.24 + 3.24) 65.90 £2.23 | 62.38 + 2.06| 60.22 + 1.86

The difference in CFV values between the FCO and FCG approach was negligible (see

Table9), considering the patient population as a wholdowever the differences between the two
approaches were also evaluated per patierfigure28 displays the results for the FCO and FCG

approach that was obtained per patient.
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Figure28 ¢ Comparison between the FCO and FCG approach per patient TGHN(a) Dy »and (b) EUD, CFVIR (c) B wand (d) EUD. Note:

Data points for the FCO and FCG approach are indicated by hexagons and triangles, respectively.

The solid andlotted linesin Figure28 and all the CTAI Figures in the rest of the chaptepresent
the intended conventional planning aims for the E€TWolumes in the form of hard and soft
constraints as summarised Trablel 1. No significantlifferences can be observédadr both the CTV
Turand CTWIr Deo sand EUD values, as seerFigure28. TheCTVTurDyo hard constraint of 90 Gy
was given prioritandwas eached in all the patient$n both appoaches, he Dy »hard constraint of
60 Gy for the CTFVirwas reachedor all the patients without difficulty. The outcome of th€® and
FCG approach, when assessing the aye@TVI EUD values, were comparable. Average Togand

175 (Shaw, Rae and Alber, 2013; Tanderup et al., 2020)
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CTVTirEUD values &re reported as 108.02 + 2.65 Gy and 77.81 + 3.29 Gy for the FCO approach and
108.02 + 2.66 Gy and 77.80 * 3.28 Gy for the FCG apipnaspectively.

Eight patients received aawverage CTVurDoo value greater than the setdphard constraint of 90

Gy. The Iy »soft constraint was surpassed in one patient, Patient 13, withya\&Rlue of 100.45 Gy
without violating any OAR wdD.° constraints, just reaching the smalbwel Dxcr® soft constraint
(Figure29). Even though the OAR EUD values were not incorporated asliodoseg parameters

during the FCO and FCG optimisation prodbdesEUD values were still recorded and evaluat&tien
evaluatirg the EUD values of patient 13, it was noticed that the bladesl EUD hard constraint of

75.95 Gy was reached, while the rectum wall and small bowel EUD hard constraints of 67.75 Gy were
both violated Figure30). Two patients, Patient 5 and 17, nearly reached the 95 Ggaostraint with

Do ssvalues of 94.80 Gy and 94.65 Gy, respectively. Patient 5 were limited By.tief the bladder
walland small bowel, while patient 17 was only resgitiby theDan® of the bladder wallFigure29).

Again, the sigmoid wall EUD of 67.75 Gy was reached in patient 5, and the bladder wall EUD hard

constraint was violated in patient 5 and IHidure30).

Even though patient 13 reached a dose of 100.453Hyout violating any OAR dose constraints, it

has been reported that a CTMrDeo o Yy p D@ -ThryiFe ofl29 dfhdiready resultn a 3year

local control rate > 93 %&xceptional local control of 96 % has been reported at 95 Gy, with this said
it does not seem relevant to further dose escalate beyond 95 Gy, in this case, as it would not translate

to higher local controt’,

The Bowhard constraint of the CFWrwas aso exceeded by five other patients, namely patients 2,
6, 10, 16 and 18Table10 below displays the correspondifidc> and Do.icri° Values for all the OAR
walls as well as the recteaginal reference point value$ the FCO and FCG approach across the whole

population.

176 (Potteret al., 2018)

101



Tablel0- AverageDacrm® and Do 1cn® Values for all OAR walls and the reet@ginal reference point of the FCO and FCG

approach, respectively.

Bladder wall | Small bowel | Rectum wall Sigmoid wall Rectovaginal
Docrr (Gy) Daem® (GY) Daoem® (GY) Do (GY) Dose point (Gy)
Approach
Average = SD | Average + SD| Average + SO  Average + SD Average + SD
FCO 78.66+4.35| 6951+850| 6224+354| 61.34+4.74 64.50 + 4.92
FCG 78.54 +4.23 69.44 +8.45| 62.22+353| 61.36+4.75 64.45 +4.79
Do.1cm” Gy) Do.1cm (Gy) Do.1cm (Gy) Do.1cm (Gy)
Approach -
Average + SD| Average + SD| Average + SO Average £ SD
FCO 99.99 +8.32 | 82.85+15.09| 82.85+15.09 70.43+9.87 -
FCG 99.61 £ 8.07 | 8268 +14.97| 82.68 +14.97, 70.47 +9.89 -

From these results, the difference iaverageDzxn® and Do Values for all the OAR volumes
considering the FCO and FCG approach is so small it is negligible. The difference between the FCO and
FCG approach wamce more evaluated pgratient, in more detail Figure29 and Figure30 displays

the OAR dose results per patient that were obtained for the FCO and FCG approach.
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Figure29 - Comparison between the FCO and FCGrapph per patient. ThéD,3 values for (a) bladder wall, (b) small bowel, (c) rectum w:
and (d) sigmoid wall. Note: Data points for the FCO and FCG approach are indicated by hexagons and trianglesyedspect

The solil and dotted lines ifFigure29 and dl the other D, OAR Figures in the rest of the chapter,
represent the intended conventional planning aims for all the OAR volumes in the form of hard and
soft constraints astsnmarised inTable2 . As illustratel in Figure29, the Dc® hard constraint of

the bladder wall was violated in three patients for the FCO approachanidiverage valuef@8.66 +
ndop DeI ¢KATE SDRYidrdRconatraigt waslvidlateByytiie #QG approach, with an
average value of 78.54 + 4.23 Gy. In an attempt to reach thelGRard constraint of 90 Gy, the

bladder wallD.c® soft constraint was violateth seven patients, for both approaches. The average

177 (Shaw, Rae andl#dr, 2013; Tanderup et al., 20)

103



small bowelDxr® were 6951 + 8.50 Gy and 69.44 + 8.45 Gy for the FCO and FCG approach,
respectively, while thd®,.* hard constraint of the small bowel waiated in five patients, for both
approaches TheDun® soft constraint of the small bowel was reached/violated in fourtgmtients.

The Dxn® hard constraint of the rectum wall was not violated in any of the eighteen patients. The
averageDxn® values of 62.24 + 3.54 Gy and 62.22 + 3.53 Gy weperted for the FCO and FCG
approach, respectively. THex® soft constraint ¢ the rectum wall was reached in one patient for
both the approaches. Neither thB,.* hard or soft constrait of the sigmoid wall was reached and
averageDucr® values of 61.34: 4.74 Gyand 61.36 + 4.75 Gy were recorded for the FCO and FCG
approach, repectively. The results displayedrigure29 clearly show that the bladder wall and small
bowelarei KS (62 Y2aid f AtMeARCQ@ gha FAG!lapp@ach. Rettund @hdi sigmoid walll
constraints were never reded without one or both bladder wall and small bowel constraints

reached.

From the results shown iRigure29, the FCO and FQi&play smilar outcome, except in the case of
patient 7. Patient 7 was the only patietihat displayed a significant difference between the FCO and
FCG approach. Both the approaches reached the samd@iD¥ «value of 90 Gy. The totBbcn for

the bladder walfor this patient was recorded as 85.11 Gy and 83.23 Gy, respecflelyotal Docr®

for the small bowel was recorded as 73.09 Gy and 71.4fo6Gyhe FCO and FCG approach,
respectively. For this specific patient, the FCG approach led to a differeBeg.ivalues of 2.26 %
for the bladder wall and 2.35 % for the small bowekpectively. The FCG approach recorded a 5.37
Gy and 3.88 GyoWwer bladder wall and small bow& icd compared to the FCO approach. The
difference in the totaD.c’ values forthe rectum and sigmoid wall for this patient were negligible.
The reason fothis difference in patient 7, the FCG approaclwdd for a higher small bowel and
bladder wall fractional dose limit in fraction 2, which led to an exploitation of the Toddbse. The
FCG approach was able to give a higher dose to theTgrE¥mparedto the FCO approach. This
allowed somesparing of the small bowel and bladder wall in the remainder of the fractions. In the
case of the FCO approach, small bowel and bladdér lindts were violated in the remainder of
fractions to be able to reach theT®&Turdose. This is the reason why patt 7 benefitted more from

the FCG approach compared to the FCO approach.

The corresponding EUD values that were recorded for all thea®®Rsualised ifrigure30. The sot

lines inFigure30and all the other EUD OAR Figures in the rest of the chapter, represent the intended
biological planning aimfor al the OAR volumes in the form of hard constraints as summarised in
Table317®

178 (Shaw, Rae and Alber, 2013)
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Figure30- Comparison between the FCO and FCG approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) réct
and (d) sigmoid wall. Note: Data points for the FCO and FCG approach are indicated by hexagons and triaspkgively.

As seen iffrigure30, the EUD hard constraint of the bladder wall was violated in sixteenmnstieith

average values of 79.88 £ 4.85 Gy and 79.6%% &y for the FCO drFCG approach, respectively.

The EUD hard constraint of the small bowel was violated in nine patients, with average values of 70.15

+9.87 Gy and 70.05 £ 9.82 Gy for the FCOr&@ approach, respectively. The average reported small

bowel values were higér than the EUD hard constraint of 67.75 Gy. E¥® hard constraint of the

rectum wall,67.75 Gywas reached in one patient and violated in two patients, with average values

of 63.27 + 3.88 Gy and 63.25 Gy * 3.86 Gy for the FCOCahapproach, respeeely. The EUD hard

constraint of the sigmoid wall was reached in four patients and violated in 5 patients, with average

values of 65.61 + 7.98 Gy and 65.65 + 8.00 Gy for theaR@BCG approach, respectively. Patient 6

had the most gnificant differencen sigmoid wall EUD among the whole patient population, with the

FCO approach recording a value of 69.32 Gy and the FCG approach a value of 69.94 Gy. Even though
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this patient reoresents the patient with the biggest sigmoid wall EUBedifhce between thawo

approaches, the difference is still very small and therefoegligible.

As displayed ifrigure30, again, the only patient wita sgnificant difference between the FCO and

FCG approach was patient 7. The td&&D for the bladder wall were recorded as 86.14 Gy and 83.15
Gy, while the total EUD for the small bowel was recorded as 73.24 Gy and 70.98 Gy for the FCO and
FCG approachregpectively. For this specific patient, the FCG approach led to a differertegin

values of 3.60 % for the bladder wall and 3.18 % for the small bowel, respectively. The reason for the
differences in EUD valués similar to therecordedD.cr® values for his patientstated above The
difference in the total EUlbr the rectum andsigmoid wall values for this patient was negligible, while

the CTVInrdose recorded was as stated previously, 90 Gy for both approadiesn onsidering

the obtaired conventiomal and biological doses for all the OAR and-CTglumes for this patient, it

can be concluded that patient 7 greatly benefitted from the FCG approach.
Other parameters that were recorded:

As summarised iTablel1, the average dose to point Arand Arign for both the FCO and FCG
approach had minimal differences. The dose to poindr@nd Arighiwas not set as a limiting parameter
in the optimisation processes, these values were only reported and evaluataabpectively. This
appliesto the rest of the reported point A values ihi$ chapter. The average dose to point.fand

Arigntwas higher than the proposed > 65 Gy softstoaint 7.

No significant difference was recorded between the FCO andav@@ge TRAK values. Recorded
TRAK values for the FCO and FCG approach wezetloan the average TRAK value of 1.74 cGy at 1
m published by Bockel et &F.

Tablel1 - Average dose to point A and TRAK values of FCO and FCG approach

Approach A Lert (GY) Aright (GY) TRAK (cGy at 1 m)
FCO 76.97 £ 8.27 77.26 £10.19 1.59 +0.25
FCG 77.02 £8.32 77.20 £10.23 1.58 £ 0.25

If the patient population is evaluated as a whole, the difference between FCO and FCG approach is
almost negligike. However, when the impact of the approaches is evaluated based on individua

response, some patients do benefit more from the FCG apprdachinstance, patient 7When

179 (Tanderupet al.,, 2020)
180 (Backel et al., 2019)
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considering tle evaluation, the FCG approach can be proposed to be always useddraftthe FCO

approach.

a.2) Forward Biological Optimistic (FBO) vs Forward &jital Greedy (FBG)

A total of 180 Forward Biological plans weygimised and planned. During the Forward Biological
Optimistic (FBO) and Forward Biological Greedy (FBG) agiprthe total OAR biological constraints
listed inTable3 were used as the limiting dose constraints during the optimisation and planning
process. Corresponding OAR conventional parameters obtained during tlogibadl optimisation
process were only noted and were not incorporated as Iimgiparameters. Ténfractional OAR dose
constraint wvasautomatically calculated and applied by the IHDM by using Equé®)rand (40) for

the FBO and FBG approaotspectvely.

Table12 provides the average CIMr and CTWIr Dao o Dos % and Doo % values obtained for the
Forward Biological OptimisticBP) approach versus the Forward Biological Greedy (FBG) approach.

Tablel2- Average CTM Do %Dos % and Dioo »svalues for theFBOand FBG approach

CTVThRr CTVThr CTVThr CTVTR CTVTr CTVTr
Approach
Doo %(GY) Dosg % (GY) D100 %(GY) Do (GY) Dosg % (GY) D100 %(GY)
FBO 91.96 + 2.97| 81.04 £+ 3.48 73.75+3.63] 66.25+2.47 | 62.69 + 2.24| 60.49 + 1.96
FBG 91.77 £ 2.91| 80.90 £3.38 | 73.59 £+ 3.51| 66.20+2.42| 62.63 +2.19| 60.43 +£1.91

Average CTVurand CTVIrdoses overtie whole patient population were the same for the FBO and

FBG approach as suranised inTablel2. The results per patient were depictedrigure31to Figure

33.
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FromFigure3l, it was found that aly one patient recorded a significant higher €TRVEUD with the

FBO approach compared to the FBG approach, patient 10 recorded a 2.43 Gy chffeebmeen the

FBO and FBG approach. The averageTgdBUD values reportedeve similar for the FBO approa
and FBG approach, with values of 108.44 = 3.03 Gy and 108.23 + 2.96 Gy, respectively. When

considering the CFVYir EUD values per patient for Hotapproaches, no significant differenceasv

reported. Therefore, the FBO anBG approach reported similaverage CTMrEUD values of 78.19

+ 3.27 Gy and 78.16 + 3.23,@spectively.
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The o »hard constraint of the CFWrwas once again reached @il the patients. The §9«hard
constraint of the CT\'r was reached for bdt approaches in all the patiewithout any difficulty.
Eight patients received an average value greater than the setebyhard constraint of 90 Gy. Two
patients reachedhe 95 Gy soft constraint, patient 2 and 13, witds fvalues of 95.69 Gynd 100.45
Gy, respectively fopoth the approaches. Patient 2 and 13 reached the-Gikgoft constraint of 95
Gy without violating any of their OAR wall EUD constraints, justhiag the bladder wall EUD
constraint for patient2 and the small bowel EUDrstraint for patient 13 Eigure32). Even though
the OARD..® values were not incorporated as deBmiting parameters during the FBOch FBG
optimisation processthe D’ values were still recorded and evaludteHowever, from theDycn®
values for patient 2 and 13 that were recorded, the small boagl}® soft constraint was violated
(Figure33). Six other patients exceeded theoshard constraint of the CTFWr hamelypatients 3, 5,
6, 10, 17 and 18, without violating any of their OAR EUD w& hard constraints, however

violating/reaching some of theD..’ soft constraints.

Table13displays the correspondiner’ and Doicr® vValues for all the OAR walls, as well as the recto

vaginal reference point values of the FBO and FBG approach across the whole population.

Tablel3- AverageDacm® and Do 1o Values for all OAR walls of the FBO and FBG apgroac

Bladder wall | Small bowel | Rectum wall | Sigmoid wall | Rectevaginal
5 5 . Dosepoint
Do (Gy) Docm® (GY) Docm® (GY) Daocm® (Gy)
Approach (Gy)
Average + SD| Average + SD| Average + SD| Average + SD
Average + SD
FBO 78.05+4.22 | 69.84+791| 62.61+3.27| 61.42+450 65.05 + 4.06
FBG 78.10+4.23 | 69.81+788| 62.64+3.29 | 61.42+448 | 65.11+4.12
Approach Do.1cm (Gy) Do.1em> (Gy) Do.1em> (GY) Do.1cm (GY) -
FBO 97.07+7.33 | 8243+B45 | 69.15+493 | 70.12+8.76 -
FBG 97.00+7.36 | 82.29+13.37| 69.23+493| 70.12+8.74 -

As displayed ifTable13, virtually no differencédetween theaverage D’ and Do 1cm’ Values for all

the OAR volumewas recordedor the FBO and FBG approach. The OAR dose results per pasient t

were obtained for the FBO and FBG approach are displayed befigure32 and Figure33.
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As seen irFigure32, the 75.95 Gy D hard constraint of the bladder wall was reached in 7 patients

and violated in nine patients, with average valeé§8.19 + 4.04 Gy and 78.14 + 4.05 Gy for the FBO

and FBG appach, respectively. The EUD hard constraint of the small bowel was reachagén

patients and violated in eight patients, with average values of 69.26 + 7.99 Gy and 69.18 + 7.88 Gy for

the FBO and FBG approach, respectively. The EUD hard constrthietre€tum wall vasreached in

one patient and violated in one patient witherage values of 63.38 + 3.38 Gy and 63.48 = 3.41 Gy for

the FBO and FBG approach, respectively. The EUD hardasoinsfrthe sigmoid wall67.75 Gywas

reached in three patiets and violated in four patients, with average values of 65.12 + 6.72 Gy and

65.11 £ 6.71 Gy for the FBO and FBG approach, respectively. The violation of OAR EUD hard constraints
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occurred in pdents because priority was given to the CTi¥hard constraihof 90 Gy. These would

then be patients that could potentially benefit fromntiacavitary/interstitial
NBEO2 NRSR T2 NFigue33. Thetew€@12 paiddt DA & dzl- |

correspondin.® @ I £ dzS a

IGABT. The

in which the bladder wall EUD constraint was reached/violated without thddar wallDac® soft

constraint of 80 Gy of the same patient being reached.
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Figure33 - Comparison between the FBO and FBG approach per patient.Dehe values for (a) bladder wall, (bsmall bowel, (c) rectum wal
and (d) sigmoid wall. Note: Data points for the FBO and FBG approach are indicated by hexagons and triangles, respectively.

As seen irFigure33, the Dxr® hard constraint of the dder wall was violated in two patients. The
Daem® SOft constraints were readd in one patient and violated in four patients. The average bladder
wall Dxer® were 78.05 + 4.22 Gy and 78.10 + 4.23 Gy for the FBO and FBG approach, respectively. The

Dueri® hard constraint of the small bowel was rdserl in one patient and violated in fopatients. The
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Duer® SOft constraint of the small bowel was violated in fourteen patients. The average small bowel
Docr> Were 69.84 + 7.91 Gy and 69.81 + 7.88 Gy for the FBEGB@dhpproach, respectivelneDocr®

hard constraint of the rectum wall wasot reached nor violated. ThB..® soft constraint of the
rectum wall was violated in one patient. The average rectumByalf were 62.61 + 3.29 Gy and 62.64

+ 3.27 Gy for théBO and FBG pach, respectively. THexn® hard constraint of the sigmoidiall

was neither reached nor violated. Tie.> soft constraint of the sigmoid wall was reached in one
patient. The average sigmoid wBl..* were 61.42 + 4.50 Gy and 61.42.48 Gy for the FBO and FBG

approach, respectively.

Consideringrigure31to Figure33, the only patients with some significant difference between the two
approaches are gtients 5, 7 and 10. The rest of the patient population showed no significant

difference between the approaches.

The outcome in patient 5 for the two approaches was the same in alTGind OAR parameters,
except in the small boweDy 1.’ value, where thé=BG approach led to a 1.70 Gy lower value compared
to the FBO approach. Théalder wall and small bowel EUD hard constraints were reached in both
approacheshowever, reporting the same values. The sigmoid and rectum wall EUD hard doistra
were not reached in any of the approachdsowever, the same values were reported. Nonéthe
bladder, rectum and sigmoid wa.’constraints vasreached, again the same values were reported.

The small boweD..® soft constraint of 655y was violated in both @poaches.

In patient 7, the small bowel and bladder wail*> soft constraints and EUD hard constraints were
violated in both approacheshe same values were reported in both OAR. The small bowel®value
was 1.76 Gy lower in the FBG approach.&ofthe rectum and sigmoid wdbb.>or EUD constraints
were reached, agaithe same values were reportedut the rectum wallDo 1> Value was 1.15 Gy
higher in the FBG approach. The rest of the-TBvid OAR results showed no difference between the

two approaches.

Patient 10 obtained higher CIMgrvalues for the FBO approachmpared to the FBG approaamd

the FBO approach led to 2.43 Gy, 2.27 156 Gy and 1.56 Gy higher CTi¥ EUD, I o, Dvs and

Dioo % values, respectively. Not only dideghFBO approach obtain higher CTi¥ values but also
allowed lower rectum waEUD Docr® and Do 1cm® Values of 1.24 Gy, 1.02 @gd 1.72 Gy, respectively.

The rest of the CTFV and OAR results showed no difference between the two approaches. The FBO
approach led to a higher CTWrDoo wand lower OAR EUD ail¥.’ values, comparedo the FBG

approach.
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Parameters like th€TVTur Doo sand Rs o« and CTVIr Des shave been provero be associated with
better local control (LG}. The CT\Murvolume sizeof the patient was classified between limited and
intermediate size. According published dataa tumour volume of 30 cinand a CTMurdose of
93.37 Gy recorded by the FBO approach, LC of more or less 94 % has been rapditad,is beter
LC compard to the 91.10 Gy dose reported by the FBG appré&ckonsidering both OARGCTY

T values, the FBO approach led to a superior plan compared to the FCG approach.
Other parameters that were recorded:

The average dose to Point A (left andht) and TRAKalues for the FBO and FBG approach are
tabulated below inTablel4. The difference in average dose to pointfand Arign:in both FE and
FBG approach was minimal. No significant difference was recorded &etive FBO and FBG average
TRAK values.

Tablel4- Average dose to point A and TRAK values of FBO and FBG approach

Approach A Lert (GY) Aright (GY) TRAK (cGy at 1 m)
FBO 77.56 +8.51 75.80 £ 8.53 1.62 +£0.23
FBG 77.24 +8.98 75.3 +8.91 1.62+0.23

Considering the average dose to the €Tahd OAR volues over the whole patient population, the
FBO and FBG approach outcome seem the samthrde patients, the FBO approach led to better
plans compared to the FBG approach. Inigrat5 and 7, the same CIMWalues and lower OAR dose
in some of the OAR vates were reported however, differences were small. Therefore, if an
individual scores lwer OAR dose in the one approach, but all the-CTdses were the same in both
approache, then that approach could be advocated. In patient 10, however notewortihehiCTV
Turvalues and lower dose in some of the OAR volumes were recorded. Takiimgdtascount the

FBO approach can be considered to be superior to the FBG approach.

181 (Jdhannes C A Dimopouleg al., 2009; Mazeromt al, 2015; Tanderupt al., 2016)
182 (Tanderupet al.,, 2016)
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a.3) Forward Conventional Greedy (FCG) vs Forward Biological Optimistic (FBO)

Themost preferred Forward Conventional (FC) approach and Forward Biological (FB) appeoach a
compared with one another, the Forward Conventional Greedy (FCG) approach versusdForwa

Biological Optimistic (FBO) apprbacliscussed in sections a.1 and a.2).

Table9 provides the average CIMrand CTWIr Doo %Dos % and Doo Vvalues obtained for the FCG
and FBO approach.

Tablel5- Average CTM Do o Dos and Dioo wvalues for the FCG arfeBO approach

CTVTur CTVTur CTVTur CTVTr CTVTr CTVTr
Approach
Doo %(GYy) Dos % (GY) | Dioo%(GY) Doo %(GY) Dos % (Gy) | Dioo%(GY)
FCG 91.50 £ 2.71] 80.41 + 2.87| 73.24+ 3.24| 65.90 + 2.23* 62.38 + 2.0 60.22 + 1.86
FBO 91.96 £2.97 81.04 £ 3.48 73.75 + 3.63 66.25 + 2.47* 62.69 + 2.24 60.49 + 1.96

*Tested forthe significant difference witha gd £ dzS X nonp @

From the CTMurand CTVIrresults provided imablels, it can be concluded that they§,Dos o, and

Dioo wparameters reported were similar for the FBO and FCG approach across the whole patient
population. The FBO approgdimowever produced a higher average &Tir Dy svalue compared to

the FCG approach, which was of significant differefiedlel16 displays the average OAR.* and

Do.1cm Values reported for the FCG and FBO approach.

Tablel6- AverageDsz3 and Do.1cm° values forall OAR walls for the FCG and FBO approach

Bladder wall Small bowel Rectum wall | Sigmoid wall | Rectevaginal
. . . Dose point
Docm® (GY) cm” (GY) Dacm” (GY) Dacm” (GY)
Approach (Gy)
Average = SD| Average + SD| Average + SD| Average + SD
Average + SD
FCG 7854+423 | 69.44+845| 6222+353| 61.36+4.75| 64.45+4.79
FBO 78.05+422 | 6984+791| 6261+329| 61.42+450 | 65.05+4.06
DO.lcm3 (GY) DO.lcm3 (GY) DO.lcm3 (Gy) DO.lcm3 (Gy)
Approach -
Average = SD| Average + SD| Average + SD| Average = SD
FCG 99.61 +8.07*| 82.68 +14.97| 68.88 1+5.52 70.47 £ 9.8 -
FBO 97.07 £ 7.33*| 82.43+13.45| 69.15+4.93 | 70.12+8.76 -
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*Tested forthe significant difference witha gd £ dzS X nonp @

The difference in the average bladder wadh.>values obtained by the FCG and FBO approach were

of significant difference wh a p@l f dzS X ndnp® ¢KS C. h | LILINRI OK f ST
Do.1cm Values compared to the FCG approach. All other avebagé and Do icr° Values for the OAR

had nosignificant differencéoetween the approached.he difference between the twapproaches

wasagain evaluated per patienin Figure34 through Figure36.
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Total treatment dose (Gy)

Total treatment dose (Gy)

Figure34 displays significant differences in GTa¢and CTWIrDso sand EUD values per patient. The
average CTAurEUD values were 108.02 + 2.66 Gy and 108.44 + 3.03 Gy. The difference in average
CTVTr EUD valuesvas 77.80+ 3.28 Gy and 78.19 = 3.27 Gy for the FCG and FBO approach,

respectivelywhiOK & | &

90 — Bladder Wall D2cc (@)
J A .
85 gl ‘ LA
J [l >
804 - - - - = -y --- p--o---n =
s, 2 0 ¢a 2 3
754 ® 2 I s
A A A -
a N -
Q
70 P 0 E
1 5
65 — =
‘ £
60 | 2
55
— T T T T T T T ™1 | ——
2 4 6 8 10 12 14 16 18
Patient Number
@ FCG 4 FBO Hard Constraint = = Soft Constraint
80 — Rectum Wall D2cc
©
75
3
e $ =
3
@ A =
651¢ N A 2e 2 A o E
1 & @ 5
55 - 2
50 | L N — | JEEEP S F e e e | B
2 4 6 8 10 12 14 16 18
Patient Number
® FCG A FBO Hard Constraint — — Soft Constraint

G§SaiSR F2NJ AaA3IYyATFTAOL Y

RATFSNBYy OS>

Small bowel D2cc

-
85 1@ ®
1 A
80 —
] ¢
75 - &
A
i A
* ¢
70 — A ¢
d A
AS &
ol $--5 = s s
q AR
60 — ®
| S R PR PO S R P [P, s, IR e R NP S
2 4 6 8 10 12 14 16 18
Patient Number
® FCG A FBO Hard Constraint — — Soft Constraint
80 — Sigmoid Wall D2cc
| (d)
75 4
e e e g .
65 |l
: 2 a 2
. 6
60 - @
1 A é
55 ¢ é a 6
50 T 71 | R i o P I T
2 4 6 8 10 12 14 16 18
Patient Number
@ FCG A FBO Hard Constraint = = Soft Constraint

Figure35- Comparison betwen the FCG and FBO approach per patient. Dag? values for (a) bladder wall, (b) small bowel, (c) rectum we
and (d) sigmoid wall. Note: Data points for the FCG and FBO approach are indicated by hexagons and triangles, respectively.

116



The difference between the two approachessevaluated by considering all the reported OAR and

CTVT do® simultaneously, as illustrated iRigure34 through Figure36.

In patient 1, the hard constraint of 90 Gy CTh¥Dgo sWas reached in both approaches. No significant
difference wa observed in the CTVvalues and all the OAR EUD Brg? values betweenhe two
approaches. Althougbmall, the FBO approach recertla lowerDy 1.r° value of 1.0 Gy compared to

the FCG approach. Tl small bowel hard constraint of 75 Gy was essieely violated by both

' LILINBF OKSad ! ¢w! Y @I tTge®2 & dzW S G Raderopeil as¥bciated wityi R |
late bowel toxicity’®® . 2 i K G KS I LIINR I OKSa Nidhe IRM&Rlue ¢ w! Y
was a large volumefx T A. ThixWolation will cause an increadeisk in late bowel toxicityand

therefore the patient is a candidate for the application of intracavitary/interstitial IGABT, in the

attempt to lower the dose in the small bowel.

In patient 2, the EUD hard constraint dfet bladder wall was reached by the FBO approach and
violated by the FCG appraia, the FBO approach however recorded lower bladder wall BidE,and

Do.1cm® Values of 4.13 Gy, 1.36 Gy and 7.16 Gy compar&€® approaci.he EUD hard constraint of

the small bowel was not reached in any of the approaches.Eh€ soft constraint of the sigmoid

wall was reached in both approaches, but the FCG approach recorded lower small bowBkd&UD,

andDy 1ervalues of 1.08 Gy, 1.43 Gy and 1.73 Gy comparBa@approachNo significant difference

was observed for the rectum and sigmoid wall values between the two approaches. Significant higher
CTVT values were reported for the FBO approach compardgded-CG approach. The FBO approach

led to higher CT\IwrBUD, Bo»and Ds«values of 5.24 Gy, 5.02 Gy and 6.21 Gy-TigByo svalues

of 90.67 Gy and 95.69 Gy were recorded for the FCG and FBO approach, respectively. The FBO
approach also led to highh CTVTr EUD, kb «and Ds «Vvalues of 2.32 Gy, 2.50 Gyd 2.82 Gy.
Parameters like th€TVTur Do sand s« and CTVIr Dog ware associated with better local control

184 The CTMurVvolume size of the patient was classified between limited andrimediate size.
According to published data with regardslt€, a tumour volume of 22 érand a CTMrR2 4 S % dp
Gy, ensure LC of 96 %, this is better than a LC of 95 % at 90 Gy reported in the FCG ¥pproach
Considering both OAR and CTValues, th FBO approach led to a superior plan compared to the FCG
approach.

In patient 3, none of the sigmoid or rectum wall constraints were reached in any of the two
approaches. Still, the FBO approach led to lower EUDDand values of 1.35 Gy and 2.07 Gy
compared to the FCG approach. The EUD hard constraint ofddddy wall was reached in the FBO

183 (Bockelket al., 2019)
184 (Johannes C A Dimopoulesal., 2009; Mazeromt al, 2015; Tanderupt al., 2016)
185 (Potteret al., 2018)
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approach and violated in the FCG appraaitte FBO approach recorded lower bladder wall EMJR3
andDo.icr” Values of 3.84 Gy, 3.44 Gy and 6.51 Gy compar&€® approach. The bladder w2l
was still below thesoft constraint value of 80 Gy for both approaches. A higherTaAls o value of
1.74 Gy was recorded for the FBO approach as well. Ndisignidifference was observed in the
other OAR and CTWvalues between the two approaches. In this case, tealte show clearly that

the FBO approach was superior to the FCG approach.

In patient 4, the CTY values had no significant difference betwekea two approaches. None of the
rectum and bladder wall constraints was reachadd no difference in the valuesas observed
between the two approaches. The small bowel EUDRw¢ hard constraints were violated in both
approacheshowever, no sigificant difference in small bowel EUD valuezsabserved between the
two approaches. Th®xn® soft constraint of tle sigmoid wall70 Gy was only reached in the FBO
approach. The EUD hard constraint of the sigmoid,\8a@ll75 Gywas violated in bth approaches
however, the FCG approach recadlower EUD an@o icr> values of 1.28 Gy and 1.71 Gy. The small
bowel had constraints that were violated showed no difference between the two approadmes
mentioned earlier. The planning aims wefg to reach the hard constraint of the CITWalues, then
(2)to obey the OAR hard constraint afg) then the soft constraint®f the CTVI volumes and OAR
becomes a priority. With this said, the FCG apprdeadto a superior outcome compared to the FBO

approach.

In patient 5, lower CTVWurDgo ssand EUD values of 1.74 Gy and 2.26 Gy was recorded for the FBO
approach compared tthe FCG approach. The EUD hard constraint of the bladder wall was reached in
the FBO approach but violated by the FCG approach. The FBO approach led to lower bladder wall EUD,
Docr® and Do 1cm® Values of 4.69 Gy, 1.26 Gy and 7.75 Gy comparédC® apmrach.The EUD hard
constraint of the sigmoid wall was reached by the FCG apprhaever sigmoid wall EUD aig icr®

values of 1.05 Gy and 1.54 Gy were recorded for the FBO approach. The EUD hard constraint of the
small bowel was violated by the FBQpegach only while the FCG approach managed to record lower
small bowel EUzer® and Do 1er” vValues of 4.79 Gy, 3.16 Gy and 9.20 Gy. The small [ibwesoft
constraint of 65 Gyvas violated by both approaches. The significant lower small bowel dosks an
some increase in the CIVvalues recorded by the FCG approach outweigh the lower bladder wall

values recorded by the FBO approach.

In patient 6, higher CFlirvalues were recated by the FBO approach, with CTDao % Des % and

EUD values of 1.9%4G2.24 Gy and 1.97 Gy high&he FBO approach reported a lower bladder wall
Do.1cm® Value of 1.11 Ggompared to the FCG approach. The FCG approach led to lower rectum wall
EUD,Dzer and Dop1er® Values of 1.17 Gy, 2.02 Gy and 1.67 Gy, howeare of the rectum wall

constraints were reached by any of the approaches. A higher«eagjnal reference point of 2.80 Gy
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was reported for thd=BO approagthowever, the value was still well below the 65 Gy soft constraint.
The FBO approach exploitdukt flexibility of the rectum wall dose values to its advantage to produce

a plan with higher CFV values which will have an impact, although small on the LC of the patient.

In patient 7, no significant difference was observed in the-CV#lues betweethe two approaches.
Both approaches violated the EUD hard constraintBagf soft constraint values of the bladder wall
The FBO approach reported a lower bladder Vsl value of 1.08 Gyompared to the FCG
approach. Even though none of the rectum walhstraints vasreached, the FBO approach still led
to lower rectum wall EUDDscr® and Do.1en® Values of 1.67 Gy, 1.62 Gy and 2.34 By EUD hard
constraint of the small bowel was violated by both approaches, vt approaches reached the
Dzem® SOft constraint The FCG approach proddaeplan with lower small bowel EUDgr® and Do 1em
values of 1.77 Gy, 1.33 Gy and 2.95 Gy. A lowersegnal reference point of 3.35 Gy was reported
for the FBO approach, with the FCG approach violating topgsed hard constraint of 75 Gyhe
recto-vaginal reference point hard constraint of 75 Grogosed was only reached by the ICG
F LILINB I OK® ¢KS LINPOlIOAfAGE 2F RSOS % Tk grababfity IA y I €
rates for the FCG g@poach are very highand in this caseany approach that recorded lower rectum
wall values ad in effect lower the probability of developing vaginal stenosis will be superior.

Therefore, the FBO approach led to a superior plan compared to the FCG approach

In patient 8, no significant difference was observed in the-CV&lues between the two @poaches.
Both approaches violated the EUD hard constraint of the bladder ha@lgver, the FBO approach
led to lower EUD and 1o’ Values of 1.60 Gy and 2.75.GThe rest of the OAR values recorded
reported no significant difference between titwo approachesWhen onsidering these results, the

FBO approach led to a better plan compared to FCG approach.

In patient 9, the bladder wall EUD absl*hard constraits of 85 Gy was violated by both approaches.
The FBO approach reported lower bladder wall EUCDgag: values of 4.02 Gy and 7.29 Ggmpare

to the FCG approach. However, the FCG approach reported a 1.65 Giatealueto compare to
the FBO apmach. The EUD hard constraint@f.75 Gy for the sigmoid wall was violated by both
approaches. The FBO approach delivered a plan with lower sigmoid wall EDR@fdalues of 4.01
Gy and 4.13 GyA higher dose was recorded by the FBO approachéandistum wall andecto-vaginal
reference point. None of the rectum wall constraintasveached by any of the approachesill, the
FCG recorded lower EUDxr® and Do.icr® Values of 2.71 Gy, 2.57 Gy and 3.83 &yigher recte
vaginal reference pointf 3.90 Gy was reported for tHeBO approacthowever, it was still below the

65 Gy soft constraint. The bladder wall was the OAR volume of main concern due to the violation of

186 (Kirchheinert al., 2016)
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the EUD an@®..>hardconstraint by both approaches. With this said, the BB@roach had the ability
to recorded lower values for the bladder wall, but the FCG approach also led to lower values.
Therefore, both approaches had their advantagasl thereisno clear evidence tadvocate the one

approach over the other.

In patient 0, higher CTMr Dy sand Ds wvalues of 1.01 Gy and 1.05 Gy were recorded for the FBO
approach. No significant difference was observed in the rest of theTO/alues between the two
approaches. Ténbladder wall EUD hard constraint was violated byRB@& approach but only reached
by the FBO approach. The FBO approach recorded lower bladder walgBnd Dy 1cr® values of
1.79 Gy, 1.21 Gy and 3.24 Gy compardé@@pproach. None of the small bowel, rectum and sigmoid
wall constraints wasviolated. The FBO approach led to lower rectum wall EM&R? and Do 1ri” values

of 1.41 Gy, 1.02 Gy and 2.08 Glge FCG approach recorded lower sigmoid wallsamall bowel doses
compared to the FBO approadtower small bowel EUD.r® and Do.1cr> Values of 3.34 Gy, 2.57 Gy
and 5.41 Gy were recorded. Lower sigmoid wall EM&? and Do 1 values of 1.35 Gy, 1.16 Ggd

1.73 Gy were recorded. A lower reetaginal reference point of 1.27 Gy was reported for BHgO
approach, even though both apprdaes recorded doses below 65 Gy. Even though the FCG approach
led to lower values itthe sigmoid and small bowel, no hard constraints were reached or violated in
these volumes. The FBO approach exploited the flexibility of the small bowel and sigmoidseall d
values to its advantage to produce a plan with lower bladder wall doses in whickUiie hard

constraint was violated and therefore are considered the superior approach in this case.

In patient 11, the hard constraint of 90 Gy CTkW¥ Do »Was reachd in both approachesand no
significant difference was observed in the €lTWalues bateen the two approachesBoth
approaches violated the EUD abgl> hard constraints of the bladder wall and small bowiie FBO
approach produed a plan with signifiant lower small bowel EUDy* and Do 1cri’ Values of 7.28 Gy,

3.16 Gy and 10.12 Gy compared to the FCG approach. The rest of the OAR values recorded had no
significant difference between the two approachéa/hen onsidering these results, the FBO

approach clearly led to a bettdreatment plan commred to FCG approach.

In patient 12, the FBO approach ledatower dose in the bladder wall, rectum wall and small bowel.
The FCG approach did not record any significant lower doses in any of the OAR véhartdadder
wall and small bowel EUD hard straints were violated by both approachesd the rectum wall
EUD hard constraint was only reached by the FCG approach. ThadvB®er recorded lower EUD
and Do 1’ Values in these OAR volumes. The smaldd D.cr® hard constraint was also violated by
both approaches. ThECG approach only reached the bladder e} soft constraint The FBO
approach recorded lower bladder wall EUD dndc.’ values of 1.20 Gy and 2.29 ,Ggspectively
Again, the FB approach led to lower rectum wall EUD abgher® Values of 1.05 Gy and 1.15 Gy. The
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FBO approach produde plan with lower small bowel EWDd Do 1cr” values of 1.41 Gy and 1.71 Gy
compared to the FCG approach. No significant difference was obsertied CTVI values between
the two approaches. With this said, the FBO approach led to a better plan compared to the FCG

approach.

In patient 13, the EUD hard constraints of the srhalWvel and rectum wall were violated by the FCG
approach and only reackeby the FBO approacBoth the approaches reached only tBe.® soft
constraint of the small boweA lower rectum wall EUD arith 1’ Values of 1.27 Gand 1.52 Gyand

a lower rectovaginal reference point of 1.52 Gy was reported for iBO approachThe FBO
approach produceé a plan with lower small bowel EWDdd Do 1o’ vValues of 16.29 Gy and 11.68 Gy
compared to the FCG approach. Higher @Jv¥alues of 1.02 Gy and 1.04 Gy was also recorded by
the FBO approachwhen wonsidering these results, theBO approach was superior to the FCG

approach in this case.

In patient 14, no significant difference was observed in the-C¥&ues between the twapproaches.

Both approaches violated the EUD hard constraints of the sigmoid wall and small GtweFCG
approach led to higher sigmoid wall EUD #@kd.° values of 5.84 Gy and 4.42 Gy. The small bowel
Daem SOft constraint was reached by both approaches. The FCG approach managed to report lower
small bowel EUDDuer® and Do 1o’ Values of 1.98 Gy, 1.47y@nd 3.59 Gy compared to the FCG
approach. A lower rectoaginal reference point of 1.23 Gyaw/reported for the=BO approach, with

both approaches violating the soft constraint of 65 8gth approaches led to lower OAR dose in one

of the two OAR, smalbowel and sigmoid wall. According to published data, the small bowel dose
constraints take priority over the sigmoid constrairasd for this reasonthe FCG approach can be

chosen as the superior approach in this c&ée

In patient 15, no significant dérence was observed in the CTWalues between the two approaches.
The bladder walD..r®> soft constraint was only reached by the FCG approach, Wwbtle approaches
violated the EUD hard constrairBignificant lowebladder wall EUDzen® and Do.iem® Values of 4.90

Gy, 1.96 Gy and 8.54 @s reported by the FBO approach compared to the FCG approach. None of
the rectum and sigmoid wall constraint@sreached by any of the approachéiill, the FCG approach

led to lower rectum wall EUDycr® andDocr” Values of 2.73 Gy2.55 Gy and 3.66 Gy. The.° values
reported for the rectum was well below the 70 Gy soft constraint. The small bbwel hard
constraint of 75 Gy was reached by both approaches, vidtith approaches violated the EUD hard
constraint. TheFBO approach managed to record lower small bowel EUDangf values of 1.07

Gy, and 1.95 Gy. A higher reataginal reference point of 3.82 Gy was reported for BB approach,

187 (Tanderupet al.,, 2020)
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with only the FBO approach reaching the soft constrafr@®Gy. The FBO approach recorded lower
bladder wall and small bowel values which were violated in both approaches.aWittis said, the

FBO approach led to a superior outcome conegato the FCG approach.

In patient 16, none of the bladder wall cargints wasreached by any of the approachddwever,

the FCG approach managed to report lower bladder wall Bk, and Do icri>values of 3.17 Gy, 2.63
Gyand 5.18 Gy compared the FBO approdth approaches violated the EUD hard d@hés® soft
condraint of the small bowelthe FBO approach only managed to report a lolgk’value of 1.26

Gy. The FC@pproachproduced a plan that was 1.85 Gy lower for the reataginal pointand this

will, in effect lead to a lower probability of developinggil I & (G Sy 2% Nasigdifibantx H 0
difference was observed in the GTVvalues between the two approaches. The bladdexl
constraints were not reached by any approaches and therefore was not the OAR of main concern. In

this case, the FCG approa@®ess to be superigiwhich led to a lower rectwaginal point.

In patient 17, the EUD hard constraint of the bladder wal wialated by the FCG approach and only
reached by the FBO approach. Significant lower bladder wall B and Dy 1cm® valuesof 4.02 Gy,

1.31 Gy and 7.29 Gyas reported by the FBO approach. None of the small bowel, rectum and sigmoid
wall constraints wasreached by any of the approaches. However, the FCG approach recorded lower
small bowel, rectum and sigmoid wall values comedao the FBO approach. The F&tproach led

to lower sigmoid wall EUD ari ..r° values of 1.16 Gy and 1.47 Gy. The FCG approach led to lower
rectum wall EUDD.er® and Do.icr® Values of 1.42 Gy, 1.61 Gy and 2.01 By FCG approach also
managed tarecord lower small bowel EUD,c® and Do.1cri> Values of 1.24 Gy, 1.44 Gy and 1.88 Gy
respectively A higher rectevaginal reference point of 2.90 Gy was reported for F&O approach
however, no approach reached the soft constraint of 65. ByhigherCT\tTur Dos s value of 1.34 Gy

was recorded by the FBO approadthe FBO approach exploited the flexibility of the small bowel,
rectum and sigmoid wall dose values to its advantage to prodn@pproach that lowered the dose

in the OAR of main concerm,this casethe bladder wall.

In patient 18, higher CFY,rEUD and £ «values of 1.32 Gy and 1.53 Gy were recorded by the FBO
approach. None of the OAR values shoveesignificant difference &tween the two approaches,
except for the rectum wall andecto-vaginal reference pointThe FBO approach recorded higher
rectum wallDzcr® and Do 1cr> Values of 2.17 Gy and 2.14,@Gpwever no rectum wall constraints was
reached for both approaches higher rectevaginal reference point of 2.34 Gy was repalfer the

FBO approach, with only the FBO approach violating the 65 Gy soft constraint, by a very small margin

188 (Kirchheinert al., 2016)
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None of theapproachereached theOAR hard constraig, while the FCG approach reportedower
rectum wall and rectevaginal reference poinvaues. The reported rectum wall values for both
approaches still fall within the same sgboup of 6570 Gy regarding the probabilif late rectal

effect; therefore,the FBO approach may be advocated for due to some increase i GF3£.
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Figure36 - Comparison between the FCG and FBO approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) réc
and (d) sigmoid wall. Note: Data points for the FCG and FBO approach are indicateekhgons and triangles, respectively.

The diffeence in the average bladder wall EUD values % ¥

AAIYATFAOL Yy

RATTSNBY

The average bladder wall EUD was 79.68 £ 4.69 Gy and 78.19 + 4.04 Gy, a 1.86 % difference between

the FCG and FBO approach, respectively. No signifid&riedice between the two approachesas

reported for theaverage EUD values of the small bowel, sigmoid and rectum wall. The average small

bowel EUD values of 70.05 £ 9.82 Gy and 69.26 + 7.99 Gy were reported for the FCG and FBO approach,

189 (Mazeronet al., 2016)
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respectively. Tl average rectum wall EUD values were recorded as 63286tand 63.38 + 3.38 Gy
Gy for the FCG and FBO approach, respectively. The average sigmoid wall EUD was recorded as 65.65
+8.00 Gy and 65.12 + 6.72 Gy, for the FCG and FBO approach, respectively

Other parameters that were recorded:

Asdisplayed inTablel7, the dose to Aerrand Arigntis more comparable for both the approaches. The

FBO appach led to significaiht higher average TRAK values.

Tablel7- Average dose to point A and TRAKIues of FCG and FBO approach

Approach ALert (GY) Aright (GY) TRAK (cGy at 1 m)
FCG 77.02 £8.32 77.20 £10.23 1.58 £ 0.25*
FBO 77.56 £ 8.51 75.80 £ 8.53 1.62 £0.23*

*Tested forthe significant difference witha g £ dzS X nonp ¢

The FBO approach led to significant higher-Ga&Byo and EUD values combined with significant
lower bladder wall EUD anith.i.r’ values. Aside from these differences, when patient plans were
individually asessed, the FBO approach also led to more superior plans in more patients compared to

the FCG approach.
b) Inverse planning and optimisation

The inverse planning and optimisation tpasdescribed in Sectio8.3.5 were used to plan all 18
patients. A total of 360 inverse Intracavitary IGABT plans were optimised and planee@60rplans
consist of 90 conventional optimistic plans, 90 conventional greedy plans, 90 biological optimistic
plans and 90 biological grdg plans. The priorities set for the target and OAR volumes during the
planning and optimisation process were thevsaas the forward planning and optimisation method

as described in Sectidh
b.1) Inverse Conventinal Optimistic (ICO) vs Inverse Conventional Greedy (ICG)

A total of 180 Inverse Conventional plans were optimised and planned. The Inverse Conventional
Optimistic (ICO) approachasexecuted andthe total OAR conventional constraints listedTiable2

were used as the dose constraints during the optimisation and planning process. Corresponding OAR
biological parameters obtained during the conventional optimisation process were only noted and
were not incorporated a limiting parametersThe fractional OAR dose constrairasautomatically
calculated and applied by the IHDM by using Equai®®@) and (40), for the ICO and ICG approach

respectively.
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Tablel8provides the average CIrand CTWIrDoo %Des % and Doo wvalues obtained for the Inverse
Conventional Optimistic (ICO) approach versus the Inverse Conventional Greedy (ICG) approach.

Evaluating these results below no significant differences can be seen in all the gzifaheters for

the ICG approach compared to the ICO approach considering the whole patient population.

Tablel8- Average CTM Dy %Dos sand Digo wvalues for the ICO and ICG approach

CTVThRr CTVThr CTVThr CTVTRr CTVTRr CTVIRr
Approach
Doo 0(GY) Dos % (GY) | Dioo%(GYy) Doo %(GY) Dos % (GY) D100 %(GY)
ICO 91.24 + 2.58| 80.69 +2.96 73.70 £ 3.29| 66.46 +2.44| 62.81 +2.11] 60.59 + 1.85
1GG 91.22 + 2.57| 80.67 £2.93 73.66 +3.25| 66.44 +2.42| 62.79 £+ 2.10| 60.57 +1.82

Again, the difference in approaches was evaluated per patient. Results are displdsigdraB7 to
Figure39. As illustrated irFigure37, the Do »hard constraint of the CTFWirwere reached in all the
patients. No significant difference in the CGT\Dy ssand EUD values can be noted between the ICO
and ICG approach. Average CTi¥and CTWVIirEUD values of 107.57 + 2.57 Gy and 78.75 + 3.18 Gy
were reported for the ICO approach, whereas values of 107.55 + 2.55 Gy and 78.73 = 3.15 Gy were
recorded for the ICG approach.

Six patients received an averadg «value greater than the setsphard constraint of 90 Gy. Thed

% SOft constraint was reached in one patient, patient 13, withsg.{¥alue of 100.64 Gy. This was
without violating any OAR walB..> constraints, just reaching the small bovil.*soft constraint.

Even though the OAR EUD values were not incorporated asliditag parameters during the ICO
and ICG optimisation procesthe EUD values were still recorded and evaluated. When the
corresponding OAR EUD values for patientades evaluated it is noted that the small bowel and
rectum wall EUD hard constraintasviolated. The violation of the small bowel and rectum wall EUD
hard constraintis not justified, because even though patient 13 reached a dose of 100.45 Gy, it has
D& -Thr¥iZe ofl29 cfhdliready result in a-gear local

control rate > 93 %. Exceptional local control of 96 % has been reported at 95 Gy, with this said it does

been reprted that a CTMrDoo XX Y P

not seem relevant to further dose escalate bago95 Gy, in this case, as it wd not translate to

higher local controt®®.

190 (Pétteret al., 2018)
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As illustrated irfFigure37, the Dy whard constraint of the CFWirwas exceeded in five other patients,

patient 2, 5, 10, 17 and 18able19 displays the correspondinter® and Do icn® Values for the OAR

walls as well as the recteaginal reference point values for the ICO and ICG approach across the whole

population.
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Tablel9- Averagechm3 and Do.1cm> values forall OAR walls of the IC@nd ICG approach.

Bladder wall | Small bowel | Rectum wall | Sigmoid wall | Rectovaginal
5 5 5 Dose point
Docn® (GY) Dacm (GY) Dacm® (GY) Dacm® (GY)
Approach (Gy)
Average = SD| Average + SD| Average + SD| Average + SD
Average + SD
ICO 78.88 +4.68 69.39+7.77 | 64.17+3.92| 69.39+7.77 | 67.35+4.12
ICG 78.89 +469| 69.39+7.79| 64.15+3.92| 69.39+7.79 | 67.31+4.11
Bladder wall | Small bowel | Rectumwall | Sigmoid wall
Approach -
Do.1em® (GY) Do.1em® (GY) Do.1em® (GY) Do.1cm’ (GY)
ICO 97.86+9.60 | 81.84+13.57| 71.69+6.17 | 71.25+12.00 -
ICG 97.86+9.59 | 81.84+13.61| 71.63+6.17 | 71.21+12.00 -

The difference in th@®c®, Do.1em’, dose point values (s€Eable19) for thelCO and ICG approadbor

the whole patient populationare of no significant valu€igure38andFigure39display the OAR dose

results that were obtained for the ICO al@iG approach per patient.

127



Bladder Wall D2cc

95 - (a)
90 —
—_ 1 Al
5 85 — £ o
-~ - g a
28— —— === D — = - - = -e-——g-a
I P N
27540 T 0 A\
S J
E 70 - A (4]
8 -
L 65
£ 60 -
[ J
55 S
N7 T T T T
2 4 6 8 10 12 14 16 18
Patient Number
@ IO & ICG Hard Constraint — — Soft Constraint
85 — Rectum Wall D2cc
. ©
80 —
g i
-é- 75 - )
-8 J
2 10 - = - - e e e e e e e e e - = - Py
] E L W]
Ees|® @ Y e Py
© .
g 1 ® ®
X 60— [ [ )
] e e
F 55
50 T T T T T 1 T "1
2 4 6 8 10 12 14 16 18
Patient Number
® ICO A |CG Hard Constraint = = Soft Constraint

Total treatment dose (Gy)

Total treatment dose (Gy)

95__ Small bowel D2cc (b)
90 -
85 —- Py
80 ®
Y
] 0
75 S ‘ ‘1
] L
70 -
T A
65—-‘—--‘ ————— & -—-9-- - —gr
60 - o Al
55 — s
50 1+ T T T T T T 7 1
2 4 6 8 10 12 14 16 18
Patient Number
® ICO A |G Hard Constraint — — Soft Constraint
85 — Sigmoid Wall D2cc
] (d)
80 -
75 - y
710 = = = - e e e e - - - - v Yatiutiutie
J Py ‘
65 - . .
J 1
F 'Y e
60 - & Y
1 & s @
55 1 T T T T 2 T Q T T
2 4 6 8 10 12 14 16 18
Patient Number
@ 1IC0 A ICG Hard Constraint = = Soft Constraint

Figure38 - Comparison between the ICO and ICG approach per patient.Obae® values for (a) bladder wall, (b) small bowel, (c) rectum we
and (d) sigmoid wall. Niz: Data points for the ICO and ICG approach are indicated by hexagons and triangles, respectively.

TheDan® hard constraint of the bladder wall was reached in one patient and violated in two patients,

while the Dxni® SOft constraint was reached in five patients and violated in five patients. The average

bladder wall Dxcr® Were 78.88 + 4.68 Gy and 78.89 + 4.69 Gy for the ICO and ICG approach,

respectively. Th®.rn> hard constraint of the small bowel was \dtgd in four patients, while the soft

constraint was reached/violated in thirteen patients. The average small bowelwas 69.39 + 7.77

Gy and 69.39 + 7.79 Gy for the ICO and ICG approach, respectively..f thard constraint of the

rectumand sigmoid wall were not reached/violated. One patient violatedDhe? soft constraint of

the rectum and sigmoid wall. Thearage rectum walDx® was 64.17 + 3.92 Gy and 64.15 + 3.92 Gy

for the ICO and ICG approach, respectively. Theageesigmoid walD..> was 61.78 + 5.04 Gy and
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61.77 + 5.04 Gy for the ICO and ICG approach, respectively. From these, resustgnificat

difference between the twaptimisationtechniquesis recorded The corresponding OAR EUD values

are illustrated inFigure39. Again, it is evident frorRigure38 and Figure39that the bladder wall and

small bowel are the most limiting OAR volumes.
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Figure39 - Comparison between the ICO and ICG approach per patient. The EUD value3 Bdadder wall, (b) small bowel, (c) rectum wall a
(d) sigmoid wall. Note: Data points for the ICO and ICG approach are indicated by hexagohssagles, respectively.

As illustrated irfFigure39, the EUD hard constraint of the bladder wall was reached/violatéuirteen

patients, while the small bowel was reached/violated in ten patients. The average bladder wall EUD

was 78.88 £+ 538Gy and 78.90 + 5.40 Gy for the ICO and ICG approach, respectively. The average small
bowel EUD was 69.28 + 8.00 Gy and 69.8®& Gy for the ICO and ICG approach, respectively. The
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EUD hard constraint of the rectum and the sigmoid wall was respecta@atyed/violated in five and

six patients. The average rectum wall EUD was 65.29 + 4.22 Gy and 65.25 + 4.22 Gy for the ICO and
IGG approach, respectivelsg the average sigmoid wall EUD was 66.07 + 9.55 Gy and 66.05 + 9.55
Gy for the ICO and ICG appch, respectively. However, no significant difference in OAR and

EUD values per patient was observed for the ICO andpg@@azh inFigure38 and Figure39.

Other parameters that were recorded:

The dose to point A and TRAK values are summarisSesbie20. The average dose to point.&and
Arightreported minimal differences between the twapproaches. No significant difference between
the ICO and ICG average TRAK valassrecorded.

Table20- Average dose to point A and PR values of ICO and ICG approach

Approach A Leit (GY) Aright (GY) TRAK (cGy at 1 m)
ICO 8547 + 22.63 81.77 £ 15.94 1.73+0.24
ICG 85.50 + 22.64 81.77 £ 15.99 1.73+0.24

The difference between ICO and ICG approach, in terms of the whole patientapop or per
patient, is negligible. Therefore, there is no preferred approach wtmnsidering the ICO and ICG

approach.
b.2) Inverse Biological Optimistic (IBO) vs Inverse Biological Greedy (IBG)

A total of 180 Inverse Biological plans were optimised aadng@d. The Inverse Biological Optimistic
(IBO) approach asexecuted the total OAR biological constraints listedTiable3 were used as the
dose constraints during the optimisation and planning process. Corregmprl@AR conventional
parameters obtained during the biological optimisation process were only noted and were not
incorporated as limiting parameters. The fractional OAR dose constrasdawtomatically calculated

and applied by the IHDM by using Equati@®) and(40), for the IBO and IBG approacaspectively.

Table21 provides the average CIMgrand CTWIir Do «Dos % and Doo sevalues obtained for the Inverse

Biological Optimistic (IBO) approach compared to the Inverse Biological Greedy (IBG) approach.
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Table21 - Average CTM Dy %Dos wand Digo values for the IBO and IBG approach

CTVThr CTVThr CTVThr CTVTr CTVTr CTVTr
Approach
Dao %(GY) Dos % (GY) | Dioo%(GY) Dao %(GY) Dos % (GY) | Dioo%(GY)
IBO 91.82 +3.18 81.53 +3.41| 74.41 + 3.57| 67.14 + 2.52 63.46 + 2.31| 61.14 + 2.0
IBG 91.86 + 3.13 81.53 +3.38 74.39 + 3.57| 67.13 £+ 2.47] 63.43+2.27| 61.11 + 1.97

The outcome between the two approaches, considering the resulf@bte21, are comparable. No

major differences were recded for the average CTWvolumes between the two approaches. These

results were evaluated in more detail kiigure40.
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As illustrated irFigure40, the CTVIir Dgo sand EUD values were the same, with virtually no difference
in patient 17and 18 for the IBO and IBG approach. Average TxBUD values of 79.463.21 Gy and
79.44+ 3.15 Gy were recorded for the IBO and IBG approach, respectively. The«END valus

were also comparable for the two approaches, except for patient 6 anavth8 recorded a higher

value for the IBG approach compared to the IBO approach. Averag& QEMD values of 108.10

3.20 Gy and 108.153.13 Gy were recorded for the IBO and Eiproach, respectively. Considering

the differences in CTFWirDoo woper patient, patient 3 and 18 reported differences in their C€TEWDgo

wValues. Patient 3 reported higher values for the IBG approach, in contrast to patient 18, who reported

higher vdues for the IBO approach.
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Seven patients received an average TdaDoso value greater than the setgpyhard constraint of
90Gy. The 8 «soft constraint of 95 Gy was reached in three patients. Patient 2 and 13 reached the
95 Gy constraint for bothpproaches, while patient 18 only reached thg {soft constraint for tle

IBO approach, with the IBG approach just falling short. Tde, Boft constraints for these three
patients were reached without violating any OAR wall EUD constraints. Even the@ARDcr®
values were not incorporated as deBmiting parameters dring the IBO and IBG optimisation
processthe Dxrivalues were still recorded and evaluated. When the correspondingiAR/alues

for patient 2 and 13 are evaluatei is noted that the small bowel hard constraint was violated. For

patient 18, the bddder wallDxr’value was violated.

As meitioned earlier, the excessive GTy:dose reported in patient 13 will not contribute to even

better local control rates, and with thithe violation of the small bowel constraint is not justified.

The Do, Doacm’, recto-vaginal reference point valudsr the IBO and IBG approadbr the whole

patient population are given iable22

Table22 ¢ AverageDacm® and Do 1cm’ valuesfor all OAR wall®f the IBO and IBG approach

Bladder wall Small bowel Rectum wall | Sigmoid wall | Rectevaginal
Dose point
DZCm3 (Gy) DZ(:m3 (Gy) DZ(:m3 (Gy) D2(:m3 (Gy)
Approach (Gy)
Average + SD| Average £ SD| Average = SD| Average + SD
Average = SD
IBO 78.73£4.55 | 70.09 + 69 64.30£3.39 | 61.81+4.39| 67.67 £3.83
IBG 78.72+450 | 70.07+7.69 | 64.28+3.44 | 61.77+439| 67.61+3.93
Bladder wall Small bowel Rectum wall Sigmoid wall
Approach . -
Doer®(GY) | Doser®(Gy) | Down®(Gy) | Do (GY)
IBO 95.61+8.18 | 81.67+220 | 71.55+495| 70.64 +8.98 -
IBG 9558 £8.10 | 81.66 £12.28| 71.52+5.03 | 70.53 +£8.96 -

The IBO and IBG approach led to the same avelbag€and Do 1’ values for all the OAR walls, as

summarised irmmable22. The outcome was again evaluated per patiEigure41 and Figure42.
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and (d) sigmoid wall. Note: Data points for the IBO and IBG approach are indicated by hexagdnsaargles, respectively.

As seen irFigure4l, the EUD hard constraint of the blagtdvall was reached/violated ififteen and

fourteenpatients, for the IBO and IBG approach, respectively. The average bladder wall EUD values of

77.66 + 473 Gy and 77.64 £ 4.70 Gy were recorded for the IBO and IBG approach, respectively. The

small bowelEUD hard constraint was reached/violated in eight patients for both approaches, with

average small bowel EUD values of 68.87 + 7.35 Gy and 68.86 + 7083h8yBO and IBG approach,

respectively. The EUD hard constraint of the rectum wall was reaciodated inthree patients with

the IBO approach and four patients with the IBG approach. The average rectum wall EUD values of

65.09 + 3.39 Gy and 65.@63.44 Gy recorded for the IBO and IBG approach, respectively. The sigmoid

wall was reached/violateth six patients for both approaches. The average sigmoid wall EA$D w
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