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Study aims and objectives

The aim of this study waw investigate clinical and technical factors that may
influence patient toxicity ad outcome within an oesophageal cancer clinical trial

dataset.The objectives of the study were

1. To assess interdepartmental variation tadiotherapy treatment planning
techniques

2. ldentify clinical factors that may influencadiotherapytreatment outcome

3. To implement new metrics that may allow quantification of treatment
planning variation

4. To incorporate treatment planning variation data, dose data and other
biological and clinical factors into a multivariate analysis linked with patient
outcome

5. To investigate the role of radiotherapy dose escalation in improving patient
outcome

6. To identify and explore new metrics that relate patient factors to outcome
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Abstract

The work contained within this thesis explores the relationship between clinical and
technolagical parameters of radiotherapy treatment planning and patient outcome
in patientswho weretreated for cancer of theesophaguss pat of the SCOPE 1
clinical trial. FWwever the methods and concepts of the work cowtso have
applicationsat other tumour sites.

By developing ideas from previous studies, a novel method of applying a conformity
index found a significant relationship between the quality of a radiotherapy plan and
patient outcomein terms of overall survivaFurthermore it was found thahe plan
quality could be improved by utilising a relatively new method of dose delivery. This
dose delivery method also allowed the improving of tumour control via dose
escalation to be exploredia radiobiological modellingThe resultsof this work
showed that although the probability of controlling the tumour is increased, there is
also a significantly higher risk ofcreased gastric toxicity for patients with lower
oesophageal tumourdnterfraction gastric movement was also investigated with the
end result being a recommendation for stomach movement and toxicity to be
minimised by using a preeatment protocol. This is being taken forward in a
nationwide multicentre clinical triaFinally a texture analysis software package was
used to investigate viether there was relationship between the image
heterogeneity parameters of compuetomography images and patient outcome.
This work could potentially aid the decision making process of radiotherapy
treatment, allowing a more informed judgement to be magie the most beneficial

treatment for the patient.
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Chapter 1

Introduction

1.1 Oesophageal Cancer

Worldwide, oesophageal cancer is the elgimost common cancer and it has the
fifth highest mortality rate of any tumour sitg4). The disease can present in two
main histological sub types, squamouscell carcinoma, more common in the
developing world and arises from the skin cells that lineupper and middle third

of the oesophagus, and adenocarcinoma, which is more commdherdeveloped
world and arises from glandular cells present in the lower third of the oesophagus.
The main risk factors associated with squamous cell carcinomas include tobacco
smoking, alcohol consumption and poor nutrition whilst the main risk factors f
adenocarcinomasclude smoking, obesity and gastroesophageal reflux dis€gse
The incidence of squamous cell carcinoma in the UK remains stable or is falling whilst
the incidence of adenocarcinomas affecting thmwvér oesophagus and gastro
oesophageal junction has increasedbstantially over recent decadé€3). Where the
patient remains fit and healthy, surgical resection of the tumour remains the first
choice of cuative therapy. However surgery is only appropriate for2006 of the
patient population and despite low postoperative mortality rates, the lbeign

outcomes from surgicddased treatment due to both systematic relapse and locally
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advanced disease at pres®@tion remains poor(4). Most patients will therefore
present with iroperable disease or may not be fit enoughutedergosurgery.
Chemoradiotherapy (CRT), the camdtion of chemotherapy and radiotherapy, is
used widely in combination with surgery to try and improve the low survival rates of
surgery alone. CRT can be combined with surgery both as neoadjuvant, before
surgery, or adjuvant, after surgery, therapy. Recstudies and trials however have
shown definitive CRTACRT,) where chemeradation is the sole method of
treatment, is not only more effective than chemotherag$) or radiotherapy(6)
alone in treating oesophageal cancer, but aftesults in significantly higher overall
survival rate compared to surgery alo(i® & (8).

Themajority of patients who relapse do so withine previously irradiated areé)

(10), with the reported local failre rate in patients treated with CRT being-3&%.
Therefore, although radiotherapy undoubtedly does and will continue to play an
important part in the treatment of oesophageal cancer, it is vital e delivery of
radiation to the tumour sites is donm a manner that will maximise the tumour

control whilst reducing the risk of normal tissue toxicity.

1.2 Radiotherapy

Radiotherapy, together with surgery and chemotherapy, is one of three main
modalities used in the treatmendf cancer.It uses otons electrons or ions to
destroy tumour cells within the bodyonising radiation in the form of photons and
electrons has been usdd the treatment of patientssince the beginning of the 30
century, soon after the initial discovery ofrays. This early treatment mostly
consisted of either kilovoltage-ray sets or the application of radium either on or
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near the lesions on the patient. It was not until 1956 that the first patient was
treated with a linearaccelerator, which uses thagh-speedimpact of dectrons on a
small piece ohigh-density material to producehigh-energyx-ray photons that can

be focused to enter a patienfA key step forward was the use of higher energies,
giving skin sparing for deep seated tumours. Howetight dose distributiors are
needed to spare normal tissue of irradiationijth geometric accuracies of-2Zmm
required for the delivery of successful treatment plai$l) and dosimetric
differences of 5/% known to cause sidmmant changes in tumour control and
normal tissug12) & (13).

Radiotherapy is usually performed as part of a fractionated schedule, in which the
treatment is spread over a number of days. This is important as it allows both the
healthy tissue to recovefrom some uravoidableexposure but also t@nsure that
tumour cells hat may have been in the radiesistant phase of their cell cycles to be
in the radiosensitive cycle when the next radiation dose is gi{let). Fractionation
schedues will varybetween tumour sites and can also be changed as a result of
clinical trials in which a particular schedule is found to be more beneficial.

Clinical trials are an extremeignportant part of clinical science and researdihey
are essential irevaluating the efficacy ohew treatment methods and carefully
conducted clinical trials are the quickest and safest method of determintmether

the new treatment should be given to the extended populati®adiotherapy can be
prescribed to patients elter as a stanélone therapy or as part of a treatment
schedule that includes chemotherapy. As a resaltliotherapy can be included in a

clinical trial in two ways; ggart of standard carahere all patients receive the same
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radiotherapy schedule, or athe research arm itself, where patients will receive

different radiotherapy schedules to determine the efficacy of one over the other.

1.3 Radiotherapy in practice

1.3.1 Measuring the radiotherapy dose

In order to safely treat a patientt iis critical hat the dose of radiotherapy
administered tothat patient is quantified The SI unit for radiotherapy is the Gray
(Gy), and it is defined as the absorption of one joule of radiation energy by one
kilogram of matter(1Gy = 1 J/Kgjl5) Ths standard unit is used to prescribe
radiotherapy to patientswith the amount of dose prescribed usually dependent on

the tumour site.

1.3.2 How does radiotherapy work?
It is the interaction of the xay radiationproduced¥ 2 NJ NI RA2 G KSNJ Ll ¢ A (K

tissuethat enables radiotherapy to be an effective form of treatment.

water
radiation ' « free radical
-

DAMAGE

DAMAGE
radiation

Figure 11 - Schenatic of radiation damage to DNAG)
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Radiation can cause damage either via the indirect mctliroute as shown in igure

1.1

The effects of radiation on tissue can be divided into four ph&k€és

1. The physical phase radiation absorption in tissue leads to ngsation
(ejection of orbital electrons) and excitation (raising electrons to higher
energy levels within the atom)

2. The chemical phasethese damaged atoms and molecules react with other
cellular components leading to the breakage of chemical bonds hed t
F2 NI A 2NT RATOWESEFERGSB)Iicals are highly reactive oxygen
species that go on to interact with the DNA.

3. The biological phasethis includes all subsequent processes, beginning with
enzymatic reactions that act on the residual cherhidamage.The vast
majority of DNA damage is repaired successfully but some lesions fail to
repair and this leads to cell death. In most tissues, several cell divisions
may occur prior to cell death.

4. The clinical phase this covers the clinical effects tdie delivered radiation.
Tumour effects are thought to be generally due to cell death caused
directly by DNA damage, although indirect effects such as reduction of

tumour vascularity or enhanced immune recognition may also be
important. Normal tissue effds may be acute due to direct cell death to
mucosal surface or late, thought to be due to indirect effects on the

vagulature or on the stem cell component, reducing the capacity to
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repair future damage. Radiation is also potentially carcinogenic an@ ther
is a risk of radiatioinduced second malignancies, especially in younger

patients and those expected to live a further 10 years.

The maximunradiation dosethat can be tolerated at any givanmour site within

an individualis largely unknown. This mostly due to thedifficulty of carrying out
studies that are not limited by théoxicity of the surrounding normal tissue. As a
result, the commonly accepted maximum doses that are prescribed to any particular
area have been derived empirically during thistory of radiation therapy and these

will be based on limited retrospective data and clinical observatidhgre are
published guidelines that have been used as reasonable estinwdtéise risk of
developing a particular toxicit{l8), however these are based on small populations
of patients, treated Wh out-dated techniques. A major consideration when
prescribing radiation to patients is the type of tissue exposed the impact of
uncontrolled canceras this may influence the decision on how much radiation is
necessary and tolerable. Feramplein some tissuesuch as the lungyuite a lot of
damage after irradiation may be acceptable if thebability of tumour control is
reasonably high. However, the consequences of a high dose to the central nervous
system can be severe, and it must thereforethilored tominimisethe likelihood of

damage.

1.3.3 The linear accelerator
Linear accelerators are the most widely used machinepi@ducing xrays in a

radiotherapy department. The megavoltageays are produced by the deceleration
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of electrons in aungsten target and the energy spectrum of the photons will be
determined by the electron energy, target and filter compositidBlectrons
produced by an electron gun are accelerated up to relativistic velocities along a
waveguide by a magnetic field gaméed by microwaves. The microwaves are
produced in either a klystron or magnetroiypically electrons will enter the
waveguide at around 0.4c and will leave havimgen accelerated up to 0.995c
(where c = speed of light). It is important that the electdoeam is steered so that it
enters and leaves the waveguide correctly, and that it also strikes the target or
scattering foil in such a way that it creates the required high quality beam. There are
therefore usually two steering coils either side of theweguide and then a bending
magnet in order to focugie beam on to the target

Electrons lose their energy as they pass through the targetthree primary
interaction mechanisms, the most important of which for the production of clinically
useable xray photons is the bremsstrahlung mechanisBremsstrahlung X rays
result from Coulomb interactions between the incident electron and the nuclei of
the target material. During the Coulomb interaction between the incident electron
and the nucleus, the inciderglectron is decelerated and loses part of its kinetic
energy in the form of bremsstrahlung photonA. range of photon energies is
produced, with he maximum energyeing equal to the energy of the electrons
incident on the target. However the-nays are tansmitted in a very nowmniform
beam that is unsatisfactory forray therapy. The beans therefore pased through

a flattening filter, which will produce a flatray beam at a certain depth, usually 5 or

10cm, in water.
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Figl.2 ¢ Schematic of liear accelerator head for (a) photon beam treant (b) electron beam
treatment (19)

After the flattening filter the beam will move throughn ionisation chamber to
measure the dose output of the linac followéy a set of collimators to shape the
beam (see Figurel.2). A set of primary collimators determingee maximum field

size, usually40x40)cn? at the isocentre with secondary collimators then being used
to define the photon beam as required. The secondaslfimators can also be used

to provide an enhanced dynamic wedge. In this mode the collimator is driven across

the field whilst the beam is still on, mimicking the effect of placing a metal wedge

block in the beam.
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Steering coils

MLC position

Figl.3 ¢ Graphic élinear acelerator head20)

Most modern Linacs will also have a set of Multi Leaf Collimators (MLCs) to further
collimate the beamSee Figurd..3). These are independent blades that are in a set
either side of the beam. They médbe moved independently andy utilising these
millimetreswide adjustable metal leaves close to the point at which thays are
generated, thg allow the beam of xays to be shaped and focused to a high degree,

thereby improving therecisionat whichthe dose to the patient can be delivered.

Dose delivery techniques

Initially, the only way to conform the radiation beam created from a linear
accelerator to the required treatment area or volume on the patient was by utilising
the secondary collimatordglocks and wedges. However the addition of the MLCs to

most modern day linear accelerators has resulted in the advent of more advanced
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dose delivery techniques such as 3D conformal radiotherapyCRD), intensity

modulated radiotherapy fMIRT) and volumenodulated ardherapy (VMAT).

3D-CRT

In essence this type of radiotherapy delivery is simply the utilisation of all the

I g AflofS Wof201Ay3aQ G22fa Ay GKS fAYSIENI
would be administered by trying to simply matchetheight and width of the tumour

within the patient. In fact, the earliest linear accelerators would administer
radiotherapy treatments with only a relatively low qualityray to guide the

oncologist and physicist as to the location and size of the tumolihe MLC

together with @mputed Tomography (CThased imagingallows a much better

match to be made between the shape of the tumour and theax field delivered

FNRY GKS fAylFOX KSyOS GKS (SN)Y 5%Wéany, T2 NXYI f O

3D-CRTis still used widelyo treat breast,lung,rectum and oesophageal tumours.

IMRT

As the name implies, this method allows the user to modulate the intensity of each
radiation beam. This results in eafibld having area®f high and low intensity (or
fluence) within the same field, allowing for a greater degree of control of the dose
distribution within the target.By modulating the fluence across some or all of the
fields, the high dose volume created by the superposition of the beams can have
areas of cavexity. Treatment would therefore be planned so that the area of high

dose wraps around the tumour, and by arranging the areas of normal tissue within
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the convex areas, it allows them to receive a relatively lower dose to that of the

tumour.

vov Body contour

Figure 14 ¢ lllustrating the principles of IMRR1)

Hgure 1.4is an illustration of the principles of IMRT, in this case when treating the

prostate.It can be seen how the prostate has a concave outline and how the use of
modulated fluence on each beam allows the high dose area to be sculpted around
the rectum and bladder, both of which should ideally receive as little dose as
possible IMRT treatmentswill generally use a larger number of beams thanGRT

with 9 sometimes being used for some tumours located in the head and neck region

where there are many sensitive organs to consider.

VMAT
The basic concept of arc therapy is the delivery of radiafrmm a continuous

rotation of the radiation source and allows tipatient to be treated from a fii 360
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angle(22). Essentially an alternative form of IMRT, VMAdniextremelyconformal
form of radiotherapy administration, and allows the simultaneous variation of three
parameters during treatment delivery i.e. gantry rotation spedatment aperture
shape and dose rateAnother major advantage of VMAT ihe improvement in
treatment delivery timeas a result oftreatment being deliveredfaster in a

continuous arcompared to multiple stationary beam positio(z3).

1.4 Treatment planning

Successful radiotherapy delivery depends on the patient receiving a high dose of
radiation to the tumour cells whilst ensuring that sensitive healthy cells nearby do
not receive the same dose. It is therefdreperative that any dose delivered to the
patient is done so in a manner that will meet this clinical objective. As a result, an
essential part of radiotherapy treatment is the planning of the dose delivery. Each
treatment plan must be individually desigth for each patientaking into account

the location of the tumour and their individual anatomy. The plansprepared on
specific computer software thanhodel the behaviour of the treatment machine and
simulatethe effect of the applied radiation fieldsithin the patient,thereby giving

the clinical and physics staff the best possible approximatiorthef treatment
delivery. Plans are generated on diagnostic qualdgmputed tomography )
images acquiredor each patient. These are used to both vispaleduce the area
where treatment is required and to correct for tissue inhomogeneities by quantifying
the relationship between CT Hounsfield units and electron dens{2d$ When
designing the radiation therapy fields, the clinical and physics staff must take into
account several important blogical and technical facto25). These include: likely

33



patterns of regional tumour spread, to ensure coverage of local tumour extensions
not detectable with current imaging techniques; uncertainties in positioning the
patient for each treatment; and tumour and organ wemnent during and between
treatments.In order to accurately and safely plan the delivand take into account
these factors amongst otheéhere are specifistructures that will be created in each

treatment plan.

1.4.1 Target volumes

Target volumes aresed when planning to outline any relevant volumes within the
patient that should be taken into consideration when administering doBee
International Commission onRadiation Units and Measurements (ICRtgports 50
and 62 give specific definitions oflumes to which the dose should be restricted as

well as thosen which it should be maxirséd. These are shown ilgBre1.5

i 3
- _‘ / Gross Tumour Volume
Clinical Target Volume
_— g
Planning Target Volume
_— g g
|__ Treated Volume
L Irradiated Volume
Y y
\ y

Figurel.5 ¢ Schematic of treatment volumes
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Gross Tumour Volume (GTV)
The GTV is defined d¥#¢ KS I NP & a isible/deindngirabe ex@ent ard
f20FGA2Yy 27T YClihidal®yamiyation, InMging @orko6th can determine

the size and extent of the GTV.

Clinical Target Volume (CTV)

The CTV is defined &8! G A &a&ddzS @2t dzvS GKFdG O2ydlFAya |
subclinical microscopic malignant disease, which has to be eliminated. This volume

thus has to be treated adequately in order to achieve the aim of the radiotherapy,

OdzNB 2 NJ Thik margh lis Giddédyo®@ GTV but can also be created without a

GTVpresent should the original tumm have been removed.

Planning Treatment Volume (PTV)

The PTV is defined &! 3IS2YSGNAOIf 02y OSLIi dzASR F2NJ {
defined to select appropriate beam sizes and beam arrangements, to ensure that the
LINBAONROGSR R24aS Aa | OA deudinti® addeSto h@ENE R G 2
primarily to account for uncertainties that arise as a result of patient movement and

set up errors within the CTV. Specifically, an Internal Margin (IM) accounts for
movementof the CTV with respect to the internal or external reference points used

for aligning patients, and a Sap Margin (SM) accounts for uncertainty in the

position of the beam relative to the reference points/structures on the patient.
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Treated Volume (TV

The treated volume is defined a¥¢ KS @2t dzyS Sy Of 2aSR o6& |y
selected and specified by the radiation oncologist as being appropriate to achieve the
LJdzN1J2 & S 2 FThel NIsIthé Yobnfelth@ids receiving dose in order to ensure

that the PTV receives the required dose. It is a region enclosed by the 95% isodose

line on the treatment plan.

Irradiated volume (1V)
The irradiated volume is defined 8¢ KS G A &dadzS @2f dzyYS 6 KAOK NB
considered significant in relation 62 N I £  ( A & ardSvoling sHeWdby O S © Q

kept as small as possible in order to minimise the damage to normal tissue.

Organs At Risk (OAR)

Wh2NX¥IFE (GAAd&adzSa 6K2aS NIRAFGAZ2Y &aSyairdAiAodir
LI | yYAY 3 | ThexaeNpebifb@ahsttatdue to their location, function

and radiosensitivity will have an influence on how the tumour volume is treated.

They are usually contoured within the Treatment Planning System (TPS) and will

have specific dose constraints dememt on the particular organ. An additional

volume known as thd’lanning Organ at Risk Volume (PR¥)also used. This is a

margin added to the OAR to account for movements and changes in shape and/or

size of the OAR, as well as-s@tuncertainties.

Fa a more extensive description of the target volumes and OARs relevant to this

thesis, please refer to appendix A2 Sections 3 and 4.
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1.4.2 Doseanalysis anchomogeneity

When the necessary structures and OARs have been outlined, the dose can be
calculated ad optimised.There are important considerations thahouldbe met to
ensure that the plan isptimal, both in terms of delivering dose to the tumour and
sparing normal tissueAlthough the distribution of the dose in the plan can be
visualised on the Cimages using isodose lines, the most common method of

quantifying the distribution is by using a Dose Volume HistogiawH)

Dose Volume Histograng A DVHis a histogram relating radiation dose to tissue
volume (26). They are extengely used in treatment planning to graphically
summarize the radiation distribution within a volume of interest that would result
from a proposed radiation treatment plan. They can also be used as input to
modelling techniques such as Tumour ControlbRfmlity (TCP) and Normal Tissue

Camplication Probability (NTCPeésSection 4.1).

Within the PT\ It is aimed that 99% of the PTV volume receives 95% of the
dose.Analysing the DVH can ensure this is niéte dose within PTV should
also be made to bas homogeneous as possible, following t6& and +7%

homogeneity as set out in ICRU 50.

Outside the PT\¢ Areas outside thd®TV thathave a minimum diameter of

MpYY YR SEOSSR (KS LINBJAONAOGSR R24&aS

be minimised as murcas possible.
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Maximum Dose (Rax) ¢ This is the maximum dode a volume of 1.8cand

should not exceed 107% within the PTV.

1.4.3 Treatment plan optimisation

As mentionedan objective of successful radiotherapy treatment is the delivery of a
high doseto the tumour whilst minimising dose to healthy tissue. In order to achieve
this, a patient will usually be irradiated from several directions with beams that
overlap at the tumour site to maximise the dose relative to the surrounding area.
There are twomain sets of parameters that geire configiration in radiotherapy
planning; he directions from which to irradiate the patiersnd the shapes and
intensity profiles of the beamsOptimising these parameters is a significant
mathematical challenge using mplex algorithms and techniqueshat are
automated using computer program#\lthough these will usually be carried out
using specific radiotherapy planning softwasith a graphical interface that makes
the implementation of these techniques relatively ga# is still essential that the
userhavea good understanding of the underlying methods in which a radiotherapy

plan is designed and implemented.

There are two types of radi@n treatment planning proces$prward planning and
inverse planning27). In forward planning, plans amnstructed largely using a trial
and error method, albeit onetilising the knowledge and experience of the planner.
In a clinical setting he intial stages of a standancdiotherapyplan will follow a pre
determined set of beam arrangements that have been developegrdwide a good

starting point. The plan catherefore be improvedy following an iterative process
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where the user will adjushumerous parameters;e-calculate the dose and repeat
until they are confident that the optimal plan for that patient has been generated.
Although this procss isused widey in clinical practice, it igenerally very time
consuming and does not necessarily create the best plans. This may be due to the
lack of theLJt | Y'Y SN & S E LIS NA Srgndifne ¢oystRaintsbgfarastheS R 3 S
plan has to be reviewed by an oncologistiadelivered.

Due to considerable advancestethnology both computational and engineering,

new method of planning known aswerse planning is now becoming more
widespread.In contrast to forward planning, where a plan will be generated and
dose objetives to selected structures and OARs are taken into consideration
towards the end of the planning process, the inverse planning process begins with
specific dose objectiveand constraints relating to theelative importance of each
structure. An optimisation process ishen run within the treatment planning system

to find the treatment plan which best matches all the input criteria.

Two treatment planning systems are used extensively initivisstigation These are
Oncentra MasterPlafOMP) (Elekta AB Stockholm, Swedenand Eclipse(Varian,

Palo Alto, USA).

1.5 Statistical analysis

The nature of this whole study requires various statistical tests to be conducted. This

section gives a brief introduction to all the tests used within this thesis.
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1.51 Mann-Whitney U test

The ManAWhitney U test is essentially a test for assessing whether two
independent samples come from the same distribution. For example, a possible use
would be to test whether the toxicity values of a set of patients are dependent

the gender of the patients. The logic behind the test is to rank the data for each
condition, and then see how different the two rank totals are. If there is a systematic
difference between the two conditias then most of the high ranks will belong to
one condition and most of the low rank will belong to the other. As a result, the rank
total will be different. A p value is calculated to inform whether this difference is

significant.

1.5.2 KaplanMeier plots and the logrank test
The KaplamMeier methad combined with the logrank test is the most commonly
used method for displaying and statistically testing the comparison in survival

distributions of two or more groups.

In analysing survival data, two functions that are dependent on time are of platicu
interest: the survival function and the hazard functig@8). The survival function S(t)

is defined as the probability of surviving at least to time t. The hazard function h(t) is
the conditional probability of dying at time t having sived to that time. Plotting

S(t) against t results in a survival curve and the Kalplaier method can be used to
estimate this curve from the observed survival times. The method is based on the
idea that the probability of surviving k or more periodsrifr@ntering the study is a

product of the k observed survival rates for each period, given by
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SK=p" " B " pB (@O

Where p is the proportion surviving the first period; phe proportion surviving the
second period etc.

To plot a KaplaiMeier aurve the survival times, including the censored values
(indicating missing data), must be ordered in increasing duration. Plotting the
cumulative proportion surviving against the survival times then gives the stepped

survival curve as seen in any Kaplsieier plot.

The log rank test is used to test the null hypothesis that there is no difference
between the groups in the probability of an event (usually death) at any time point.

The test statistic is calculated as follows:

(Ol' E1)2 + (Oz _ E2)2

x?(logrank) =
(logrank) 3 3

(1.1)

where the Q and Q are the total numbers of observed events in groups 1 and 2,
respectively, and £and E the total numbers of expected events. The test is widely
used however it does not allow other explanatory variables to bertakt account.

In these instances theoZ proportional hazard test should be used.
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1.5.3 Cox proportional hazard

The ©x proportional hazard enables the difference between survival times of

particular groups of patients to be tested whilst allowing father explanatory
FLOU2NAR® LYy (GKAA Y2RSt>X (KS NBaLkyaS o0RSLIS
is the probability of dying (or experiencing the event in question) given that the

patients have survived up to a given point in time, or the riskdeath at that

moment. The hazard ratio calculated in the cox model does not depend on time, as it

Is assumed that if the risk of dying at a particular point in time in one group is for

example twice that in the other group, then at any other time it wiill e twice

that in the other group. The hazard ratio is therefore a method of quantifying the

difference between two groups.

1.6 Clinical trials

A clinical trial is a research study done to evaluate new treatmehtey are
essential igrowing our unérstanding of potential new treatment methods and can
be considered gateways throughhich these new treatmenimethods become the
standard method of careNot only do they allow us to test the efficacy of new
protocols but also to test existing protocolsat may be being applied in a different
setting under new circumstancel. a particular préocol is found to be successful
there is a high probability that it may become standard procedure, especially if the
positive outcome can be confirmed via othemdatal trials.However, whether the
protocol is new or that the trial is re examining an existing one, it is essential that
there should be precise, thorough and systematic evaluation of the protocol being
tested. If the protocol is well designed and folledvpreciselyby everyone involved,
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the resulting data will be a true representation of the patient cohort included.
l'f 6K2dzZAK Of AYyAOIlFf GNARAIFf&a FFTNBYyQG GKS 2yfe
methods can be implemented, their abilitp provide high gality evidence based
conclusions from often large databases means that they canesidered the gold
standard of clinical study.

A clinical trial will be conducted to answer a specific question and to address a
specific hypothesislt is therefore imperaive that the hypothesis is cleawell
thought out and preferably backed by scientific theory or evidenteis also
important that the data or evidence produced by the trisladequate in answering

the initial question.If this is achieved, then thei&d will be able to show that the
clinical protocol alone was responsible for the observed results, which is the main
aim of any trial.Trial design is thereforpotentially extremely complex, requiring a
large amount of scientific understanding and rigodn addition, they can be
expensive to run and often requirexternal funding and specific teams or
institutions to run themQinical trialsof the highest quality, where datare acquired
overa number of years are therefore a specialised undertakiisga resulthere ae
institutions where their sole undertaking is the preparation, organisation and
analysis of trial data. In the case of this thesis and the investigation included within it
using the SCOPE 1 trial data, this institution was the Walese€anals Uni{\WCTU)
based within Cardiff University¢CTUs responsible for running a numbef olinical

trials within the UK and provided me with the data from the SCOPE 1 trial in order to

conduct the investigations within this thesis.
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1.6.1 Phaseof a clinical trial

Phase | Phase Il Phase Il Phase IV
Number of 20-80 100300 | 10003000 1000+
participants
Time Up to several months Upto 2 1-4 years 1+ years
years
Studies
Studies the safety of| Studies the the §afety, Studies the
Purpose o . efficacy long term
medication/treatment |  efficacy .
and effectiveness
dosing
Phase 70% 33% 25-30% 70-90%
Success Rat

Table 1.0; Outline oftypical phases of clinical trials

Table 1.0showsthe typical phaseswithin a clinical trial.Trials can be split into 4

main phases

Phase IResearchers test a new drug or treatment in a small group of people for the
first time to evaluate its safety, determine a safe dosage range, and identify side

effects.

Phase Il:The drug or treatment is given to a larggmoup of peoje to see if it has

some level of efficacgnd to further evaluate its safety.

Phase Ill:The drug or treatment is given to large groups of people to confirm its

effectiveness, monitor side effects, compare it to commonly used treatments, and

collect infamation that will allow the drug or treatment to be used safely.

44



Phase IVThese studies are done after the drug or treatment has been marketed to

I GKSNI AYF2NXIEGA2Y 2y (K RNHz2Qa STFFSOI

associated with longerm use.

Due to the stringent requirements ainical trials and the analysis of the data they
produce, many will not reach phase Il andlt\'s only when the efficacy of the new
drug or technique is proved that the trial may move on to the next phas#eed,
trials may also be stopped mid phase if the incoming results show that it would be

un-ethical to proceed.

1.7 The SCOPE 1 clinical trial

The SCOPE 1 trial was a National Cancer Research Institute and Cancer Research UK
funded Phase II/1ll two arnmial of dCRT with and withowtetuximabin oesophageal

cancer(29). See Figure 1.6 for a schematic of the trial.
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Patients with oesophageal carcinoma chose
to receive definitive chemoadiation

A 4

Consent prior to randomisation

A 4

RANDOMISE
Arm A (Control Arm) Arm B (Research Arm
n=210 n=210
Week : : . :
ﬁz S Cisplatin Cisplatin
+ +
Capecitabine Capecitabine
+
Cetuximab
Cisplatin Cisplatin
+ +
Capecitabine Capecitabine
Weeks +
7-12 Cetuximab
+ +
5 weeks Conformal 5 weeks Conformal
Radiotherapy Radiotherapy
Week Endoscopic assessment, biopsy and CT sd
24

A 4

FOLLOW UREvery 3 months during®lyear, 4 monthly during
2"year and yearly thereafter foa minimum of 5 years from
randomisation

Figurel.6 ¢ Schematic of SCOPE 1 clinical trial

Ceuximabis a monoclonal antibody and epidermal growth factor receptor (EGFR)
inhibitor that has been shown to prevent radiotherapy induced growth stimulation.

For example Bonner et al reported improved local control and overall survival in the
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cetuximab arm of a trial of 424 randomised patients receiving-7.8Gy of
radiotherapy for locally advanced squamous cell carcinoma of the head and neck
(30). However, although head and neck cancer is a disease with manyriies|&o
oesophageal cancer, the results of the SCOPE 1 trial mat as positive in terms of
cetuximabadministration. 258 patients were recruited from 36 UK centres between
February 7, 2008 and February 22, 2012 with patients being randomly assigned v
central computerised system using stratified minimisationrégeive CRT alone or
CRT witlcetuximab(see Figure 1)6 CRT consisted oisplatin 60mg/ni (day 1) and
capecitabine 625mg/rhtwice daily (days -R1) for four cycles with cycles three and
four being given concurrently with 50Gy in 25 fractions of radiotherapy. The primary
endpoint was the proportion of patients who were treatment failure free at week 24
for the phase 2 trial and overall survival for the phase 3 trial. The results showed that
the 24 week failure free survival was significantly better in the CRY amh
compared to the CRT plagstuximabarm (76.9% (90% confidence interval 683.0)

VS 66.4% (58:83.6)). The CRT plostuximabgroup also had shorter median overall
survival 22.1 months (95% confidence interval 124.5) vs 25.4 months (20.5
37.9)). However, despite this, the trial showed relatively low rates of acute and late
toxicity (defined according to CTCAE gradiag)l the two year overall survival was

56% in the conwl arm, higher than previously published studies.

1.8 Relating radiotherapy treatment to outcome

Whether the aim of treatment is curative or palliativejd clear that the purpose of
radiotherapy is to impove the well being of patients. Depending dmetcondition
and healthof a patient, a course of radiotherapy treatment will be prescribed that to
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the best knowledge of the clinical staff is most likely to achieve the desired outcome.
With the now widespread use of thredimensional (3D) treatment plaing,
volumetricbased radiotherapy datasethat can be used tdlirectly relate treatment

to outcome are becoming increasingly availal{&l) However vith so many
variables and factors both clinicaland technologicalinvolved in radiotherapy
treatment, the analysis of these datasets quickly becomes comgketthe ability to
utilise these datasets and further our knowledge of the relationship between
treatment factors and outcome has the potential to greatly enhance the et

of cancer.Importantly, this may open the way for patiespecific, individualised
treatment planning decisions based on estimates of the risks of complications vs
increases in local contr@B2). This type of highly individualised treatment however
can only beachieved by validating predictioregyainstrelevant outcome datasets

(33)

Broally speaking, theelating of treatment to outcome falls into two fieldsa.) the
correlation ofpatient and treatment factors to toxicity and outcome via statistical
tests, andb.) the approximation of toxicity and tumour control resaly from
treatment via radiobiological modellin@here is a significant amount of work in the
literature inboth these fieldsThe correlation of treatmenand predictivefactors to
outcome via statistical testing lmostly concentrated on theetrospecive analysis of
clinical data setsandthese studieshave been carried out on a wide number of
tumour sites. The type gbatient specificpredicting factor that is investigated also
varies widelyand have increased in number in recent yedige to progres in

genetics and imaging technolo¢34). They includepredictors such atimour length
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((35)(36) and volume(37)and the number of counted metastag{38), variations in
treatment administrationthat may increase toxicit{89), metabolic imaging40)and
dosimetric predictorg41). El Naqa31, 33, 4246)together with Deasy(47-50) have
made a significant contribution tboth thesefields and their work in multrariable

modelling of radiotherapy outcomg83)in particular was important
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Chapter 2

Database and software preparation

2.1 Clinical data management

Clinical data management (CDM) is an essential part of any clinical trial. CDM is the
process of collection, cleaning, and management of subject data in compliance with
regulatory standardsThe process should start with the end goal in mind and
conducted correctly, it leads to generation of highality, reliable, and statistically
sound data(51) The main objective is keeping the amount of errors and missing
data to a minimum, therefore maximising the amount of analysable (&2 If this
objective is achieved, the main research question posed by the clinical trial will be
answerble. High quality data should be accurate and be ready for statistical
analysis. It should be decided from the outset what to do with any data that deviates
from the initial protocol. It may be decided to exclude all such data or that there is a
set numbe or value of allowed deviations before they are excluded. Although it is
important to maximise the amount of analysable data within the database, it is also
important that thesedata are consistent and that any deviations from the protocol
will not affectthe statistical outcome of the original research question. The inclusion
or exclusion of these patients should therefore be given serious consideration in

every clinical trial.

50



2.2 Data preparation in the SCOPE 1 analysis

The main data set for this thsswas the result of a nationwide clinicalalr of the
effect of including cetuximalm the chemotherapy regimen @fCRTor oesophageal
cancer.b I 'Y SICOPE 1: A phase I/l trial of chemoradiotherapysopleageal
cancer plus or minusetuximab® Q > triall & were collated and organised by

WCTU

2.2.1 Radiotherapy trial data

The radiotherapy planning dataene stored on a network drive in the exact format

in which it was received from the Radiotherapy centres participating in the trial.
Depending a the centre from which the dataeve received this was either in Digital
Imaging and Communications in Medicine (DICOBB) or Radiation Therapy
Oncology Group (RTOG) fornta#), both of which are standard for handling, storing
and transmitting information in medical imaging. In order to usesendata within

the Matlab based programs in which most of the analysis would be undertaken, it
was required that all the DICOM and RTOG data be converted into Matlab files
(mat). Thiswa®l NNA SR 2dzi F2NJ 0KS SYyGANB RIFGFolas
the Computational Environment for Radiotherapy Research (CERRYyogram and

savingeach casénto a separate folder.

DICOM data format

DICOM is a standard for handling, storing, pnigteand transmitting information in

medical imaging. It is used in all modern medical imaging systems -li&gs x
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ultrasound, CT and d&fneticResonancelmaging (MRI)The core of DICOM is a file

format and networking protocol:

DICOM file formatDICOM fés contain more than just images. Every DICOM

file holds patient information (name, ID, sex and birth date), important

acquisition data (type of equipment used and its settings), and context of the
imaging study that is used to link the image to the melkiczatment it was

part of.

DICOM network protocoAll medical imaging application that are connected

to the hospital network use the DICOM protocol to exchange information,
mainly images but also patient and procedure information. The network
protocol 5 used to search for imaging studies in the archive and restore
imaging studies to the workstation in order to display it. More advanced
network commands are also available to control and follow the treatment
schedule procedures, report statuses and shdahe workload between

imaging devices.

Uniform data

It is becoming increasingly apparent that thesea need for a standaradid naming
convention in radiation oncology in order to facilitatmmparisonof dosimetry
across patient datasetb5). This is important, asvariationscan lead to confusion
when analysing datasets, where the analysis of the correct information is critical.

Although the SCOPETrial required a radiotherapy plan to be made for each patient,
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and the analysis of these plangas known from the outset, there was no naming
convention for the essential SCOPE 1 structures and dose sets decided upon when
the trial started. As there were 34 centres involved in the trial, with each centre and
potentially each individual radiotherapy planner within each centre having a
different method of naming each structure and dose set, they were originally not
uniformly named across the database. In order for the data analysis within Matlab to
work successfully, vas essential that the same structures and dose sets from one

patient to the next across the data database were named exactly the same.

Structure naming
The first taskwas therefore ensuring that the names of each structure with the

radiotherapy plans were uniform across the database.

Structures
GTV

PTV
CTVA
CTVvB
Heart

Rt Lung
Lt Lung
Cord
Cord PRV
Liver

1sity Yolume n

Command:  help

Dose\ Sum Loaded 001002.mat. Readv

Figure2.1 ¢ Gold Standard structure naming
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It wasdecided that all pa@nts have their structures nameatcording to the SCOPE

1 protocol. An example is shown iRigure 2.1showing the treatment plan and
structures of a Velindre Cancer Centre patient (this particular patient was used as
GKS WD2f R {dFyRIFNRQ Ay ( Sa$hods adampleloivai y 3
patient file with the structure names as they were received from another centre
participating in the trial. There were 34 separate structures that required identifying

and renaming.

Structures
CTVA
GTVYKG
Both Lung
LungsPTV
LungsGTV
SC
SC+0.5
Body
Contrast
AAC GTV
AAC GTV +.
AAC CTV
HEART

jﬂ* £l £

o

Command:  [neip

OESOPHAGUS.0 Loaded Non unform structure exampie 006009.mat. Ready

Figure 22 ¢ Example of nomuniform naming of patient structures

All 207 patients in the database were uniformed by individually loading each patient
AyiG2 GKS /9ww LINRPINFY | YR dziimefalhsiructrés G K S
as required. In some instances there were multiple version of the same structure

with slight variations in name (as shown in figure above). Which version of the
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structure to use for analysis was discussed with a member of the original
Radotherapy Trial Quality Assurand@T{TQAteam from the SCOPE 1 trial. In order

to ensure that uniformity across the database had been achieved, a Matlab script
was written that exported the name of each structure attributed to each patient
kept within a $JSOA FA O FT2f RSNJ 2y GKS O2YLl]zi SNRA
in an excel spreadsheet allowed all the structures tabalysedsimultaneously and

any corrections made quickly.

Uniform dose structure

The DICOM format stores dose information in RiDose file. However, for a
complete patient plan, the number of RTDose files included can vary depending on
the export method used by the treatment planner on the specific treatment planning
system in use at their centre. As a result, there were someeptttiin the database

that had multiple dose files (one for dabeam position), and some with one dose
file (containing the dose information for all the beam positions combined).
Furthermore, the combined dose value for the beams were in some instances the
full dose over the course of the treatment (i.e. 50Gy) where as in some patients the
combined dose would be normalised to 1Gy per fraction. Using the dose
management tools available in CERR it was ensured that the dose values for the
entire patient databae were uniform in nature. For manipulation of the dose
information at a later date it was important that the names of the dose files were
uniform, the dose files created for each patient were therefore all named

Ww52aSyP{dzyQo
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2.2.2 Outcome data preparation

The WCTU is responsible for collating all the data #vatgenerated within the
SCOPE 1 trial, and this includes the toxicity and outcome dakseTdata is
collected via Case Report Forms (CRF) that are filled in by the Doctor or Nurse
examining the paent at the centre where they are receiving treatment. Baseline
assessments include overall length of tumour atalge The Common Terminology
Criteria for Adverse Events (CTCAE) system is used to report toxicities and include
pulmonary, gastrointestinahnd vascular diseas&ecordedgrade 3 and 4oxicity

rates in the SCOPE 1 trial werery low. This made any meaningful analysfsthis

data statistically unsound therefore it is not explored in this thesis.

CRFs were completed at baseline, at end cdtireent, and folloved up at months 6,

9, 12, 16, 20, 24, 36, 48, and 60. A substantial amount of date therefore
recorded that required cleaning up and formatting. For ease of use it was requested
that the data vere received from WCTU iWicrosoft Excelformat, this would also

allow easy integration into the EUCLID software for analysis.

An important part of this process was matching the outcome database to the
N}y RA2GKSNI LI RFEGIoFasST AdSd YI{1Ay3d &adzNB

same idenification number as that referred to in the outcome dataset.

¢KS adNBAGFE GAYS gl a OFfOdZ SR Ay RI &a

to their death date using a formula in Excel.

There was also a large amount of data included in the outcoma&bdae on which

analysis would not take place thereforeette wereremoved.
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2.3 Testing the data pathway

With the data uniformand formatted as required, an important next step was
testing the data pathwayThis consisted of taking the raw DICOM/RTOG data
received from the centres, importing into CERR, creating a test database of
information within EUCLID (including dose and outcome data) and producing end
results such as Kaplan Meier and Dose Volume Histogram plots. Testing this process
on a small testlatabase would minimise problems that may arise when dealing with

the full clinical database.

Computational Environment for Radiotherapy Research (CERR)

CERR is a software platform for developing and sharing research results in radiation
therapy treatmentplanning(57). The software package, based in Matlab, addresses

four broad needs in treatment planning research

a. It provides a convenient and powerful software environment to develop and
prototype treatment planning concepts

b. It serves as a software integration environment to combine treatment
planning software written in multiple languages (e.g. Matlab, Java etc),
together with treatment plan information (CT scans, outlines structures,
dose distribtions)

c. It provides the ability to extract and analyse treatment plans from disparate
treatment planning systems

d. It provides a convenient and powerful tool for sharing and reproducing
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treatment planning research results

CERR data formatPlanC

All treatment planinformation is contained in a &tlab cellarray named planC. The
different cells of theplanCcell array contain data objects according to the value of

the structure indexS. They are as follows:

indexS.header = 1;

indexS.comment = 2;

indexS.scan 3;

indexS.structures = 4;

indexS.structuresArray = 5;

indexS.beamGeometry = 6;

indexS.dose = 7;

indexS.DVH = 8;

indexS.digital Film = 9;

indexS.CERROptions = 10;

indexS.indexS = 11;

This means that the scan information is all contained in tHe@ment d the scan,
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the dose information is all contained in th& élement, etc.

EUCLID

EUCLID is an outcome analysis tool developed to be used by radiation oncologists
and medical physicist68). The software pekage, based in Matlab, can provide a
fast statistical snapshot of a population and perform univariate, multivariate and
dosevolume analysis on a large data set with a large number of physiological,
clinical, biological and dosimetric factors. An advaasta§ EUCLID is its capability of
importing clinical information in Excel spreadsheet format. FigRi@ showsa
spreadsheet that was created in order to test the data pathway and the type of
information that can be included. (note the information contaired within the

spreadsheet is not clinically accurate and is purely for demonstrating purposes).

A B c D E F G
Patient  Max Dose CERR Gy  Sex 0 male 1 female Age at time of study Date of therapy start Death 0 dead 1 alive Date of death Today's time Survival Time Cetuximab 0 no 1 yes itis grade

1

2

3 001002 53.8743 0 74 30/0s/2008 1 14/03/2013 4.7% 0 2
4 [bo1003 54.9741 1 77 1 4
5 [bo1004 52.7467 0 77 22/08/2008 0 20/02/2012 14/03/2013 350 1 3
6 (001006 54.4475 0 60 12/08/2008 1 14/03/2013" 4.55 0 5
7 [bo1oo7 53.6161 1 75 10/10/2008 0 27/10/2009  14/03/2013 105 1 5
8 [bo1oog 53.4567 1 64 04/11/2008 1 14/03/2013" 4.36 0 1
9 (bo1009 53.7501 1 [ 05/03/2009 0 21/06/2011 14/03/2013 230 0 2
10 bo1010 52.4662 1 59 10/03/2009 1 14/03/2013 4.01 1 1
11 bo1011 52.6315 1 65 22/04/2009 1 14/03/2013 350 1 3
12 (bo1012 54.2387 0 80 24/04/2009 0  09/05/2010 14/03/2013" 104 1 4
13 [bo1013 53.3559 1 69 05/06/2009 1 14/03/2013 378 0 1

Figure2.3 ¢ Spreadsheet for testing of data pathway

The data contained within the Excel spreadsheet is then saved in a Matlab file format

specific to EUCLIWhich can be opened to give the options for analysis.
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Sar input

Max_Dose_VODCA_Gy

Max_Dose_CERA_G
Graata/modily database Ma_Dase GE mmaylc | Import clinical factars | Import outcomes

SCC_start_polint_cm
Age_at_time_of_study Max_Dose_GERALGY | Pneumoniis_grade
Date_ol_therapy_start Age_at_time_of_study Death_0_dead_1_alve
Impaort from Excel Death_0_dead 1_alive Survival_Time
g Date_ol_death Cotuximab_0_na_1_yes

Cetuximab_0_no_1_yes
Pneumonitis_grade
Survival_Time

Load database

Explain database

Remave [ Hemaove
Clear database

Remove all Remove all

Cuts

Max_Dose_VODCA_Gy
Import structure variable

2030
g_VZ0

Tatal_Lung_vao
Sz Tatal_Lung_meandose

Add cut Restore

freves
Remove
Remowve all Calculate outcome probability

Figure2.4 ¢ EUCLID interface

It was decided to simulate the analysis of the development of radiation induced
pneumonitis as a result of the dose received by the lungs. The appropriate variables
were chosen for the input as clinical and outcome factors and the lung dose
information imported for each patient, allowing the V20, V30 and méase to be
analysed (Figur.4). The user is then given the option of the type of statistical

analysis to bearried out on the data (Figui5).
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Unhvariate analysis Multivariate analysis DVH analysis

L Rictivaraties L Loglstic regression J Fiot DVH

1 aris : 1 - . [ TGP
L Actuarial survival L Comelations J

[ Outcome anaiyss | [ Genetcagorthm | NTCP

Equmalent doses

Export to Excel

Figure2 5 ¢ Statistical analysis options in EUCLID

A DVH analysis was generated dependent on pneumonitis grade (Bigure

Total_Lung
Structure
Total_Lung i 120 T T T T T
outeame fosalie ) 100 —: Pneumnnit\s:gmde <3
Pneumonitis_grade s : : = Pricymanitis grade z3
60 -
=
Range of outcoms 5
= 4
125 § BO oo | A
2
Cut-off ﬁ
qn b
1) UUSURUUURU o
0
-10
Doze[Gy]

Figure2.6 ¢ TestDVH analysis with pneumonitis grade

A KaplarVieier curve was plottd showingoverallsurvival timeand Lung V30 with

the best cut off in terms of lowalue(Figure2.7).
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Actuarial survival
Time variable

Total Lung ¥30 » 5.6394

Survival_Time +  TotalLung %30 < 5.6594
T T

Discriminatory variable
Total_Lung _V3ag = [ETETTRRT

Range
2.8216 - 13,3356 06~ 1

Break Find best

Survival rate
=1
o
|

Endpoint
Death_0_dead_1_alve p=0.035378

Range

1 | H
0==1 1] 0.5 1 1.5 2 25 3 35 4 4.5 5
Survival Time

Cut-off

Plot | | Close

Figure2.7 ¢ TestKaplan Meier split by Lung V30 values

Although the data produced herare not clinically relevant, the data pathway was
shown tobe successful. As a result, the process of importing data from the centres
and the analysis of #ssedata could be widened to include the whole SCQRIata

set using this method.

2.4 Program and script development

Another aspect of the project is prograand script development. The majority of

GKAA GKSAaAAQAa RFEGE LINBLINYGAZ2Y YR ylfeaa
the Matlab environment, namely CERR and EUCLID. Although these programs are
published in the literature, can be thought of as $iméd and fully working packages,

and in the case of CERR have a strong and wide ranging user community, the fact

that they are open source and written in the Matlab environment also allow for a

large degree of customisation. The code within these prograsysecially CERR, can

also be utilised and customised to undertake tasks outside of the program itself.
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Along wth introducing and explaining 8tlab scripts that were written from scratch,

this section outlines these customised scripts and their use.

2.4.1 Automatic dose volume histogram calculation

In order to analyse the dose received by each individual patient, and specifically the

dose received to each structure and OAR within each patient, it was necessary to

OF £ Odzf 1S G KS 51 OARs & iterésk SERR bablitieCcapdrilily &f | y R
calculating DVHs for structures manually on an individual basis, however for a
database as large as that being used in this study, calculating DVHs for all the
required structures would be extremely time consimgn As a result, it was decided

to write a script in Matlab that would be able to automatically calculate the DVHs

required for any investigation within this thesis.

trialinterCalcDVH(filelist, pathname, struct_name, dose_name)

The backbone of this sctipthe part that actually calculates the DVH of a specific
structure within a planC of a patient, was easily available within CERR. Additional
scripting was required in order to direct the application of this script in the right
LX I OS 2 7F { KGstrudluré an8 6 GafhyithisLdbit layfomatically for a list of

patients kept within a specific folder.

1. The first part of the script opens the filelist/pathname structure that has to
be created for all in house scripts of this nature.
2. The name of the fitsfile within the filelist structure to be opened (i.e. the

specific patient) is gathered.
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3. The structure number within planC that matches the structure_name input is
recorded.

4. The dose number within planC that matches the dose name input is
recorded.

5. The D/H matrix is calculated for the requested structure_name and
dose_name using the same script that is used in the CERR manual version.

6. The planC of the patient is updated and saved with the new DVH data.

7. Steps 26 are repeated for all patients within thddlist/pathname structure.

trialinterCalclso(filelist, pathname, dose_name, isodoselLevel, assocScanNum,
PrescDose)

In addition to calculating DVHSs, there was a requirement in this project to analyse
structures that correspond to particular isodose leve&l®mputing isodoses is easily
carried out within CERR itself, together with converting these isodoses to structures
saved within planC, however as with the DVHSs this has to be done manually for each
patient. This script was therefore also automated in imilsr fashion to those
outlined previously utilising the filelist/pathname structure and was also modified to
calculate the isodose level in percentage format dependent on thecPx@se input
AdPS® GKS A&da2R2aS tSgSt O28RRRBS8S

than an isodose level expressed in Gy. As isodose levels are clinically usually

expressed in percentages this was less likely to cause confusion at a later stage.
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2.4.2 DVH import in EUCLID

A significant amount of work was cawlie@ut in developing the EUCLID program to
be more useful when dealing with large data sets such as those found in nationwide
multicentre clinical trials.Originally the program was written for dealing with
relatively small databases (<50 patients) therefdhe ability to import DVHs of
various structures was a manual process. This required that the user manually
located each file where the DVHs of the particular patient were kept in order that
the program is able to extract this information and includénithe database. This
would be an extremely time consuming process when dealing with a database of
over 200 patients such as that in this study. A script was therefore written in Matlab
that would allow this process to be automated. The goal was to ada&ibn to the
EUCLID program that would find the folder in which the patients CERR files were
kept, before exporting the DVH data of the structure selected in EUCLID from each
specific patient and adding to the EUCLID database. In order for this tdievexdt,

it required both the modifying of existing scripts already in use by EUCLID in addition

to some new scripts being written.

EUCLID database structure
In order to add this functionality it was important to fully understand how the
EUCLID database built up from patient data and information when using the

standard progran{58).
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Microsoft Excel data input
As Matlab converts Excel sheets into arrays, this spreadsheet must be formatted in a
particularway for it to be read correctly by EUCLID. Figugeis an example of how

the data must be formatted in Excel.

| A B = D E F G H 1 1
1 |NAME Sex Stage Smoking Chemo Delivered_Dose Age Survival_time Death Preumonitis
O=Ne
1=Male, chemeo, O=Alive, 0=Noc RP,

2 2=Female 31-1llA, 32-1IIB 1=Chemo cGy Years 1=Dead 1=RP

3 |Patientl 2 31 0 ] 5400 84 1.08 1 0
4 |Patient2 2 32 35 ] 6000 78 1.75 1 0
5 |Patient3 1 31 29 1 6600 75 0.71 0 1
6 |Patientd 2 31 60 ] 3800 63 1.66 0 1
7 |Patient5 1 32 45 1 5400 72 2.53 1 1

Figure2.8 ¢ Formatting of data in Excel spreadsheet

The first line contains the variable name whilst the second line contains a description
of the variable. The first column must contain the patient name with the remaining

columns containing clinical factors and outcomes.

Import into EUCLID and database creation
The Excel sheet is imported into EUCLID using the inbuilt xIsread.m function in
Matlab. This converts the .xIs excel file into a .mat matlab file by creating an array

that holds all the required information.

MName & Value

|£| dBase <1x200 struct>

|{}| patientlist <1x200 cell>

|svc| savename 'O\ rhyscarrington MATLAB work EUCLID\ CA\ hernando_tob.mat’
|1} structlist <0x0 cell>

|| wvarlist <1x10 struct>

There are multiple elements in the array created by EUCLID to hold specific

information in the database. They are:
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dBase:a structure array that is constructed for each patient and holds all the clinical

factors and outcomes.

>> dBase

dBase =

Sex

Race

KPS

Rel_weight_ loss
Tobacco_use
Chemo
Prescribed_dose
FEV1_ postRT
Vi0cy
Pneumonitis

1x200 struct array with fields:

varlist: a structure array that holds the name and description of each clinical factor

or outcome

>> warlist
varlist =
1x10 struct array with fields:

name
desc

patientlist: a cell array that holds all the fant names(not real names)

>» patientlist
patientlist =

Columns 1 through 5

Columns 6 through 10

'ALLEN.MARY’ 'AVERITT WYNELL'

'BANKS . VELMA' "BATSON.ELLIS'

'AYSCUE.QUINCY' 'BAGGETT JACQUELINE' "BAINES.JULIA '

'BECKER.WILLIAM' 'BELL..JRMES"' "BEROTH.ELLEN'

savenamethe name of the file and the directory where the database file is saved in

G§KS O02YLJzi SNRa

agadsy

=>> savename

savename =

0:‘\ogayou\MATLAB\work\EUCLID\GA\hernando_tob.mat
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structlist: a cell that holds the names of any structures that are created for DVH

analysis.

>>» gtructlist

structlist =

'lung’ "lung D20" 'lung V20" 'lung_ V30" "lung meandose’

The elements desilyed above, specifically the structlist cell, are created individually
for each patient when the user modifies or adds information to the database. The

next section describes what was modified in order to automate the process.

Modifying the EUCLID script
Qreating an automatic way of directing the EUCLID script to where the DVHs of each

LI GASYyd FTNB &ai2NBR ¢l a4 | OKASOSR o6& I RRAYS3

holdingtheLJr G A Sy 1 Q& Of AYAOL Tt | y2®). 2dzi 02YS Ay T2 N¥YI

Edit Font Alignment Number Format Calls Themes
F= _ [camnody |v[12 |+| | =|= =] abcr | S WrapText » [General v %. - G B T A2y, S8
=3 . il [=5] amsa,
$ |~ == EESE =S || O 0 | 400 A
Paste B I Uj®-A = = | =|EERE Merga B % > |%8 48 Eg:ﬂgma‘ Siyles | Insert Delste Format | Themes Ad¥
vaz - fx| 8.4

_ Q R 5 T u v W X Y Z An AB AC AD AE A
1 |Patient progressiont PTV volume dis|_vpal  ogtv_vpaf ctv_vpaf ptvlvpaf  Under MDC Under MDC | Over MOC  filepath
2
3 bo1002 1477  386.6418 2 24 6.6 84 -0.031062  0.031062 0.74521 fUsers/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001002.mat
4 001003 1106 331.3904 8 72 10.8 126 -0.015881 0.015881 0.49258 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001003.mat
5 001006 1563 247.8093 8 6.6 10.2 12 -0.029232 0.029232 0.34761 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001006.mat
6 001007 350 364.53 84 13 14.4 -0.19112 0.19112 0.29489 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001007.mat
7 oo1008 1715 2141744 4 5.4 5.6 114 -0.094066  0.054066 0.22691 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/D01008.mat
8 [bo1009 845 360.9633 10 102 14.4 162 -0.020982 0.020982 0.43741 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/D01009.mat
9 'bo1010 1638 226.6778 7 7 11 131 -0.016797 0.016797 0.29985 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001010.mat
10 [oo1011 1444 458.5446 13 133 18 20 -0.0BEGES  0.0BBEES 0.42558 /Users/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001011.mat
11 fo1012 264 9275877 1 11 15 17 -0.1953 0.1953 0.67654 fUsers/rhyscarrington/Desktop/SCOPE Data/OnTrial CERR/001012.mat

Figure2.9 ¢ Addition of filepath columnto Excel spreadsheet

¢CKS FTAESLIGK O2fdzvy K2fRa (GKS AYRAGARdzZ f &

which the DVH data is held.
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The code was written to work in a loop for the length of the filepath column. There
are a number obteps in this loop to extract the correct DVH from each patient and

save them in the EUCLID database:

1. The name of the patient and the DVH structure is stored in the form of
handles.

2. The EUCLID database created from the Excel spreadsheet is opened.

3. The length of the filepath column is calculated.

4. The planC of the first patient in the list is opened.

5. Structures (and their associated DVHs) aptkn planC using numbers. The
number of the same DVH structure may differ from one patient to the next.

This stepherefore matches the DVH structure requested by EUCLID with the

O2NNBOU &dAGNHzOGdzNB ydzYo SN gAGKAY GKS LI 0.

6. The DVH matrix is extracted.

7. The matrix is saved in the dBase arrayaimewly created field for each
LI GASYy G 6 A G KstritithameINS FAE WYROK Y

8. The loop goes to the start and stepsblare repeated until the DVHs of the
structure requested in EUCLID are extracted and saved in dBase for each

patient in the filepath column.
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Testing the script

It was important to ensure that the sctipfor extracting and saving DVHs
automatically in the format of the EUCLID database Matlab file performed correctly.
Fifteenpatients from the SCOPEdatabase were used to create a test database by
importing the necessary DICOM files into CERR. Th&uildFileListGUl.m and
trialinterCalcDVH.m scripts were used to calculate and save a DVH of the PTV
a0NHzOGdzNB Ay SIFOK LI GASydQa /9ww TFAESO
EUCLID and create the dBase variable. The filepath column was intbudse with

the auto DVH feature. Two EUCLID databases were created from the same excel
spreadsheet in order to test the feature. One database had the PTV DVH of each
patient imported and saved using the original manual method in EUCLID, whilst the
other database would have this repeated using the new auto import feature.

The first test was to make sure that the DVH datxewbeing stored correctly in the
dBase structure array. THagure 2.1Ghows how the DVH data is stored when using
the manual methd. The 1x1 cell holds the name of the DVH, whilst the 2x213

double holds the DVH data stored in absolute format.

Command Window

>>» load{'/Users/rhyscarrington/Desktop/SCOPE Data/Velindre CERR/DVHmanualtest.mat'})
»>>» dBase(l)
ans =
JCI: 1
dvh_PTV: {{1xl cell} [2x213 double]}

Jx ==

-

Figure 2.1@; Manual import of DVH data

Figure 2.11shows the storage of DVH data using the automatic method. It can be

seen in this instare that only the absolute DVH data is saved in the array.
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Command Window

>» load{'/Users/rhyscarrington/Desktop/8COPE Data/Velindre CERR/DVHautotest.mat')
>» dBase(l)
ans =
JCI: 1
dvh_PTV: [2x213 double]

Jio >

Figure 2.1X Automatic import of DVH data

For use in EUCLID this is not a concern as the script in EUCLID is written in a way so
a4 G2 SEGNI OG GKS RF G T Nereif thefé 8 oryfoneda 1 Q OS¢

cell, this is the cell that will be read and the data extracted and saved.

Volume (cc)

Dose Bin (Gy) Automatic Import Manual Import
50.00 24.11 24.11
50.25 20.52 20.52
50.50 18.85 18.85
50.75 15.48 15.48
51.00 13.50 13.50
51.25 12.47 12.47
51.50 9.23 9.23
51.75 7.38 7.38
52.00 6.62 6.62
52.25 4.70 4.70
52.50 2.51 2.51
52.75 1.01 1.01
53.00 0.06 0.06

Table2.0 ¢ Dose bins for awimatic and manual import of DVH

To ensure that the DVH data stored within the cellxactly the same, both DVHs
were plotted and compared. The dose bins from35y and their associated values

are in Table.0, it can be seen that the values are exactly the same.
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The dose volume plots (Figu2el?2) for the PT\Wvere also identical, confining that

the automatic DVH import scriptorkedcorrectly.

DVH import comparison
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Figure2.12 ¢ DVH from manuaind automatidmport

This was also repeated for a DVH of the Total Lung (see Figure 2.13)
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DVH import comparison for Total Lung

70

Volume (cc)

s===Manual

@ Auto

Figure2.13¢ DVHfor TotalLungrom manualand automatiamport

2.4.3 Addition of Hazard Ratio calculation

Although the analysis module of EUCLID is capable of outputting a p value according
to the log rank test, an additional test that gives useful information whealysing
survival plots is the Coxdportional hazard tet (Section 1.5)The calculation of the
Hazard Ratio within EUCLID required the code of the existing Kaplan Meier analysis
module to be modified and extended. The Hazard Ratio is calculated on the last line
of the script(See AppendiAl- Computer coding When undertaking Kaplan Meier
analysis within EUCLID this value would then be given as an output. Again, this was
tested against the same analysis in SE@S% a statistical analysis programsing the

same test database as used previously. The hazard ratio atdulsing the

customised script in EUCLID above was 0.5858 whilst the same analysis in SPSS gave
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a hazard ratio of 0.5890A 0.5% differencevould indicate that the script was

working correctly.

2.5 Testing the survival analysis module

As the work in tis project was going to be utilising the survival analysis module of
the EUCLID program it was important that it was tested against a known and reliable
external piece of software. Due to its availability and reputation it was decided to

dza S L . a Qware{for thi purpo8et

Using a test database, the survival analysis module was used to analyse the

difference in survival between two groups according to the length of the tumour.

The resulting plot is shown in Figzd4

Actuarial survival

Time variable

timeprog

disl turnourlength = 5.8
+  dislturmoudength < 5.8

Discriminatary varnabie
digl_tumouriength

Hange
113 3 07k

Break | Find best D 7
E

@

04 p=0.01782 m

Range

I I L I
Q=1 o 200 400 E00 &00 1000 1200 1400 1600
titneprog

Cut-oll

Figure2.14 ¢ Kaplan Meieplot from EUCLID
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The p value obtained for the log rank test conducted between these groups was

0.01782.The same analysis was then undertaken in $Pi§6re 2.5).
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Figure2.15 ¢ Kaplan Meier plot from SPSS

The p value obtained in SPSS using thedog test was 0.018.

2.6 Conformity Indices

The investigation of the conformity of the dose distribution surrounding the PTV
within this thesis requires the ability to quantify the positional relationship between
two structures. A known method for this kirof analysis is the use of a conformity
index, able to represent the variation in volume and spatial relationship between
two structures in a single metric. A review of these methods was undertaken by L
Feuvret et al(60) in which they outline the advantages and disadvantages of a
number of conformity indexes in the context of the analysis of dose distribution. It is
noted how the improvement in the spatial representation of dosgtribution means

that obtaining various treatment plans for the same patient is a relatively rapid
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process but that choosing which of these plans to use remains difficult. Using a tool
such as a conformity index could therefore aid this process as aviges a
qguantifiable score of the ratio of healthy tissue being irradiated compared to the
target volume. A number of conformity indices were proposed and outlined in the
RTOGeport in 1993 and also included in ICREpRArt 62 although their day to day

use in a clinical setting remain limited. This may be due to an aspect of using a
conformity index that could be seen as both advantageous and disadvantageous,
their inherent simplicity. A tool should be simple and quicko tunderstand,
implement and uséut it also important to remembethat the consideration of dose
conformity data alone may not be sufficient. The use of conformity indices is
widespread in stereotactic radiotheraggl) (62), (63) both in research and clinical
settings, and it is unclear why this is the case in one aspect of radiotherapy whilst
being almost unused in the remaining. It is possible thaiay due to the increased
complexity of planning in other areas of the body and the proximity of a number of

organs at risk due to the target volume.

A conformity index that takes into account critical organs has been proposed by
Baltas et al(64) The index was proposed wita view to be implemented in
brachytherapy but could equally used in highly conformal radiotherapy due to the
associated high dose gradients. Named the COIN index, it takes into account the
quality of tumour irradiation, irradiation of nearitical healthytissue and irradiation

of critical organs and the entire calculation is based on the volume of the reference
Aa2R248Sd LG SELIYR&a G(GKS FLIWXAOLFGAZ2Y 27

Conformation Number (CNPB5), first describedas a tool to compare RT plans for
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prostate cancer usg brachytherapy and external beamadiotherapy A much
simpler index has been used by Knoos ef6él)to study the degree of confority
reached in clinical routines of 57 patients treated for breast cancer. The radiation
conformity index (RCI) is simply a ratio of the PTV volume and either the treated
volume or the volume of the 95% isodose and therefore increases from 0 to 1 with
increasing conformity of the two structures. Similarly, the Jaccard Conformity Index
(JCI) was used by Mulliez et al to compare the dosimetry of different IMRT
techniques(67). It has also been used extensively in the analysis of target volume
delineation variation(68) & (69). First described in 1901 by Paul Jaccard as the
WO2STFAOASY D RS O2YYdzy!l dzi S@s)itisiperhapsitie 2 f
most commonly used index in the RT literature. It is a slight variation of the simple
RCI index in that it is defined as the size of the intetiea of two structureqcircles

A andB in Figure 28) divided by the size of the union of those same two structures.

,-lacs
= (2.0)
AE B
A
ANB
AUB

Figure2.16 ¢ Schematic for Jaccard Conformity Index

Similarly to when using the RCI, a JCI value of werdd be seen if there is no

agreement and a value of one if there is complete agreement (overBgth of
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these indexes have the advantage of being simple to both calculate and understand,
however neither of them provide any information about the diffece in shape
between two volumes. They are also largely confined to the study of spherical
shapes, and can fail to function correctly when assessing more complex volumes
(70). In addition, the data generated can be difficult to interpret when considering
clinical significance of the dose distribution. Considering these drawbacks, Jena et al
proposed a ew conformity index known as the Mean Distance to Conformity (MDC)

(70). The aim of this new indexas the following:

1. A single scoring statistic that represents the overall conformity of the two
volumes being assessed.

2. Additional statistics that provide information on whether the noonformity
is caused by over or under outlining.

3. A method of displaythat would facilitate evaluation of the clinical

significance of discrepancies.

The MDC metric is a shapased statistic that measures the mean displacement
needed to transpose every voxel in an evaluated volume to a reference volume. It
differs from theother indices described so far as it gives a measure of the magnitude

of the difference between the two volumes being analysed, giving a value in cm.

For calculating the MDC, Jena et al established a tdmeensional (3D) grid
representation for procesing the structure contour data. Each node within the grid

could then adopt one of four states:
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State 0: The node lies outside both reference and evaluation volumes.
State 1: The node lies within the reference volume but not the evaluation volume.
State 2 The node lies within the evaluation volume but not the reference volume.

State 3: The node lies within both volumes.

These states can be visualised in Figd&, which gives a representation of two
structures on the grid. The blue contour is the mefiece contour and the red
contour the evaluation contour. The green voxels have been determined to lie within
both outlines. The light blue voxels are within the reference volume outline but not
within the evaluation volume outline and represent unetmveage errors(under
MDC) The dark red voxels are within the evaluation volume outline but not the

reference volume outline and represent ovewverage errorgover MDC)

BLUE; Reference; PTV
RE[x Evaluationg 95% Isodose

OverMDC

UnderMDC

Figure2.17 ¢ Schematic of MDC showing OverMDC and UnderMDC

Figure2.18 shows the trendline and near exponential relationship between the MDC

and JCI index.
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Figure2.18 - Variation ofMDCwith change inJCFor two spherical volumes. Reproduced with
permission from Jenat al A novel algorithm for the morphometric assessment of radiotherapy
treatment planning volumes, BJR 83:3%4(71)

The MDC isimiple to both calculate and interpret, yet also provides more clinically
useful information than a simple ratio of the overlap of two volumes that is provided
by the RCI and JCI. Following the work carried out by Dr Sarah Gwynne for her MD
thesis(72)and discussiaswith herand other colleagues, it was therefore decided to

take the JCI and MDC index forward for analysis of conformity in this thesis.

2.7 Type A and Type B algorithms

It is widely appreciated that the choice of dose calculation algorithm for
radiotherapy planing affects the accuracy of calculated dose distributif®. The
main disparity between algorithms in routine use li textent to which they model
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scattered dose transport(74), (75) & (76) In heterogeneous situations, the
algorithms that prowde approximatemodellingfor the variation of penumbra with
RSyaAade oly2é6y | a ac¢eéL)G4) providé Omre acBidatg 3 (12 Yy
NEBLINSaSydal A2y 2F R2aS GKlFy GK2aS 0GKFd R2
the Type A algorithms use a cdenensional density correction which does not
accurately model the distribution of secondary electrons in media of different
density (77). Type B algorithms meanwhile are corrected for any variation in density
along themodellingof a ploton ray.Although the limitations of Type A algorithms in
calculating dose are well known, the clinical implementation of a Type B algorithm in
treatment centres was limited at the start of the SCOPE 1 trial. The commissioning of
a new dose calculationgdrithm and ensuring patient safety can be time consuming
and require significant resources. As a result, in the SCOPE 1 trial it was decided to
allow centres tacommence recruitment to the trialsing their existing algorithms (if
Type A) in order to mimize the risks associated with change and ensure that the
trial reflected current clinical practice. The dose of radiotherapy plans in the trial
data was therefore calculated using these two types of algorithms, dependent on the
centre at which they werelpnned. Wills et al undertook an investigation as a part of
the trial design process to assess whether the two types of algorithm needed to be
taken into account when applying the radiotherapy protocol to each pat{&8).

The study took fifteen patient data sets that underwent CRT at Velindre Cancer
Centre between 2007 and 2009 for carcinoma of the oesophagus. The patients had
been planned according to the SCOPE 1 protocol using a Type A Ipeacil

algorithm. These plans were then-calculated in OMP using a Type B collapsed
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cone algorithm and the dose volume data for ttegions of interest (See Table .1

between both sets compared.

Structure Constraint

PTV Minimum dose > 93%

PTV Volumereceiving 95% dose (V95%) > 9¢
PTV ICRU maximum dose < 107%

Heart Volume receiving 40Gy (V40Gy) < 30%
Liver Volume receiving 30Gy (V30Gy) < 60%
Lung Volume receiving 20Gy (V20Gy) < 25%
Spinal Cord PRV Maximum dose < 40Gy

Table2.1 ¢ Dose Volume conaints for SCOPE 1

It was found that the use of Type &gorithms during optimization results in
improved PTV coverage by the 95% isodose. This is especially important when
considering the dose in oesophageal cancer, due to the proximity of the treatment
volume to the lung. The effect of algorithm type on the calculated dose in lung tissue

can be observed in Figug19a & b.
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Figure2.19a Plan using Type A algorithm stiog PTV and 95% idodose libeplan using Type B

algorithm shoving PTV and 95% idodose line

Figures2.19a & b show the same plan calculated with a Type A and Type B algorithm
respectively. It can be seen in Figltd9b how the 95% isodose line is madidel
differently in the lung (marked Y) compared to that in Fig2ia (marked X). This

is a direct consequence of the lateral electron transport being modelled correctly in
Type B algorithms, which will have a large effect at the boundary of relatiesige

matter such as the oesophagus with air filled areas such as the lung. As such Type A
algorithms can be considered incorrect in the modelling of dose in this area. The
analysis by Wil et al was made using only 15 patients from one centre. For
compldion it was decided to undertake an analysis of the effect of the planning
algorithm on the JCI and MDC conformity index value using the complete SCOPE 1
database. This was tested by comparing the JCI and MDC index value between the
Vgsysand the PTV and aaparing the results for patients planned with Type A and
Type B algorithms using the Mann Whitney U test in the SPSS package. The JCI
(Median = 0.68, Interquartile range = 0-84/3) was shown to have a statistically

significant dependency with whether th@an was calculated using a Type A (n=94,
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Median JCI = 0.67 Interquartile range =00631) or Type B (n=82, Median JCI = 0.71
Interquartile range = 0.60.75) algorithm(Mann Whitney U test p<0.001Jhe test
was repeated using the MeanMDC, OverMDC andeeMDC metrics. The resuits

mm are shown in Tablg.2:

Median Interquartile Range P valueof
dependency on
algorithm
MeanMDC 2.1 0.93.1 <0.001
OverMDC 4.0 3.34.7 0.002
UnderMDC 2.1 0.9-2.7 <0.001

Table2.2 ¢ Mann Whitney U test for MDC metricgetween Type A and Type B dose algorithms

These results show how the dose distribution displayed in a radiotherapy plan is
dependent on whether the dose was calculated using a Type A or Type B algorithm.
As a result of these tests, the prior work in threa and discussions with clinical and
technical staff, it was decided that all dosimetric analysis on the database should be
carried out with the database split according to those patients planned using a Type
A and Type B algorithm. This would ensuret #uay conclusions reached about the
effect of dose distribution could not be influenced by the effect of the planning
algorithm. For this project, it was decided to concentrate on the analysis of Type B
patients. It was felt that the results would be morelevant to the present clinical
situation in the field due to the majority of centres having now moved to using these
types of algorithms since the end of the SCOPE 1 figlure 2.20is a caosort

diagram showinghe patient dropout rate and reasonind.reatment and tumour

84



demographics of the final cohorts dependent on planning algorithm are also

included.

Recruited to SCOPE 1 trial (n= 258)

A 4

Excluded (n=48)

§ Withdrawn completely (n=18)

§ Did not receive RT (12)

§ Data not received from centre (n=10)

Received from

WCTU (n=210)

A

4

Excluded (n=9)
§ Corrupt data (n=5)
§ Missing outcome data (n=4)

Available for analysis (n=201)

l

Type A algorithm (n=103)

§ Centres (n=18)

§ 3D-CRT (n=103)

§ Age in years (Mean=71, Range=40-86)
§ Male (n=60), Female (n=43)

§ Cetuximab (Yes n=57, No n=46)
§ Adenocarcinoma (n=30)

§ Squamous Cell Carcinoma (n=73)
§ Tumour Stage | (n=5)

§ Tumour Stage Il (n=17)

§ Tumour Stage Il (n=67)

§ Tumour Stage IV (n=14)

§ Upper 1/3" (n=51)

§ Middle 1/3" (n=43)

s Lower 1/3" (n=9)

l

Type B algorithm (n=98)

§ Analysed (n=97)

§ Centres (n=19)

§ 3D-CRT (n=81) , VMAT (n=16)

§ Age in years (Mean=70, Range=44-88)
§ Male (n=57), Female (n=40)

§ Cetuximab (Yes n=44, No n=53)
§ Adenocarcinoma (n=24)

§ Squamous Cell Carcinoma (n=73)
§ Tumour Stage | (n=2)

§ Tumour Stage Il (n=22)

§ Tumour Stage Il (n=58)

§ Tumour Stage IV (n=15)

§ Upper 1/3" (n=36)

s Middle 1/3" (n=48)

§ Lower 1/3" (n=13)

Figure 2.2@; Con®rt diagram showing patient treatment and tumour demographics
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Chapter 3

Dose distribution and patient outome

3.1 Introduction

It is dear that radiotherapyplays a key role in the treatment afesophageal
tumours, however the formulabin and application of optimal radiotherayotocols

to these sites is not well defing@9). There igherefore a clear needo improve the
quality and outcome of therapy. It is known that dose distribution is an important
factor when evéuating the quality of radiotherapyplans and gplan is considesd
acceptable if 95% of the prescribed (tumoricidal) dose is delivered to 100% of the
PTV(80) & (81) However, although this requirement will be met in thejority of
patients undergoing radiotherapythe quality of the dose distribution may vary
according to factors such as PTV voluB®) or by the delivery techniqués3). It has
been shown thatadherence to a sitspecific radiotherapyprotocol is effective in
improving plan quality and patient outcomé84), and the SCOPE 1 trabvided a

detailed radiotherapystudy protocol and quality assurance gramme(85).

Despite a detadd radiotherapy protocol and planning guidance document, a
rigorous RTTQAprogramme (73) & (86) demonstrated variation in radiotherapy
planning practice such aslgmning technique across the 36K centres that
participated in this study. These factors may have affected the quality of the dose
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distribution achieved for each patienty addition to thosdactors already discussed

A recent study by Moreetaly 2 i SR G KF G Ylye LXFya YIFe& &ad;
jdzt t AGeQ S@SyYy 6KSyYy | RKSNB7Y Fhe airgd of @HisA y A O f
investigaton was two fold; Firstly to assess plan quality usirap=formity indexand

analyse its influence on patient outcome. Secondly, to identify whether clinical and
technological factors including GTV length, PTV volume, tumour location and

treatment delivey method could be related to theonformity index value.

Number of patients Reasoning
97 Only Type B algorithm patients analyse

(See Figure 2.20 for demographic)
Table 3.0 Number of patients included in analysis in Chapter 3

3.2 Correlating plan gality with outcome

3.2.1 Quantifying plan quality

Firstly t was hypothesised that plan quality can be objectively assessed by
quantifying the relationship between the 95% isodose and thBV Pusing a
conformity index Secondly, that treatment and patiecharacteristics may influence
plan quality. The use of conformity indices tanalyse dose distribution of
radiotherapyplans has been carried out previougb6) & (88). However, to the best

of my knowledge, this study is the firsbtexplore the relationship of conformity

indexand patient outcome.
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3.2.2 Analysis of conformity index values across the datse
The JCI and MD(See Section 2.6UnderMDC and OverMDC) conformity index
values were calculated for each patient. Figure-3313 show the resulting

distribution of the conformity index values in ascending order.

JCl index
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Figure 3.1 Distribution of JQlalues across the database
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Figure 3.z Distribution of UnderMDC values across the database
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Figure 3.3; Distribution of OverMDC values across the database
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Figure 3.3 clearly shows an outlier in the distribution of OverMDC values. This
patient has anover MDC value of 13.1mm, which far exceeds akverageof the
Type Bpatient cohort (3.7mm)outlined in Figure 2.20This value is confirmed by

analysing the image from the CERR screen (Figure 3.4).

Figure 3.4 Profileof outlier patient in CERRith dose wash

Figure 3.4 shows that the 95% isodose does indeed have extremely poor conformity
with the PTV. There is a significant area of the patient receiving 95% of the
prescribed dose anteriorly. The beam arrangement is unusual in the context of the
SCOPE 1rial, and clinical colleagues also noted that the GTV was of an unusual
shape. Further discussion with the clinical staff concluded that the beam and dose
distribution at least are due to a need to avoid the spinal cord. Due to the highly

unusual mture of this plan within the context of the database, | decided to remove

this patient from the analysis.
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UnderMDC (blue) and OverMDC (red) for all patients

Figure 3. Distribution of UnderMDC and OverMDC values across database

Figure 3.5 shows the distribution of both UnderMDC and OverMDC folype B

patients with the outlier removed.

3.2.3 Comparing JCI and MDC
In order to gain a further understanding of the relationship between the JCI and
MDC indices they were plotted against each other. This would allow the relationship

to be visualiseénd quantified.
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OverMDC vs JCI
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Figure 3.6 Plot of OverMDC vs JCI

Figure 3.6 shows the correlation of the Over MDC metric with the JCI index. The
Pearson coefficient i€.85 and is highly significant with p < 0.01. This correlation is
entirely expected due to the nature of both indices. For the JCI index, the conformity
of the PV and 95% Isodosacreases as it tends towards 1. It follows therefore that
the OverMDC value, which quantififse extent ofover outlining, should decrease

as the JChdex increases.
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UnderMDC vs JCI

Under MDC vs JCI
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Figure 3.7 Plot of UnderMDC vs JCI

Figure 3.7 shows the correlation of the Under MDC metric with the JCI index. The
Pearson coefficient is 0.03, which confirms the visual lack of correlation on the plot.
Exactly vay there should be such a lack in correlation remained unclear as it would
be expected that similar to the OverMDC vs JCI plot, the UnderMDC metric should

reduce as correlation according to JCI increases.
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MeanMDC vs JCI

Mean MDC vs JCI
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Figure 3.8 Plot of MeanMDC vs JCI

Figure 3.8 shows the correlation of the Mean MDC metric with the JCI index. The
Pearson coefficient i€.75. It is clear that there is a negative correlation, similar to
that observed with the OverMDC vs JCI plot. Again, this is to be exphotetb the
nature of both indices. As the conformity increases, the JCI index tends towards 1

whilst the Mean MDC tends towards O.

JClvs MDC

The JCI and MDC indices are both able to give a quantifiable value of the relationship
between two volumer structures Howeveras noted previously (see Section 2.6
there are advantages and disadvantages associated to both. To streamline the

investigation of the effect of conformity index on patient outcome | decided to
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concentrate on only taking the MDC furthierward. This was due to th&Cl being a
composite index and théVIDC being able to give a more detailed and clinically
meaningful values of the relationship between the two volumes under

consideration.

3.2.4 Outcome data

Outcome data for each patient,etuding overall survival, was collated and prepared
by the WCTU. Due to the adverse effectefuximabon survival in the SCOPE 1 trial
(56), the cetuximabadministration data for each patient was also acquired to allow
for stratification. KaplaiMeier plots were generated to observe whether there was

a clinically relevantthreshold for the CI value in relation to survivallThe
demographic and prognostic data outlined in Figure 2.20 was also used for

multivariate analysis.

3.2.5 Deciding on CI breakpoint

Using the EUCLID package, comparisons of survival for two populations
discriminatel by a given variable can be performed using a log rank test of the
hypothesis that the curves describe the same survival function. This can also be
extended to any end point (local control, progression etc) if the time to that

endpoint is recorded and ailable.

A function in EUCLID allows the option to scan the range of the variable (in this case
the conformity index) to find the break point value that yields the lowesgafue and

therefore best separates the low survival from the high survival pomrafrhis is
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corrected for multiple comparisons using the Bonferroni adjustment, a method of
dealing with multiple testing when finding an optimal break pdB®)and has been
used elsewhere in literature of other fields with survival d4d8®) & (91) This
function was utilized to find the best cut off in this datt.sThe EUCLID script code
was also modified to allow the data for each group above and below the lpeiak

to be saved, allowing the data to be exported for further analysis in SPSS.

3.4 Results

3.4.1 OverMDC and UnderMDC and overall survival

OverMDC
For the 97Type Bpatient plans in this study, the median OverMDC was 3.7mm
(Range: 1.2.0mm). The break point occurs at an OverMDC value of 4.4mm with p =

0.02 (logrank) and results in a 28 above/69 below split in the database. (Figure 3.9)
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Figure 39 ¢ Kaplan Meier according to OverMDC
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The Cox Proportional Hazard ratio was calculated in SPSS to be 0.50 (95% CI: 0.28
0.90, p=0.02)Stratifying forcetuximabadministration, the log rank test between the

two groups gave p=0.04herefore within this cbort, the OverMDC value for the
conformity of the 95% isodose line and the PT\ler patient population studieds

a predictor for overall survival in univariate analysis, independentettiximab

administration; a high OverMDC is associated with wouseial.

UnderMDC
The median UnderMDC was 2.5mm (Rang&:70nm).The break point occurs at an
UnderMDC value of 2.7mm with a p = 0.05 (logrank) and results in a 32 above/62

below split in the database (Figure 3.10).
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Figure 3.1@; Kaplan Meier accordg to UnderMDC
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The Cox Proportional Hazard ratio was calculated in SPSS to be 0.53 (95% CI: 0.30
0.97, p=0.04)Stratifying forcetuximabadministration, the log rank test between the
two groups gave p=0.14. Therefore UnderMDC cannot be considered stistdlly

significant predictor for overafiurvival when stratifying foretuximah

3.5 Analysis of OverMDC values

As only OverMDC remained clinically and statistically signifidatiowing

stratification forcetuximah further analysis was limited to ifimetric.

3.5.1 Clinical factors

Tumour site and OverMDC

Plotting the distribution of upper, middle and lower tumours above and below the
break point allowed us to look at the effect of tumour site on OverMDC value.
Figures 3.11 and 3.12 show the numbefr patients in each location and the

percentage of the total

Distribution of tumour site in OverMDC patients
>4.4mm

2, 7%

S Upper

13, 48%
E Middle

Lower

Figure 3.1X Distribution oftumour site in OverMDC >4.4mm
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Distribution of tumour site in OverMDC patients
<4.4mm

& Upper
& Middle

Lower

Figure 3.12; Distribution oftumour site in OverMDC <4.4mm

It can be seen that the proportion of tumours in each site abovd balow the
OverMDC cutoff are similar. This would suggest that tumour site does not impact the

OverMDC value.
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GTV length and OverMDC

OverMDC and GTV length for Type B patients @ GTV length ® OverMDC
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Figure 3.13, OverMDC and GTV length for patients

Figure 3.13 shows the GTV length for each patient plottétt @verMDC values,
ranked by increasing OverMDC value, with the line of best fit for the I&Tths.
There was no significant difference in GTV length either side of the OverMDC
breakpoint of 4.4mm (MariWhitney p=0.123). The Pearson coefficient betwéssn

OverMDC metric and GTV length was calculated to be 0.33.

PTV volume and OverMDC
Figure 3.14 shows a similar plot only with PTV volume for each patient plotted with
OverMDC values, again ranked by increasing OverMDC value with the line of best fit

for the PTV volumes. Here there was a significant difference in PTV volume either
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side of the OverMDC breakpoint of 4.4mm (Mawitney p<0.001). The Pearson

coefficient between the OverMDC metric and PTV volume was calculated to be 0.47.

OverMDC and PTV Volume for Type B patients 4 b1y volume @ OverMDC
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Figue 3.14¢ OveMDC and PTV volunier patients

3.5.2 Technological factors
IMRT/VMAT dose delivery
Patients were classified according to whether the dose was delivered via 3D

conformal (81 patients) or IMRT/VMAT treatment (16 patients).
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OverMDC distribution with dose delivery method
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Figure 3.15 OverMDC and dosdelivery method for patients

Figure 3.15 illustrateghat IMRT/VMAT (green markers) is associated witbveer
OverMDC valu¢han if the patient was treatedvith 3D-CRT(blue markers) (mean
VMAT = 2.1mm, 3BCRT = 4.1mm; Mann Whitney p<0.00Ip eliminae any
unintended bias, it was found thahére was no significant difference in PTV volume
according to the treatment delivery method (Mann Whitney p=0.45Be 16
patients whose dose was delivered using IMRT/VMAT were treated at 3 centres,

with 14 at 1centre and 1 each at the remaining 2 centres.

3.6 RePlanning of Type B patients in OMP

It has been shown in the previous section that patients treated with IMRT/VMAT
type treatments havesignificantly more conformadose distributions. However, in

order to truly understand the effect of the treatment delivery method on the
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conformity of the dose it was decided to re plan patients who had originally been
treated with 3DCRT using the VMAT method. By having the strget volumes
planned using two treatm& methods, rather than comparing different treatment
methods in different patients, it allows a direct comparison to be made. In addition,
this work would allow amassessmento be made of whether thepatients with

relatively highOverMDGraluescould beimproved by replanning with VMAT.

3.6.1 Obtaining a VMAT solution in OMP

Patients who receive radiotherapy for oesophageal tumours in Velindre Cancer
Centre are currently treated using the 3IRT technique. Creating VMAT plans for
these patients wouldferefore require careful consideration and implementation of

a new technigue in this site. After consultation with the clinical department, it was
decided that working towards a planning technique that could be used on all
patients, rather than starting aésh with each patient, would be extremely beneficial
both for this project and the clinical departmentherefore this work both allowed
analysis of my thesis dataset and facilitated development of an advanced clinical

service.

3.6.2 Class solutions iRRadiotherapy planning

Conventional planning, although successful in obtaining clinically acceptable plans
(92), can be a very time consuming process. This is a result of the treatment planner
having to obtain a set of unknown relative weighting factors for each individual plan
in an iterative manner. Although many manual iterations can be undertaken in

designing a plan, time constraints and other factors may still result in agtimal
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plan (93) & (94). In addition, a set of factors found to work for one patient may not
necessarily work for another. A solution to this problem lies mdifig a class
solution, where a set of dose weighting factors provides a clinically acceptable plan
for the vast majority of patients. If a successful solution is found, the time taken
during the planning process is therefore greatly reduced. The userscaply
construct the required structures before applying a plan model saved in the
database with the associated weighting factors, thereby creating a plan that meets
the required dose constrais and objectives and can be safely delivered to the
patient. The use of class solutions in a clinical setting has become increasingly
prevalent with the implementation of inverse planning, and as a result, IMRT/VMAT
R2aS RSt AOSNE YS(iK2Ra® ¢KSNBS Aa | fFNBS
a2 f dzii A 2lyoesaribe adz@etBod of automating plan generation. Due to the
number of different techniques and application of these methods there is also no

standard definition of a class solution as applied to radiotherapy planning.

3.6.3 What makes a good treatma plan?

A class solution generated plan that meets all the dose constraint criteria may not
necessarily be the best plan for that patient. However, meetings with clinical
colleagues made it clear that when approving oesophagedibtiaerapy plans for
treatment, meeting the dose constraints is thimary criteria for going ahead with
treatment. When these are methtere is generally not a large amount of time and
effort given to improving the plan further. This does not mean that meeting the dose
constrains required by plans is easy however, and in some cases this is impossible or

may take an unacceptable amount of time to achieve. In these instances, it is up to
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the oncologistto decide whether the trade off between dose received by normal
tissue comparedto the treatment volume is clinically acceptable and can be
delivered safelyAlthough minimising the dose received by every organ at risk whilst
maximising the dose received in the treatment volume in each patient is the ideal
solution, there will be smaéltrade-offs to be made in most cases. The dose
distribution delivered to an organ is unlikely to be uniform; being able to consider
trade offs between organs is therefore dependent on being able to describe the dose
delivered to each organ. Ideally paratees such as TCP and NT(SBe Section 4.1)
would be ideally used to compare one plan to the next as they would model the
effect of the dose delivered to the patient to a biological outcome. However the
parameters more often used to describe the dose dwkd to an organ and make a
comparison of plans include mean dose, maximum dose, or the fraction of volume of
a structure that receives more or less than a certain specified dose levels. It is
managing the trade off between these parameters that will decwhat plan is
considered better than another. In most treatment planning there will be multiple
structures to consider further increasing the time taken to plan each patient using

conventional planning techniques.

3.6.4 VMAT optimising volumes

VMATplad 2F0Sy NBIldZANBE GKS ONBI 0A@YThesd 2 LJGA YA
are usually simple volumes that are included in a plan in addition to the usual
GTV/PTV and OARs to assist the treatment plansysem in creating a suitable

plan by directing or limiting the dose to specific area. For example, by creating a

dummy volume with a particular dose constraint, the TPS will attempt to limit the
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dose received by that particular volumé&he two additionalktructures created for

the VMAT plan were:

1. DM_PT\W This is simply the original PTV from the-GRT plan grown by
1mm in all directions. This structure is created in order to ensure that the conformity

of the 95% isodose to the original PTV grown ftbenGTV is optimised.

2. DM_Conf_15mng This is a ring like structure created to achieve the required

dose fall off from the planning PTV.

3.6.5 Multicriteria Optimization and creating aPareto curve

One method for the creation of a class solution isttbMulticriteria Optimisation
(MCO)(96). Here each structure is assigned one oregaV objectives and the end
goal is to find a solution that is the best trade off between these objectivAs.
solution that reaches this end gb&s commonly defined as bein@fto optimal A
Pareto optimal solution will therefore be one where no singlbjective can be
improved withoutdeteriorating at least one of the others. The set of $ions that
together define the Breto optimal plan is called the Pareto set. Plotting timage of
the Pareto setin objective space gives a 4Breto surface, whilsslicing through this
surface to focs on two objectives gives a 2@rBto curve Byanalysing the 2D curve

it allows thetrade-off in coverage between two objectives to be visualised.
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When considering the planning of oesophageal cancer treatmentprens at risk

constraintsthat are most difficult to meetre thelungs and heart. (See Tablel 3or

dose constraints)

Region of interest/Organ at risk

Dose constraint

PTV

V95% (47.5Gy) >99.0%

Heart

V80% (V40Gy) < 30Gy

Combined Lungs

V40% (V20Gy) 25%

Table 31 ¢ Dose constraintfor VMAT planning

| therefore wanted to understand the relationship between these two structures

when changing the weightf the objective given to achieving a dose constraint on

one or the other. It was also important tanderstand what affect, if any, that

changing the relative weighting on achieving dose constraints of these two

structures may have on the coverage of the PTV.

The weighting of the Cord, PTV, DM_PTV and DM_Conf_15mm structures were set

in the Plan Optingation Moduleof OMPas seen iTable 32.



Structure Objective and weight

External (OAR) Max dose 60.00Gy, weight 1.0

Heart (OAR) Max average dose 18.00Gy, weight 10.0
Cord PRV (OAR) Max dose 38.00Gy, weight 1000.0
Combined Lungs
(OAR) Max average dose 11.00Gy, weight 10.0
PTV_RC (Target) Min dose 47.50Gy, weight 30.0

Max dose 50.0Gy, weight 300.0

Min dose 50.0Gy, to 50.0% volume, weight 50.0
DM_PTV_RC (Target Min dose 48.50Gy, weight 600.0

Max dose 50.0Gy, weight 300.0
DM_Conf15mm Surrdose 50.00 47.50Gy, dist 0.5cm, weight

(OAR) 1000.0
Table 32 ¢ Objectives and weighting of structures in VMAT plan

From previous work, we know that the dose constraint for the heart is relatively easy
to achieve using VMA(B2). Therefore in order to find the optimum lgrweighting |
set the heart weight to O and ran the optimising process with the lung weighting

increasing from & 20, inincrements of 5
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% volume receiving dose constraint of each structure (Heart
weighting = 0)
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Figure 3.16 % volume receiving dose constraint of each structure

It can be seen from Figure 3.1itat the lungweighting of 15 gives a favourable (i.e.
minimises) dose to the heart. This lung weighting value was theréfitially taken
forward to explore the influence of changing the heart weighting on mean heart

dose and mean lung dose.

To analyse this aspeof plan weighting and its effect on the dose received by the
heart and lung, | created 5 plans with a lung weighting of 15 and heart weightings of
0.5, 5, 10, 15 and 20. The mean heart dose and mean lung dose for each plan

created was recorded and is plett in Figure3.17



Mean Lung Dose vs Mean Heart Dose (Lung weighting = 15, Heart
weighting = 0.5, 5, 10, 15, 20)
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Figure 3.1 Mean Lung Dose vs Mean Heart Dose

Figure 3.18hows how an increasing weight on the heart, whilst reducing the mean
heart dose also results in an increase in mean lung dose. It can be seen how a pareto

curve is being gearated, meaning that the plan is pareto optimal.

The effect of changing the weighting on the heart can also be observed in the dose
distribution representation imagesf the plan itself. Figures 3.1&8e show how as

the weighting on the heart increasesethdose deposited in the heart decreases.
However the dose must be deposited somewhere and this can be observed by the

spilling of the dose into the lung tissue as the weighting on the heart increases.
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Figure 3.18: Showing spilling of dose into
lung with increasing heart weight:

20T

Heart weighting = 0.5
Heart weighting =5

Heart weighting = 10
Heart weighting = 15
Heart weighting = 20

111



| then repeated this proess with a lung weighting of 10. The mean doses of the

heart and lung were again recorded and can be seergur&i3.19

Mean Lung Dose vs Mean Heart Dose (Heart weighting = 0.5, 5, 10,
15, 20)
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Figure 3.1%;Mean Lung Dose vs Mean Heart Dose for patient 1

Figure 3.20 shows how a reduced lung weighting of 10 results incagased lung

dose when compared to the same plan with a lung weighting of 15.

Repeating with a different patient

It was important to assess whether the weightings used on the OARs would produce
a similar plan on another patient. | therefore repeated tpeevious steps of
producing 10 plans with different combinations of weighing on the lung and heart

organs. The plot of mean heart dose and mean ldoge can be seen in Figure 3.20



Mean Lung Dose vs Mean Heart Dose (Heart weighting = 0.5, 5, 10,
15, 20)
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Figure 3.2@; Mean Lung Dose vs Mean Heart Dose for patient 2

The fgure shows that in this instance, the curve of mean heart dose vs mean lung
dose is not pareto optimal when compared to that in fig3t&9. The weightings are

therefore not optimal for this patient.

Patient dependent vs patient independent solution

Although the weightings chosen for the first patient were shown to produce a pareto
optimal curve in terms of heart and lung theyere notreplicated with the second
patient. Therefore the solution found for the first patient is not patient independent,

meaniry that it will not produce a pareto optimal plan for each different patient.
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3.6.6 Replanning worst performing OverMDC patients

The 16 worst performing patiemilansaccording to OverMDC (plotted thi square
symbols in Figure 3.21ivere replanned fom the 3DCRT to VMAT in OMP using the
solution. 11 patients were sgessfully replanned using theclass solutiormeeting

all dose constraintsThe 5 remaining patient plans did not meet the SCOPE 1
protocol dose volumes constraintsr the PTMnitially, but in all cases acceptable
plans were achieved after manual adjustmeot the weighting on the PTV

objectives

Over MDC for Type B patient after re planning with VMAT
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Figure 3.2X%; Effect of replanningfrom 3DCRT to VMA®n OverMDC
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Table 33 gives the OverMDC values before and afteplanning withthe VMAT

class solution.

Patient ID 3D-CRT OverMDC (mm)| VMAT OverMDC (mm)
101003 4.7 2.7
001023 4.9 2.7
064002 4.9 2.8
007003 5.1 2.3
102009 5.2 2.7
102003 5.3 2.1
007002 5.3 2.7
028003 5.4 2.8
177004 5.4 3.7
069009 5.5 2.3
177003 5.6 2.5
007001 5.8 2.3
002004 6.0 2.2
177005 6.6 5.1
139003 7.0 3.0
028001 7.0 2.9

Table 33 ¢ OverMDC after rgplanning with VMAT class solution

The OverMDC was reduced for all 16 patients afegglanning with VMAT (Figure
3.21 and Table &), with a mean redcation of 2.8mm (Range: :40mm). This
confirms that the treatment modality has a large influence on OverMDC value.
However there are also two outliers where the OverMDC was not reduced to the
same extentlt is known from Figure 3.14 that there is a dagency on OverMDC
value on PTV volumend o further review it was found that these two patients had
an above average PTV volume (441amd 498cni) when compared to the SCOPE 1
database mean PTV volume (334gnThe average PTV volume for theptanned

patients was 393cr
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3.7 Multivariate analysis

OverMDC and UnderMDC were included in a multivariate logistic regression analysis
along with other clinical factors. They were, age, sex, tumour type, tumour stage,

tumour site,cetuximabadministration, PTVolume and disease length.

Regression Standard
Variable Coefficient Deviation P-value
Age 0.0686 0.0362 0.0582
Sex -0.8128 0.5777 0.1594
Tumour Type 0.6688 0.6972 0.3374
Tumour Stage 0.8288 0.4676 0.0763
Tumour Site -0.1972 0.4755 0.6784
UnderMDC -0.5292 2.6432 0.8413
OverMDC 1.3680 2.3520 0.5608
Cetuximab 0.5757 0.5263 0.2740
PTV Volume -0.0009 0.0035 0.7887
Disease Length -0.0351 0.1641 0.8309

Table 34 ¢ Results of multivariate analysis

It was found that none of these factors were statiatlg significan{Table 34). The
factors with the lowest pralues were found to be age and tumour staging (p=0.06

and p=0.08 respectively).

3.8 Discussion

The aimin this piece of workwas firstly to quantify plan quality using a ClI and its
effect on pdient outcome. Secondly, to identify whether clinical and technological
factors including PTV volume and treatment delivery method could be related to the

Cl value.

11€



It was found that OverMDC has a statistically significant relationship with overall
survial in univariate analysis independent cétuximabadministration, the latter
having been shown to adversely effect survival in the SCOPE 1 trial. It was also
shown that PTV volume was weakly correlated with the OverMDC value of each
LI GASy G 6nefatioNE®4AY)QGuUt the 2reatment delivery method had a
more significant impact with the mean IMRT OverMDC being 51% of the mean 3D
CRT OverMDC value. When OverMDC and UnderMDC were included with other
clinical variables in a multivariate logistic regg®n analysis neither remained

significant.

The volume of the PTV may have an influence on dose coverage. Meeting constraints
for larger PTVs is more difficult due to the likely increased overlap with organs at risk
(OAR). Specifically in the case ebophageal cancer, OARs such as the heart, lungs
and spinal cord are in close proximity to the oesophagus and may limit the ability to
optimise the dose distribution. In this study we hypothesized that a larger PTV
volume would be associated with an inceeain OverMDC and UnderMDC values
due to the increased complexity of the resulting RT plan and ability to conform the
dose to the PTV due to the need to spare adjacent OARs. Statistical tests showed
that there was indeed a significant difference in the RiBMimes of patients either

side of the OverMDC break point. No significant difference was found in the case of

the UnderMDC metric.

This study also confirmed thasingIMRT and VMAT increase dose conformity when

compared to 3Bconformal therapy, as slwn elsewhere in the literaturéd7). This is
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demonstrated by the significantly smaller OverMDC values between ghg avid

PTV volumes in the IMRT/VMAT patients of the SCOPE 1 trial and furthermore by the
re-planning of the worst performing p&nt plans by OverMDC value frol3D-
conformal to VMAT. A study in gastric cancers found similar results when comparing
3D-conformal radiotherapy to IMRT98), concluding that a better target coverage
and therefore significant dose reduction to OARs could be achieved in IMRT plans. It
is clear thereforghat the more conformal dose delivery techniques should be used

to administer RT wherever possible.

The explanation for the improved overall survival in patients treated with a lower
OverMDC valueand therefore more conformal treatment is not clear. The
association with IMRT/VMAT treatment is interesting as only 3 centres treated the
16 patients with IMRT/VMAT in the omgl trial. In addition Figure 3.2tlearly
shows two cases where q@anning with VMAT/IMRT did not reduce the OverMDC
value to the sara extent, but their PTV volume was higher than the average for the
patients included in this study. It is possible that low OverMDC and/or access to
IMRT/VMAT reflect other aspects of a high quality RT process that require further
investigation in a futurestudy. It is also fully acknowledged that when the OverMDC

metric is included in a multivariate analysis it does not remain statistically significant.

Nevertheless, thisvork suggests that IMRT/VMAT offerspatential tool for safe
dose escalation, ashe MDC analysis has shown that unnecessary irradiation of
normal tissue can be significantly reduced without affecting PTV coverage. This is

consistent with the findings of Freilich et @9) who concluded that Bhough the
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use of IMRT did noimpact on suwvival, it was associated witkignificantly less
toxicity, and Warren et al who have shown that IMRT allows dose escalation to 60Gy
with the same level of normal tissue irradiation asGRT to 50G{82). This is being
taken forward in the recently funded SCOPE 2 trial. Unfortunately there were an
insufficient number of patients treatedith IMRT/VMAT in this study to detect any
impact on survival. In addition, patients treated with IMRT/VMAT may have been
expected to have a lower rate of toxicity, however the rates were so low within the

SCOPE 1 trial that this could not be studied.

In a clinical settingthis work suggess that careful attention to the quality of RT
planning, expressed in terms of conformity of the dose distribution to the target
volume, may impact on overall survival. IMRT/VMAT should be considered for all

patients when conforming the 95% isodose to the PTV is difficult.

3.9 Conclusion

I have shown using the MDC index that in univariate analysis the quality of a plan
with respect to PTV coverage has a significant correlation patient outcome in
terms of overall swival, thereby meeting an initial aim of the project as set out in
Sectionl.9. It has also been shown that plgnality isalsostrongly related to the

use of advancedadiotherapydelivery techniquesallowingthe possibility of dose
escalaton to the umour whilst minimising dose to OARR3hisis explored furtheiin

Chapter 4.
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Chapter 4

The effect of dose escalation on gastric toxicity

4.1 Introduction

The end point of true clinical interest in radiotherapygatrolling the tumour(100)

We therefore want to convert a dose distribution in the tumour tayaantifiable
valueof tumour control Radiobiological modelling is a method of approximating the
clinical outcome of radiotherapy treatment in terms 8CP and NTCPhe modelling

of TCP and NTCP will therefore be used in this chapter to study the potential of
VMAT dose delivery to safely dose @sate lower oesophageal tumourstiia focus

on gastric toxgity.

4.1.1 Tumour control probability

The TCP is the probability of killing all tumour cells in the defined tumour volume
following irradiationwith a certain dose distributionUsing data in the form of
survival fraction curvegwhich carry informationof the proportion of cells that
survive a specified dose of radiation), as a probability model for radiatiduced
individual clonogenic cell death, the TCP computes the probability of tumour
eradication by taking into account factors such as cell famaiion between

radiation treatment fractions, and natural cell death ra(@91)
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Several models have be@eveloped tostudy TCR(See Zaider and Hanin et al for a
review(102). However malelling TCP can be split into famain method:

1. Binomial statistics: This the simplest model and does not take into
account cell proliferation between fractions or stochastic effects.
Success is simply defined as cell death, and the TCP is defined as the
probability that there areng successes whe ng is the total clonogenic
cell population.

2. Poisen statistics: The model also takes into account the stochastic
process of radiatioiinduced cell killing. Here, deterministic
differential equations are usedhat account for cell death both
naturally ard due to radiation. TCP is then given by a poisson
distributionwith amean is the solution of the differential equations.

3. ZaiderMinerbo model: This model also describes the stochastic
effects of cell birth and death but with greater accuracy. A master
equation that takes into account these effects is transformed into a
partial differential equation that in turn can be solved to give a value
for TCP.

4. Monte-Carlo model: As with all Mort€arlo methods, this method is
capable of simulating very arge numbe of cells. To date, bhte-
Carlo methods are the most accurate methods of modellimgt

require specialist software packages and computing hardware
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The method most commonly used for qudative predictions of dose/fractionation
dependencies is the lime-quadratic (LQ) formalisn{103) that utilises poisson

statistics.Here the number of surviving cells following radiation is given by

S(D) -a (aD+bD?) 4.0)
Where S is the number of surviving cells following a ddde, and® ' YR i RS & ONXR
the linear and quadratic parts of the survival curve respectively. The  y R |
constants vary between different tissues and tumours. A useful and widely used
term is theh/i ratio, whichdescribes the dose in Gyhen the number of cells lked
by the linear component is equal to the cell kill from the quadratic component.
For thecalculation of TCRrom DVH datathe tumour volume is considered to be
constructed from independent subolumes. If each subolume (denoted byi in
formula 4.1)is consideredmall enough to receive a uniform dose then the TCP for
the tumour is the product of the TCP wab calculated in each of theubvolumes
given byTCR

TCP=4TCP  wy

i=1

4.1.2 Normal tissue complication probability

The NTCP cabe defined as the probability that otherwise normal tissue (i.e. non
cancerous) will develop adverdate effectsas a result obeing irradiated In the
pag, knowledge of the tolerance of normal tissue tcadiation was severely lacking.
However he minal Emami papefl04) and onsequentQuantitative Analyses of
Normal Tissue Effects in the CII(@JANTE105)working group reporhave since

vastly improvedthe knowledge base within this area, to the extent that NTCP
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modelling is now a recognised and well regarded method of approximdkiag
expectednormal tissue toxicity resulting from irradiatiomitially, Burman et a{106)

fitted a Lyman mode{107)to the Emamidata, allowingthel 6 A f AG& G2 dza$s
constraints for an arbitrary fraain of a whole orgamniformlyirradiated.Kutcher et

al (108)then expanded on this work to allow the analysis of NTCP via DVH data. This
LymanKutcherBurman model is now the most widely used methodestimating

NTCP.

The specific symptom that results from the exposure to radiation is known as a
clinical endpoint. The endpoints can be grouped into two categories; those that are
binary and relate to functional changes (paralysis or death) and those that are scalar,

descrile physiological changes and are usugityded by increasing severity.

4.1.3 Clinical derivation and use of TCP and NTCP
Most of the models that have been developed to describe the dose response of

different normal tissues and tumours have the followocgmmon features:

1 Cell survival after irradiation is binomial and obeys binomial or Poisson
statistics

1 Response of an organ is determined by the death or survival of its target cells

1 All the target cells respond identically

1 Equal effects are obtained froequal dose fractions if sufficiently separated

in time
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The modelling of both TCP and NTCP requires reliable data from specific clinical
studies. As theedting up of a suitable studfpr the sole benefit of producing reliable
TCP and NTCP data is unjikiedl be justified, most data used in the generation of
models is gathered from retrospective analysis of suitaioleort studies andlinical

trials. In order to accurately model TCP and NTCP, there must be detailed
information on the radiation exposure dntreatment outcome available for
assessment. However, radiobiological modelling is a complicated process even with
the use of accurate data. In general, the information available only covers a small
part of the doseresponse curve required for the models athe treatment
administered during radiotherapy is usually at a very specific dose. As a result, the
part of the doseresponse outside the region of the clinical data is based on the
model only and can be difficult to verify. However radiobiological nmodglis an
established field with a large body of published work. Indeed there is an increasing
call for radiobiological modelling to be utilised in the routine treatment planning

procesq109)& (47).

4.2 The need for dose escalation

The incidence of lower third oesophagus tumours are increasing in most Western
populations (110) and it is becoming increasingly clear that cheradiotherapy
(CRT) is now a valid alternative w®urgical resection in the treatment of
gastroesophageal junction (GEJ) can@erl) However, local Hiield recurrence is

still the main reason of treatment failurf@12)following definitive CRT, with >75% of

these occurring within theGTVwhen the standard radiation dose dfp n D& A a
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delivered. Indeed, local recurrence also contributes towards a worse prognosis in
GEJ carcinomd11)

In theory, a higher radiation dose delivered to the tumour should result in higher
local control rate. However it is only with the recent technological advancéTin
planning and delivery that the ability to deliver increased dose to the tumour whilst
minimising dose to normal, healthy tissue a@ARsis becoming possibl¢113)
Increased TCPshould therefore be achievable by increasing the standard dose
prescription beyondF p D& ® | NXB G NP & LIS Old@Ad)%ound thaizRe o &
there was significantly higher overall survival in theatipnt cohort if the patient

was treated in a high dose group (>51Gginpared to thedow dose group (<51Gy),
whilst Geh et al found there was a desssponse relationship between increasing
prescribed radiotherapy dose and pathological complete respomse the
neoadjuvant settinfl15) Bedford et al (116) also found via radiobiological
modellingthat conformal techniques offered the potential of al®Gy incease in

dose delivered to the GTV up to 60Gy with acceptable increases in toxicity.

The organs most at risk when planning oesophageal radiotherapy treatment, and for
which the most stringent dose constraints are usually applied are the heart, lungs
and spinal cod. Oesophageal cancer casas therefore planned according to a
combination of the achievable dose coverage of #iEVand the meeting of dose
constraints for these organs. Work undertook in collaboration with Oxford
Universityin preparationfor the forthcoming SCOPE 2 tr{8R) has shown that dose
escalation to 62.5Gy in mid oesophageal patients is feasible, with the additional dose
able to be delivered without exceeding the OAR dose constraints in 75% of patients.

However, dose escalation has not yet been studied inetfowesophageal cancers,
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when the added proximity of the relatively radiosensitive stomach provides an
added planning challengél17) With the role ofradiotherapy dose escalation
identified as a research priorif. 18)for improving outcomesnd thelikely increase

in individualised RT dogerescriptionin the future, it is important to quantify the
increased risk that this may pose in sites such as the lower oesophagus where clinical
evidence for dosdoxicity correlation for adjacent organs (such as stomach) is
lackirg. This planning study therefore aims to investigate the feasibility of lower

oesophageal dose escalation with a focus on toxicity to the stomach.

4.3 Modelling the impact of dose escalation

4.3.1 Study dataset

Ten patients with tumours in the lowethird region (centre of tumour at 320cm

from back of teeth measured via Endoscopic ultrasound (EUS)) were selected at
random from both arms of the SCOPE 1 databaseé their classificationn the
documentationas lowerthird tumours confirmed visually. Theubset had a range of
planning target volumes (PTV1) from 219 to 48%amd a mean volume of 348¢m
similar to that of the entire SCOPE 1 cohort (mean 32y chhese 10 patients were
therefore judged to give a good representation of the whole patient cbh®he

GTVs and OARs outlined as per the SAQiREEocol were reused.
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Number of

patients Reasoning
Lower oesophageal patients with PTV volume
representative of SCOPE 1 cohort
Centres =7
10 Age in years (Mean = 72, Range:83}

Male (n=4), Femal(n=6)
Cetuximab (Yes(n=4), No(n=6))
Adenocarcinoma (n=2)
Squamous Cell Carcinoma (n=8)

Tumour Stage I(h=10)
Table 4.0; Number of patients included in analysis in Chapter 4

4.3.2 Treatment planning

PT\ wasgrown by adding 1cm isotragally to the CTVijtself grown by adding 1cm
radially and 2cm superiorly and inferiorly (along axis of oesophagus) to the GTV and
may include the stomach mucosa at the inferior limit. For the purpose of this specific
study and the use of the simultaneous integrated bb¢SIB) technique for dose
escalation, additional structures were also created. A PTV2 (boost volume) was
created for the dose escalated plans by adding an isotropic 0.5cm margin to the GTV,
supported by a study by Hawkins et (@19) and reflecting the technique in the
SCOPE 2 trial where margins will not be adjusted dependent on tumour position
(82). The protocol did not address stomach filling or any dose conssrdor that

organ specificajl, there were no constraints or protocol concerning the filling state

of the stomach in the SCOPE 1 trial and therefore for the patiertssrstudy. The
stomach was contoured as (a) whole organ and (b) stomach wall. The stomach wall
volume was generatelly creating a ring like structure encompassing the outer 5mm

of the whole stomach outline. This has been shown to provide a satisfactory

approximation of stomach wall thicknegs20)& (121) In addition, the stomach and



stomach wall structureswere divided into the volume that was within PTV1
(Stomachkin and StomachWalh) and outside PTV1 (StomaGut and StomachWall

Out) (See Figure 4.1)

PTV1 StomachWall

StomachWall-In

StomachWall-Out

Figure 4.1 Schematic of StomachWaii and StomachWafut volumes

Specific dose constraints weggven foreach for the SIB plans (Table ¥based on

the recommendations of theQUANTEaper for dose volume effects in the
stomach and small bowéll22) An SIB dose of 60Gy in 25 fractions was considered
to be clinically meaningful and is being taken forward withiroargoingprospective

dose esalation trial (SCOPE 2).

All treatment plaming was undertaken in Eclipseef8ion 10). The original 3D
conformal plans were imported in DICOM format and the doses recalculated using
the AAA algorithm with a 2.5mm grid. RapidArc (RA) plans were generated 2

arcs of 368, clockwise and counterlockwise with a collimator rotation dft’. The
50Gy 3D conformal plans (504gywere then compared to 50Gy RapidArc plans
(50Gw» and to plans with an additional simultaneously integrated boost of 60Gy to

PT\2 (60Gyy (See Figurd.2).
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Fgure 4.2

A: 50Gyp plan with GTV, PTV and
stomach outline

B: 50Gygaplan with GTV, PTV and
stomach outline

C: 60Gyaplan with GTV, PTV2, PTV
and stomach outline

Outlines:
orange

GT\ dashed

PTV¢ dashed red
PTVZ dashed blue

50G

Dose onstraints for all the structures are listed in Tablé&.4.

Dosevolume constraints

PTV1 (50 Gy)

Vos06(47.5 Gy) > 95%
Dhax(0.1cc) < 107% (53.5 Gy)

PTV2 (60 Gy)

Vos0 (57 Gy) > 95%
Dinax (0.1cC) 407% (64.2 Gy)

Individual Kidneys
Stomachin***
StomachOut***

Lung Mean dose < 20 Gy
VZOGy <25%
Heart Mean dose < 25 Gy
VSOGy < 45%*
V4OGy < 309%**
CordPRV Dmax(0.1cc) < 40 Gy (45 Gy permitted)
Liver V3OGy< 60%

V20(;y< 25%
Max dose < 60Gy
Max dose < 45Gy

50Gy

oGy

60Gy

oGy

Table 41 ¢ Dose constraints fodose escalatedadiotherapy plans*Applies only to 50Gypand

60Gw)aplans. **Applies only to 50Gyplans. ***Applies only to 60Gyplans
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Patient 6 was originally planned using 5@Q&therefore a 50Gy plan was not

created in this case.

4.3.3 Radiobiological modelling

Radiobiological modelling of TCP was undertaken using the parameters derived by
Geh et al(115) This multivariate logistics regression model was constructed using
data from 26 preoperative CRT trials in oesophageal cancer and was considered a
good representative of the SCOPE 1 pdtieohort. The TCP modelling was
undertaken binwise in Microsoft Excel using parameters by Geh et al found in their
original paper(115) Differential dosevolume histograms (DVH) for each structure
were calculated in CERR utilising Matlab scripts developdtwuse (86) before

being converted to relativ®VHSs in Microsoft Excel. TCP was calculated as:

_ exp(2)
TCP(2)= mp(z) (4.2)

where z = @+ g total RT dose +,dotal RT dose x dose per fraction gdaration +

asage + gb5FU dose +gxisplatin dose. The/i gl a nddpDeé @

NTCPmodelling was carrieaut in Eclipse Biological Evaluation module using the
whole heart volume model of Gagliardi et @23) with an endpoint of cardiac
mortality, and for the lung using the model parameters from De Jaeger €12a)

which predicts a radiation pneumonitis (RP) of grade 2 or higher. NTCP models for

the stomach are limited therefore modelling was carried out using those judged to
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be most relevant. The whole stomach was modelled using parameters derived by
Burman et al(106) with the endpoint being ulceration, whilst the stomach wall
parameters were devied by Feng et dl125) modellingthepré 6 Af AG& 2F xo :

gastric bleeding.

Data were analysed using the SPSS statistics package version 20.0.0 (IBM), and
results are reported as median (range) values. Both #seafe and the ®/alues

were calculated.

4.4 Results

Table 4.1(Page 138)reports the dosevolume metrics and the results of the
Wilcoxon signed rank test for all radiotherapy plans. Adequate target dose coverage
was possible for all patients in all treatment modalities when consigeithe
coverage of PTV1 (Table ¥%.Eourpatients failed to meet the minimum coverage of
PTV2 with the minimum coverage being 92.4%. All OAR dasstraintsfor the

heart and lung were met for all patients for all treatment plans. 6 patients failed to
meet the Stomachn constraint and 1 failed to eet the StomackOut constraint for

the 60Gyaplans. All other dose constraints in Tal@were met.

There was a mean decrease 1.(Rarfge-3.0%, 0.6%) in TCP from the 5@¢y the
50Gyaplans, a mean increase of 12.0% (9.9%, 13.6%) in TCP frofdGlyg plans
to the 60Gyaplans and a mean increase of 13.0% (12.4%, 13.4%) in TCP from the

50Gyaplans to the 60Gyplans(Figure 4.3
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TCP values using Geh model

60.0% 1
50.0% -

40.0% -

S 30.0% - Bs0Gy
W50Gy RA

10.0%

0.0% -
1 2 3 4 5 6 7 8 9 10

Patient

Figure 4.3, TCP values of 50Gy3D, 50GyRA and 60@&dRAherapyplans

For NTCP there was a mean decrease 4%3(6.3%, 0%) for the heart from the
50Gyp to the 50Gyaplans, a mean decrease of 2.2%.9%, 2.0%) from the 506y
to the 60Gyaplans and a mean increase of 1.2% (0.5%, 2.0%) in NTCP for the heart

from the 50Ggato the 60Gyaplans(Figure 4.4



Heart

14.0 1
12.0 1
10.0 1

8.0 1
O50Gy 3D

NTCP (%)

6.0 1 E50Gy RA

4.0 - O60Gy RA

2.0 1

0.0 -
1 2 3 4 5 6 7 8 9 10

Patient

Figure 4.4 NTCP for heart for 50Gy 50Gyaand 60Gyradiotherapy plans

For lung there was a mean increase of 0.43806, 2.2%) in NTCP from the 5Gy
the 50Gyaplans, a mean increase of 1.099.6%, 3.2%) from 50gyto 600Gy, and

a mean incease of 0.6% (0.1%, 1.2%) from the 50§ the 60Gya plans (Figure

4.5).
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Lung

10.0 1
9.0 -
8.0 1
7.0 1
g 6.0 -
o 050Gy 3D
bt
< E50Gy RA
E60Gy RA

1 2 3 4 5 6 7 8 S 10
Patient

Figure 4.5 NTCP for lung for 50y 50Gy and 60Gyaradiotherapy plans

For the stomach and stomach wall the variation in NTCP between patients was
considerable. Patientd, 2, 6 & 8 all had stomach NTCP values <0.03% for all
treatment plans whilst the largest value was 3.4% for a patient planned using the

60Gwatechnique (Figure 4)6
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NTCP (%)

4.00 7

3.50 A

3.00 A

2.50 1

2.00 A

1.50 1

1.00 1

0.50 -

0.00 -

Stomach (Whole organ)

Patient

10

@50Gy 3D
E50Gy RA

@ 60Gy RA

Figure 4.6; NTCP for stomach for 5065y50Gy.and 60Gyradiotherapy plans

The somach wall model, which modeggastric bleedingshowed considerably larger

absolute values of NTCP, the largest being 39.4% for a patlanhed with the

60Gwaplan. Across the whole study, there was a mean decrease in stomach wall

NTCP of 3.1%6.5,0%) from the 50Gy, plans to the 50Gyaplans, a mean increase

of 5.9% 4.7, 18.7%) in NTCP from the 5@6t0 the 60Gyaplans and a mean

increase of 8.2%-@.4, 21.3%) in NTCP from the 5Q@9 the 60Gya plans Figure

4.7).
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NTCP (%)

5.0

0.0

45.0 7

40.0 -

35.0 A

30.0 A

25.0 1

20.0 1

15.0 1

10.0 A

Stomach Wall (Whole organ)

|oull |

1 2

E50Gy 3D
E50Gy RA

E60Gy RA

5 6 7 8 9 10
Patient

Figure 4.7 NTCP for Wwole stomach wall for 50Gy, 50Gypand 60Gyradiotherapy plans

To address the fact thdtoth part of the stomach and stomach wall are within the

PTVs, particularly the dose escalated PTV2, | restritiedNTCP modelling to the

volumeoutside the boosvolume (PTV2).Here was in general a smaller difference

between the NTCP values between plans. In this case there was a mean decrease of

3.4% {7.4%, 0.3%) from the 50gpto the 50Gyaplans, a mean decrease of 0.9% (

4.7%, 1.0%) in NTCP from the 5§39 the 60Gyaplans, and a mean increase of

2.3% {0.4%, 6.9%) in NTCP from the 5Q6¢ the 60Gyaplans (Figure 4)8
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25.0 1

20.0 1

NTCP (%)

. im

1 2 3 4 5

6

Patient

Stomach Wall NTCP (Whole organ - PTV2)

E50Gy 3D
H50Gy RA

I60Gy RA

10

Figure 4.8 NTCP for stomach wall minus PTV2 for 58@0Gy,and 60Gyaradiotherapy plans

Table 43 shows the Pearson coragion coefficients between the Stomach and

Stomach Wall volumes and associated dose metrics.

Pearson Coefficient

Volumes: 50Gy3D 50GyRA 60GyRA
Stomach Volume Stomach Mean Dose 0.35 0.60 0.61
Stomach Volume Stomach Max Dose -0.19 0.12 0.55
Stomach Volume Stomach V45 0.16 0.08 -0.02
Stomach Volume Stomach V50 0.11 0.05 -0.04
Stomach Wall VolumeStomach Wall Mean Dos 0.63 0.66 0.66
Stomach Wall VolumeStomach Wall Max Dose -0.12 0.32 0.68
Stomach Wall VolumeStomach Wall V45 0.23 0.21 0.12
Stomach Wall VolumeStomach Wall V50 0.38 0.22 0.04

Table 43 ¢ Pearson correlation coefficients between stomach, stomach wall volumes and dose

metrics




It can be seen how the strongest correlations are between the stomach wall velume
in each plan and the mean doseceived by those volumes (0.63, 0.66 and 0.66 for

the 50Gyp, 50Gyaand 60Ggarespectively).

Sixpatients had an overlap between the GTV and PTV2 and Stomach Wall structure
whilst all patients had an overlap between the PTartd Stomach Wall structures.

There was a strong correlation between the NTCP value and the Stomach Wall
a0 NHzZOG dzNBkt ¢+ m 2FSNI I LI &0 NHOUdz2NE @2t dzY S
0.77 and 0.77 for the 60@y 50Gys and 50Gyp plans respectively)Figure 49

shows the correlation between NTCP and the Stomach Wall/PTV1 overlap structure

volume for the 60Gyaplans.

NTCP vs Stomach wall/PTV1 overlap
volume for 60Gy RA

45.0

40.0

35.0

£ o0 ad
15 =

A ——

s

00 1 1 1 1 T 1
0.0 5.0 10.0 15.0 20.0 25.0 30.0

PTV overlap volume (cc)

Figure 4.9, NTCP vs whole stomach wall/PTV1 overlap structure volume forsa€deljotherapy

plans
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There was also a strong corretati between the NTCP value and the Stomach

Wall/PTV2 overlap structure volume for the 6@gplan (R= B2) (Figure 4.10

NTCP vs Stomach wall/PTV2 overlap
volume for 60Gy RA

45.0

-
E S—
) —_——

-

10.0 [

o~

50 ¢

0.0 T T T T T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

PTV2 overlap volume (cc)

Figure 4.1@ NTCP vs whole stomach wall/PTV2 overlap structure volume forsg@8elyotherapy

plans

45 Discussion

This study hashown that usinga VMAT delivere®IB technique it is possible to
deliver a dose of 60Gy to the tumour whilst adhering to all standard OAR dose
constraints for lower oesophagus tumouts.addition, his study to my knowledge

is the first to specificall investigate the effect of dose escalation in lower
oesophageal tumours on the stomach using radiobiological modelling.

When comparing the 50Gyto the 60Gyaplans there was a significant increase in

TCP but also an increase in the mean dosearpeater for the lung (See Table 2).



There wasalsoa significant increase in mean TEPW gaing from the 50Gy to the
60Gya plan. Comparing 50Gy and 50Gga there was a statistically significant
increase in lung V13Gy, which can be explained by the low d@sh associated

with RapidArc type treatment plans, however V20Gy reduced and mean lung NTCP
was reduced from 5.1% to 4.3%. There was a significant decrease in the heart
V30/40Gy values. Although this did not result in a significant decrease in NTCP
between the two planning methods in this study, this agrees with results from
previous workl was involved iron midoesophageal cancer patien{82). For the
60Gya plansas a wholethe NTCP values for the heart and lung were lower than
those found inthe previous study on mid oesophadezance patients as would be
expected due to the more inferior location of the tumour. Howewbgre was still a
similar modest increase in heart and lung toxicities when using the boost technique
(82). This also agrees with the recently published study by Roeder et al who
delivered60Gy to patients with oesophageal cancer using a SIB technique and found
acceptable acute and late overall toxicity to the lung and hEE6)

However, when treating lower oesophageal tumours there is the addedplication

of having the stomach adjacent to the treatment volurkrel used two models for

the stamach and applied them to botkthe structure as a whole and inside and
outside the PTV. The model for the stomach wall by Feng @2&)was found to
predict a higher rate otoxicity than that for the whole stomach, most likely the
result of the different endpoints of gastric bleeding and ulceration being modelled
respectively. Max dose constraints of 45Gy and 60Gy were applied to the stomach
outside (StomaciOut) and inside §tomachin) the PTV respectively for the 6QGy

plans. The NTCP results for the 6RGyhen modelling the volume outside the PTV
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were similar to those of the 50Gyand 50Gyp plans (Max NTCP of 23.0% and 23.4%
for the 60Gyaand 50Gyp plans respectively)suggesting that dose escalation may
not pose any more risk to normal stomach than 3D conformal radiothefBjgure

4.8). However, when considering the stomach wall structure as a whole it was found
that there was up to 20% increase in NTCP when usiagdtse escalation plan
compared to the 50Gy plan. This value however coulet considered as being the
worst case scenario, as it is acknowledged that stomach movement and filling over
the course of treatment may blur out any dose hot spots. Any NTCRE w=hlso by
nature calculated from a model that is open to interpretation therefore should only
be used to give an approximate risk. It is fully acknowledged that radiobiological
modelling inherently has limitations that limit its accuracy. Specificalthe case of

this study, there is a lack of both clinical outcome data and radiobiological models
for stomach toxicity when prescribing a dose >50Gy. However the model used was
deemed to be the most suitable in this instance. The application of radiahczb
modelling to partial organ irradiation is also a contentious one that may affect the
results. However the purpose of this study was not to give definitive values of
stomach toxicity, but to investigate and inform of the potential relative risks el

in dose escalation of lowevesophagusumours both in a forthcoming trial and in

clinical practice.

| have shown that there is a strong correlation in NTCP with the volume of overlap
between the stomach wall with both PTV1 and the high dose regiovi2PWhen
more clinical dataare available it may become apparent that safe delivery of the

60Gy SIB is dependent on this volume of the overlap, which could potentially be
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reduced by reducing the treatment margins for individual patients using techniques
such as 4DCT, gating and breath hold protocols. However it has been reported that
the inter-patient motion of oesophageal tumours is highly varial@7) and that

even the use of 4DCT may not even fully account for organ motion in between
fractions(128) A move to reduceopulationbasedl margins from those used in the
SCOPE 1 and SCOPE 2 trials, rather than on an individual basis, may therefore
increase the risk of failure to control the disease. The margins used in this
investigation were taken from the SCOPE 2 protoand therefore gve an
approximation of results from a forthcoming nationwide trial, taking into account

the inherent errors in radiobiological modelling.

An inclusion criteria for the SCOPE 1 trial was that patients were to have
histologically confirmed carcinoma of thmesophagus with no more than 2cm of

mucosal tumour extension into the stomach. As this patient growgtsislikely to be

Ay Oft dzZRSR Ay (GKS {/ ht 9mean | WoN@ tedoBmeiditifai & 0 dzR & O
the radiotherapy protocol that these patients beetited with caution until the safety

of this dose escalation method is clearly defined within the SCOPE 2 trial.

The results also suggest that the maximum prescribed dose achievable for each
patient may be dependent on the volume of the stomach overl@p the treatment

volume.



50Gyp
Median (range)

50Gy:a
Median (range)

60Gy:a
Median (range)

Wilcoxon signeerank test
50Gyp-50G¥%s  50Gyp-60Gys  50GkA- 60GKA

PTV1
V95%

PTV2 (GTV+0.5cm)
V95%

TCP (%) Geh

Lung

Mean dose (Gy)
V13Gy (%)

V20Gy (%)

NTCP (%) De Jaeger

Heart

Mean dose (Gy)
V30Gy (%)

V40Gy (%)

NTCP (%) Gagliardi

Stomach

Mean dose (Gy)
Max dose (Gy)
V45 (cc)

V50 (cc)

98.2 (96.6100)

38.7 (37.541.1)

9.8 (6.011.1)
26.8 (20.635.9)
19.7 (12.324.3)

5.1 (1.96.0)

26.8 (13.931.2)
55.1 (9.767.9)
16.2 (5.924.5)
8.9 (3.112.8)

29.8 (5.544.2)

52.6 (49.653.4)
47.3 (7.380.4)
31.5 (023.4)

Stormachln max dose (Gy) 52.6 (49.653.4)
StomachOut max dose (G' 51.4 (49.453.1)

99.1 (95.2100)

37.8 (37.538.7)

10.2 (5.814.3)

32.8 (15.151.6)

11.3 (4.617.4)
4.3 (2.88.0)

21.2 (14.623.6)

17.2 (8.225.3)

10.1 (4.514.8)
4.9 (22-7.3)

24.1 (5.440.4)
51.9 (42.452.9)
32.8 (649.8)
17.7 (614.8)
51.9 (42.452.9)
44.4 (36.643.6)

97.0 (95.608.2)

95.1 (92.497.4)
50.9 (50.751.4)

10.7 (6.415.2)

34.4 (18.654.2)

15.6 (6.523.4)
4.7 (3.19.0)

20.2 (16.423.2)

18.7 (10.322.6)

10.6 (5.613.6)
6.1 (2.97.9)

23 (6.536.1)
60.9 (51.661.6)
34.3 (5.425.4)
21.4 (2.219.2)
60.9 (51.661.6)
44.8 (42.346.1)

7=0.53 (p=.57)

Z=2.11 (p=.04)

7=1.78 (p=.07)
7=2.19 (p=.03)
7=2.55 (p=.01)
7=1.49 (p=.14)

Z=1.68 (p=.09)
Z=2.67 (p=.01)
7=2.67 (p=.01)
Z=1.90 (p=.06)

Z=1.17 (p=.24)
7=0.83 (p=.41)
Z=2.60 (p=.01)
7=2.31 (p=.02)
7=0.77 (p=.44)
Z=1.76 (p=.07)

7=1.07 (p=.28)

Z=2.67 (p=.01)

7=2.40 (p=.02)
Z=2.55 (p=.01)
7=1.72 (p.09)

7=2.09 (p=.04)

Z=1.58 (p=.11)
Z=2.55 (p=.01)
Z=2.67 (p=.01)
7=1.38 (p=.17)

7=0.97 (p=.33)
7=2.61 (p=.01)
7=2.50 (p=.01)
Z=1.78 (p=.07)
7=2.61 (p=.01)
Z=1.79 (p=.07)

7=1.36 (p=.17)

Z=2.81 (p=.01)

7=2.80 (p=.01)
Z=2.09 (p=.04)
7=2.81 (p=.01)
7=2.80 (p=.01)

Z=0.15 (p88)

Z=0.87 (p=.39)
Z=1.58 (p=.11)
Z=2.80 (p=.01)

Z=1.60 (p=.11)
7=2.81 (p=.01)
7=0.36 (p=.72)
Z=1.27 (p=.20)
7=2.81 (p=.01)
Z=0.14 (p=.88)



NTCP (%) Burman

Stomach wall
Mean dose (Gy)
Max dose (Gy)
V45 (cc)

V50 (cc)

NTCP (%) Feng

Cord PRV

Dmax 0.1cc (Gy)

0.6 (02.5) 0.2 (01.3) 0.3 (03.4)

29.5(8.242.6) 22.9(7.938.7) 22.4(9.135.0)
52.6 (49.653.4) 51.9 (8.452.9) 61 (51.661.6)
28(6.239.9)  17.9(026.9)  17.9 (5.425.4)
15.8 (023.4)  9.1(014.8) 9.2 (2.219.2)
17.4 (3.524.9) 11.1(3.618.9) 17.5(3.239.4)

36.9 (16.141.3) 31.1(26.244.1) 34.9 (28.439.6)

Z=2.38 (p=.02)

7=0.97 (p=.33)
Z=0.77 (p=.44)
7=2.19 (p=.03)
Z=2.31 (p=.02)
Z=1.72 (p=.09)

Z=0.47 (p=.64)

Table 42 ¢ Comparison of dse volume metricand TCP and NTCP valtmsall radiotherapy plans

Z=0.35 (p=.73)

7=0.76 (p=.45)
Z=2.55 (p=.01)
7=2.19 (p=.03)
7=1.48 (p=.14)
7=1.99 (p=.05)

Z=0.18 (p=.86)

Z=2.03 (p=.04)

7=0.87 (p=.39)
Z=2.81 (p=.01)
7=0.46 (p=.65)
Z=1.B (p=.20)
Z=2.70 (p=.01)

Z=1.67 (p=.10)
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4.6 Quartification of stomach movement

The work in the previous section on approximating stomach toxicity when escalating
the dose of lower oegghageal tumours to 60Gy was undertaken by modelling NTCP
from RT plans constructed using the patients planning CTs.

Although the majority of radiotherapy is delivered based on the plan from a single
CT scan such as this, the anatomy of a patient may ehawvgr the course of
treatment. This is mainly due to patient movement, inaccurate patient positioning,
and organ motion(129) The first two of these factorsan be minimised by patient
and staff training and the third to a lesser extent by the use of protocols and
specialist equipment. However there is still likely to be internal organ motion that
cannot be accounted for withoutsing advanced techniques suab Image Guided
Radiotherapy (IGRT) where on set CT images are used to position the patient
correctly and track the movementduring the fraction Nakamura et al discuss how
large variations in stomach volume may have a detrimental effect on dose eenalati
when treating pancreatic cancer, despite using a breath hold technfjg@) As a
result, the dose distribution received by the patient during treatrmesl most likely

differ slightly to what was planned. This will therefore affect the dose distribution
around the tumour volume and also any adjacent organs at risk and in turn any TCP
or NTCP modelling. The impact of variation in gas in the stomachose d
distribution should also be considered. For example, Kumagai et al found that dose
conformation to the CTV was degraded due to bowel gas movement when treating
pancreatic cancer using carbon ion beafi81) and consequently may also be

applicable when using photon beams. Bouchard et al &smd that changes in
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stomach filling resulted in the boost target being missed when treating GEJ tumours

with IMRTSIB(132)

Motion of the tumou volume is accounted for by the use of margins that encompass
the tumour volume as set out in ICRU Reports 50 an(B62& (81), and there are
several metlods reported in the literature to minimise the uncertainty of target
localisation and reproducibility during RT for lung, liver and intrapélunours.
However there are usually no such margins added to the outline of organs at risk
Some trial potocols specify methods to decrease uncertainty in OAR positigrh s

as drinking a specific amount of waterfill bladder or stomachAccording to Urie et

al, the problem of internal organ motion is most pronounced and severe in the
abdominal region(133) where organ motion may arise from differences in filling
states in addition taespiratory motion. As there was no stomach filling protocol for
the SCOPE 1 trial, a study to investigate and quantify stomach filling between
fractions may give an indication towards what impact, if any, the inclusion of a
stomachfilling or breath holdprotocol would have on stomach toxicity and dose
distribution when treating lower oesophageal tumour¥he objectiveof the
following studywas therefore toinvestigatethe inter fraction movement of the
stomach by analysing theone beam computed tomogréy (CBCT) imagedsr
patients being treated for lower oesophageal tumours. This may then give an
indication of how stomach movement could affect the dose distribution and

consequent TCP and NTCP modelling when dose escalating patients.
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4.7 Cone Beam Comyted Tomography

Compared to the now widespread mudtice CT scanners, cone beam computed
tomography is a relatively recent technolo@/34) A divergent pyramidal or cone
shaped source of ionizing radiation is directedotigh the middle of the area of

interest on to an xay detector on the opposite side (Figutell).

“Cone” Beam Geometry “Fan” Beam Geometry
(for single slice)

Figure 41X { OKSYF GA O 2F /. /¢ (3R 02y @SyiArz2ylf WTl

Figure 41 K2ga GKS RAFFSNBYOS 06SisSSy /./¢ |yR
multiple basis projections for th@rojection data from which orthogonal planar

images are secondarily reconstructed. In fan beam geometry, primary reconstruction

of data produces axial slices from which secondary reconstruction generates
orthogonal images. The amount of scatter generaged! recorded by cone beam

acquisition is substantially higher, therefore reducing image contract and increasing



image noise.

4.8 Preparing for analysis

Patients undergoing treatment for lowesesophagealcancer at Velindre Cancer
Centre receive a coneem scan on the first three fractioref their radiotherapy
treatment, and then once weeklyThis follows the guidance of tHgational Cancer
Action Team report puished in August 201¢136) By utilising and analysing these
images together with the planning CT, a clearer picture of the Afmgation
movement of the stomach could be gained. The planning CT image and CBCTs
images for 4 ptents treated at Velindre Cancer Centre were chosen for analysis.
Although there were a greater number of patients with CBCT images available, there
was a large variation in image quality of the CBCT images. As a result, | was only

confident in being ablé&o correctly identify the stomach on these 4 patients.

4.81 Outlining the stomach volume

The stomach organ volumes were outlined on both the planning CT and the cone
beam CT for each patient on the OMP treatment planning system. These were
checked and @nfirmed for accuracy by an oncologist before commencing with the

study.

4.8.2 Image registration

To assess the movement of the stomach, it was important to assignmejasnce
stomach volume from which the movement over the other fractions could be
guantified. For the purpose of this studyhe volume outlined on the planning CT
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scanwas assigned as the referengelume. Another requirement was the position

matching of the bony amomy of the patient from one Cifmage to the next, this

would ensure that y & OKI y3IS Ay GKS aid2YlFOKQa L32aAiaAa;
relative. This process of matching tB® position of the patient between images is

known as image registration and | carried this out between the planning CT image

and the 4 CBCT images thre Velocity(Varian Medical Systems Palo Alsoftware

package. This was largely an automatic process using specific tools within the
software, however on some occasions some manual aaijests were required.

Figures 4.12 and 4.1how the before and afr of the process.

(T
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v

Figure 4.12; Pre registratiorof planning CT and CBCT images



> VelocityAl - Patient: Rhys, 2105312; Id: 2105312

< -CBCT3def

Figure 4.13; Post registratiorof planning CT and CBCT images

Once the CBCT image was matched to the planning CT the associated stomach
structures were imported and lathe separate registrations (CT:CBCT1, CT:CBCT2,
CT:CBCT3 and CT:CBCT4) fused into one image set. This created one planning CT
image set with the associated stomach volume from each registered CT:CBCT

combination. This image set was then exported in DIG@Mat for analysis.

4.8.3 Quantifying the stomach position
¢CKS ljdz2 yGAFAOFGAZ2Y 2F (GKS OKFIy3aS AR (KS
The DICOM file containing all the stomach volumes was imported and a CERR .mat

file created. A screen shot tiie resultingfile can be seen in Figure 4.14 can be

15C
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seen how all the stomach volumes from the planning CT, CBCT1, CBCT2, CBCT3 and

CBCT4 are all present as separate structures.

Figure 4.14; Screen grab fromERR showing all stomach volumes

The paition of each stomach structure was quantified by recording the maximum
and minimum X, y and z coordinates of the structure using a script in Matlab. The
coordinates for the centre of mass (COM) of each stomach strucuee also
recorded and theotal volume of each stomach structure and the overlap volumes

between the stomach and PTV and PTV2 calculated.
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49 Results

491 Differencein maximum and minimum XYZ coordinates and COM

Patient 1

The differences between theninimum, maximum and COMyz coodinates and

COMwere calculated in mm. Tab#e4 showsthe resultsfor Patient 1

Difference Plan- CBCT1| Plan-CBCT2| Plan-CBCT3| Plan-CBCT4

Min X -11.7 0 -6.8 2

Min Y 2.9 2 13.7 8.8

Min Z 0 3 0 -6

Max X -1 3.9 -3.9 -4.9

Max Y 4.9 3.9 -36.1 -19.5
Max Z 9 6 18 9

COM X -1.4 -1.2 -12.1 55
COMY -3.2 2.4 5.7 -11.7
COM Z 11.3 6.8 8.2 -0.1

Table 44 ¢ Difference in minimummaximum and COMyz coordinate$mm) for stomach structures

(Patient 1)

It can be seen that there is a displacement of @p36.1mm in themaximumyY

coordinate.



Patient 2

Difference Plan- CBCT1| Plan-CBCT2| Plan-CBCT3| Plan-CBCT4

Min X 4.9 -1 -1 5.9
Min Y -3.9 -3.9 -4.9 -9.8
Min Z -6 18 -3 18

Max X 6.8 4.9 4.9 7.8
Max Y 3.9 2 2 -1

Max Z 6 42 12 30

COM X 2.5 -6.7 -2.8 3.7
COMY 0.1 2 -0.8 -3.2
COM Z 2.4 31.4 6.6 26.6

Table 45 ¢ Difference in minimummaximum and COMyz coordinategmm)for stomach structures

(Patient 2)

The maximum displacement for patient 2 was 42mm in the Z direction.

Patient 3
Differernce Plan-CBCT1| Plan-CBCT2| Plan-CBCT3| Plan-CBCT4
Min X 8.8 4.9 2 2
Min Y 3.9 5.9 2.9 5.9
Min Z -3 0 -15 0
Max X -8.8 0 -4.9 -3.9
Max Y -10.7 6.8 2.9 2
Max Z -12 -3 -12 0
COM X 0.7 1.6 -1.6 0.7
COMY -6.3 6.4 1.5 0.8
COM Z -7.3 0.4 -10.4 -0.8

Table 46 ¢ Difference in minimummaximum and COMyz coordinategmm)for stomach structures

(Patient 3)

The maximum displacement for patient 3 was 15mm in the Z direction.
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Patient 4

Difference Plan- CBCT1| Plan-CBCT2| Plan-CBCT3| Plan-CBCT4

Min X -3.9 -3.9 6.8 -2

Min Y -1.27 0 0.2 -1.37
Min Z -1.5 0 -0.3 -1.8
Max X -2.9 -12.7 -9.8 23.4
Max Y 2 -2 0 19.5
Max Z 18 9 15 27

COM X 1.3 4.1 2.9 14.6
COMY -3.2 2.5 2.1 -1.1
COM Z 6.1 4.1 6.6 9.3

Table 47 ¢ Difference inlminimum, maximumand COMyz coordinates for stomach structures

(Patient 4)

The maximum displacement for patient 4 was 27mm in the Z direction.

4.9.2 Average displacement of XYZ and COM coordinates

The average displacement, regardless of direction, across all paigermsisown in

Table 48

Average Plan- CBCT1| Plan-CBCT2| Plan-CBCT3| Plan-CBCT4
Min X 7.3 2.4 4.2 2.9
Min Y 5.9 2.9 5.9 9.5
Min Z 6 5.3 5.3 10.5
Max X 4.9 5.4 5.9 10
Max Y 5.4 3.7 10.3 10.5
Max Z 11.3 15 14.3 16.5
COM X 15 3.4 4.9 6.1
COM Y 3.2 3.3 2.5 4.2
COM Z 6.8 10.7 8 9.2

Table 48 ¢ Average displacement afiinimum, maximum an€€OMxyzcoordinates
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The average and range of displacement across all image sets, for both the maximum

and minimum xyz coordinates of the structur@® shown in Tale 49:

Average XYZ
X 5.4 (0.023.4)
Y 6.7 (0.036.1)
Z 10.5 (0.642.0)

Table 49 ¢ Average xyz coordinates across all image sets

The average and range of displacement for the COM coatels across all iage

sets are shown in Tableld:

Average COM
X 4.0 (7.014.6)
Y 3.3 (1.011.7)
Z 8.7 (1.031.4)

Table 410 ¢ Average COMoordinates across all images

4.9.3 Difference in ptal volume

| also calculated the total volume of the stomach for each patient in each image. This
would allow a clearer ipture of the change in the stomach structurgigure 4.15
shows the change in absolute stomach volume for each CT Tahte 4.1 shows

the percentage difference in volume recorded with the CBCT scan compared to the

planning scan.
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Absolute volume of stomach across treatment

600
500 7
X
400 ]
= X @ patient 1
E
-ﬁ- 300 - & mEpatient 2
% 200 | ® Patient 3
> % ¢ X X Patient 4
100 L
0 T T T 1
0 1 2 3 5
CT Scan
Figure 4.1%; Absolut volume of stomach across treatment
Plan Volumg CBCT1 CBCT2 CBCT3 CBCT4
Patient 1 166.30 -29.47 +0.43 +22.48 +14.69
Patient 2 379.45 -20.94 -45.38 -24.65 -24.27
Patient 3 128.78 +52.19 -3.34 +1.59 +0.38
Patient 4 473.88 -27.06 5.57 +1.86 -64.86

Talle 4.11 ¢ Percentage difference in stomach volume between CBCT and planragg

4.9.4 Difference in werlap volumes

The change in overlap volume between the stomach and iBThown in Figure

4.16.Table 4.2 shows the percentage difference in volumecoeded with the CBCT

scan compared to the planning scan.
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Absolute volume of PTV/Stomach overlap across treatment
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Figure 4.16; Absolute volume of PTV/Stomach overlap across treatment

Plan Volume CBCT1 CBCT2 CBCT3 CBCT4
Patient 1 48.77 -26.51 +32.17 -26.58 +6.03
Patient 2 195.92 -9.38 -74.87 -19.63 -53.26
Patient 3 49.40 +18.93 +12.53 -26.30 +13.68
Patient 4 108.94 -17.84 -2.08 +38.99 -33.85

Table 4.2 - Percentage difference in PTV/stomach overlap volume between CBCT and planning image

The change in overlap volume between the stomach and2R3¥hownin Figure
4.17.Table 4.8 shows the percentage difference in volume recorded with the CBCT

scan compared to the planning scan.



Absolute volume of PTV2/Stomach overlap across treatment

100.00

90.00

80.00

70.00

60.00

50.00

40.00

Volume (cm3)

30.00

20.00

10.00

0.00

| |
w|
X
X
X X g
Fa¥
w|
& N & ° ®
0 1 2 3 4 5

Ct Scan

@ Patient 1
Epatient 2
Patient 3

X Patient 4

Figure 4.1 Absolute volume of PTV2/Stomach overlap across treatment

Plan Volume CBCT1 CBCT2 CBCT3 CBCT4
Patient 1 5.32 -70.45 48.52 -37.72 42.77
Patient 2 93.12 -0.90 -83.13 -7.83 -62.64
Patient 3 1.84 -99.38 -4.05 -100.00 -16.67
Patient 4 42.23 -18.04 -15.27 30.86 -30.50

Table 4.8 - Percentage difference in PTV2/stomach overlap volume between CBCT and planning

4.10 Dis

This study quantified the interaction movement of the stomach by utilising the

planning CT and CBCT images. It is well recognised that the stomach continually

cussion

image

changes volume and position during radiotherafds7) Previous work has used

endoscopically placed clips to try to quantify gastric movemdmwever these

proved problematic bylisplacementduring the course of R{IL38) Fluoroscopy has

also been used to iderfyi the most superior, inferior, anterior, posterior and lateral
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site of mucosal surface on filfd39) In this study however | outlined the stomach

on a treatnent planning system and used aalab script to record the maximum
and minimum xyz coordinates of the stomastucture in CT images taken across
the course of radiotherapy treatment. It is clear that stomach movement is a
combination of translations, rotations and changes in morphology (size and shape)
therefore the difference in the maximum and minimum xyz caaates of the outer

limit of the structure together with the difference in COM coordinates gives a good
indication of any change. The change in total volume of the stomach in each patient
was also recorded. It was found that there was on average a 5.4n¥mn6é and
10.5mm displacement in the outer border (maximum) of the stomach for the x y and
z coordinates respectively. For the COM there was a 4.0mm, 3.3mm and 8.7mm
displacement in the x y and z coordinates respectiMelyheir study of six patients,
Watanabe et al also found that there was increased movement in the z direction,
recording an average inter fractional movement of 1.9mm, 1.5mm and 4.1mm in the
X y z directions respectively for the COM. It is unclear why the movement recorded
in their studyshould be larger than in this thesis, however a possible reason is the
differing techniques in outlining the stomach. It is unclear from their publication how
the COM was calculated for instance, and they also make assumptions that the
stomach was rectandar parallelpiped in shape.

In order to further ascertain the influence any change in stomach volume may have
on the dose it receiveand the plan in generalthe change in total volume and
overlap volumes between the stomach and PTV and PTV2 (high60&sg regions

was calculated. For the total volume there was an average percentage change of

21.20% (0.3%4.86) between the volume of the stomach on the planning CT and
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over the course of the CBCT images. The same average change was 29.38% (2.08
74.87) fo the PTV/Stomach overlap volume and 41.80% Q@0 for the
PTV2/Stomach overlap volume. Although the change in absolute volume for the
overlap volumes may be small, Figures 4.8 & 4.9 show howal shange in volume

can have areffect on NTCP valuéelhis would indicate that the risk of toxicity to the
patient is highly variable from one fraction to the next for the same patient
dependent on the filling state of the stomach. In order to minimise the risk of
toxicity to the patient it would be benefidido reduce the volume of the stomach
receiving a high dose and to keep this condition constant over the course of
treatment. A stomacHilling protocol could therefore aid the minimisation of risk of

toxicity to the patient.

4.11 Conclusion

One aim of tle overall project was to investigate the role of radiotherapy dose
escalation in improving patient outcome. In this chaptexdiobiological modeling
suggests thaalthoughincreasing the prescribed dose to 60Gylikely to improve
tumour control, it may also be associated with a significantly increased risk of
toxicity to the stoma&h within the boost volume. ésults also suggest that the
maximum prescribed dose safely achievable for each patient in the future may be
dependent on the volume of the stomaetithin the treatment volume Thisimplies
that the volume of the stomach is a clinical parameter that may affect patient
outcome by increasing the risk of toxici®y analysing the position of the stomach
on CBCT images during treatment and comparinth&t on the planning CT image
the study was therefore extended tshow that the position and volume of the
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stomach of a patient ialsohighly variable. In order to minimise the risk of toxicity of
the stomach during treatment using high dose regimes (>%0@gd thereby
improve treatment outcomea stomackilling protocol is recommended before each
fraction. This has been taken forward in the SCOPE 2 wi#h the patient being
required to fast for 2 hours and the drink 200mls of liquid prior to CT phgnand
treatment in an attempt to reproduce the same anatomical position of the stomach.
As radiotherapy becomes more individualised, dose escalation may be more likely to
be administered to a highisk patient group, therefore any information that may aid
the identification of a patient akavinghigh or low riskof recurrence or spreauill

be beneficial. In the next chapter, an investigation in the emerging field of CT image

texture analysis aims to contribute to this aspect of radiotherapy.
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Chapter 5

Exploring the link between tumour heterogeneity and

patient outcome

5.1 Introduction

Heterogeneity is a well recognised featuassociated with adverse tumour biology
(140) It has also been shown how heterogeneity is associated with variations in
genomic sbtypes, expression of growth and angiogenic factors and the tumoral
microenvironment, which also result in regional variations within individual tumours
in proliferation, cell death, metabolic activity and vascular{y41l) Combining this
information, tumour heterogeneity has also been associated with tumour grades

(142)

Tumour heterogeneity can be assesdsgdimaging or biopsy, however the lattes i
invasive and can be difficult to obtaiwhile the former being until recentlywas

limited to qualitative rather than quantitative analysis. However advances in image
processing methods and computing software have allowed heterogeneity
information to be extracted from medical images that may not \bgible to the

naked eye. Because of its availability and ease of use, the analysis of CT images is
one relatively easy method of gaining heterogeneity information. In addition, as CT

images are routinely taken as part of radiotherapy treatment, there shailso not
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be any further burden on the patient in acquiring this information. Other advantages
include the relatively high levels of spatial resolution and reproducibility as well as
the important consideration that the individual pixel intensity withenCT image
directly reflects the physical density of the organs. Heterogeneity on CT can be
assessed using texture analysis (TA), which quantifies the distribution of pixel values
within a lesion. Using different filters, the two most important CT textigatures

that may be extracted are entropy and uniformif¥43) Entropy is a measure of
texture irregularity, whilst the uniformity is a measure of the gray level distribution
within the tumour. A heterogeneous lesion would therefore &epected to show

high entropy and low uniformityAccording to a review paper by Alobaidli et al, the
initial implementation of TA to predict patient survival was suggested by Ganeshan
et al in 2007(144) The method proposed has since resulted in a number of
published studiefrom single centresnvestigating the role of TA in a range of
tumour sites including nosmall cell lung cancer and colorectal canddib) &

(146).

Clinically, the ability to identify highsk patients according to the heterogeneity of

their planning CT images could be extremely beneficial. For example it couldimesult

alternative treatment such as individualised radiotherapy dose escalation. The

purpose of this study was therefore to analyse the CT heterogeneity of the planning

CT images from the SCOPE 1 trial, and using the available outcome data, identify

which hetepgeneity parameters if any could be used to determine whether a

patient was in a high or low risk group in terms of overall survivd?. (G KS | dzil K2 NI

knowledge this is the first investigation of its type to analyse data from a nationwide
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multicentre clinial trial, rather than from a single centre.

Number of .
. Reasoning
patients
Contrast administration data not available for 2
patients
Centres = 34

Age in years (Mean = 7Range40-88)
Male (n=93, Female (n86)
179 Cetuximab (Yes(183), No(n-96))

Adenocarcinoma (n=46)
Squamous Cell Carcinoma (n=133)

Tumour Stage 1 (n¥6
Tumour Stage Il (n=37)
Tumour Stage Il (127)
Tumour Stage IV (n=19)
Table 5.0; Number of patients included in analysis in Chapter 5

5.2 Texture analysis of the SCOPE 1 data

The planmg CT images df79 patients from the SCOPE 1 database were analysed
using a software package named TexRABXRAD Ltd, Somerset, England, United
Kingdom) This package was chosen due to it being the only commercially available
software able & conduct thework required andvork using the programmé¢hat had

been published previously.

5.2.1 TexRAD software package

TexRAD is sophisticated imaging risk stratification research tool that analyses the
textures in existing radiological scans. Using a nogarihm, it allows the user to
analyse a region of interest (ROI) on a CT image, generating a number of parameters

from that particular slicehat may be associated with any aspect of patient outcome.

164



In addition to entropy, these parameters ashown in &ble 51:

Parameter| Definition
Mean The average value of all the pixels within the region of interest
Mean
Positive . : - . .
Pixel The average value of all the positive pixels within the region of inter
iX
(MPP)
A measure of how much variation or "dispers’ exists from the
average (mean value). A low standard deviation indicates that the o
SD points tend to be very close to the mean; high standard deviation
indicates that the data points are spread out over a large range of
values.
A measureof the asymmetry of the histogram. The skewness value
be positive or negative. A negative skew indicates thatt#ieon the
left side of the histogram i®ngerthan the right side. A positive skew
Skewness
indicates that theail on the right side i$onge than the left side.
A zero value indicates that the values are evenly distributed on botk
sides of the mean.
A measure of the "peakedness"” of the histogram. The kurtosis valu
can be positive or negative. A positive kurtosis indicatest@adram
: that is more peaked than a Gaussian (normal) distribution. A negati
Kurtosis

kurtosis indicates that histogram is flatter than a Gaussian (normal)

distribution.

Table5.1 - TexRAD image analysis parameters
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All the parameters shown in Tablelscan ke acquired on a range of filters that are

classified by the Spatial Scaling Factor (SSF). This approactheideplacian of

Gaussian band pass filters to highlight and enhance different spatial scales between

fine and coarse texturegl147) in a CT image, therefe providing a means of

highlighting different aspects of tumour biology if required. In the TexRAD package

the SSF range is from fine (2.0mm) to coarse (6.0rAngwer SSF value..H Y Y 0

SEGNI Ola yR SyKIFIyOSa TSI (e 5SFaafue of 3,4 FA Yy SN

0S TSI GdzNBa 2

Qx

n 2NJp YY SEGNIOGA yR SyKlI
SSF valuee(@.c YYU SEGNI OG& YR SyKIFIyOSa TSI idzNB

(148)

In addition to the t& 1 dzZNB | y I t @&8A & Y2Rdz ST ¢SEw! 5 KI
module that allows the user to find and quantify relationships between the acquired
heterogeneity parameters and patient outcome. There are a range of statistical

analyses that can be undertaken t¢ime data ncluding correlations @arson) and

KaplanMeier survival curve plotting.

The KaplarMeier plotting module has a function that finds the lowestvgue in the
log rank test between two groupsThis function was used in the analysis of

heterogenaty parameters with survival data.

5.2.2 Considering ontrast andcetuximab

An important consideration when analysing CT images is whether the image is

acquired using a contraginhancing agent. Radio contrast agents, such as iodine or
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barium, are a typeof medical contrast medium used to improve the visibility of
internal bodily structures. The SCOPE 1 radiotherapy protocol suggests that using an
intravenous contrast agent may be useful in distinguishing the GTV from the
surrounding structures Typicallybetween 75cc and 150cc of contrast is used
RSLWISYRAY3I 2y (KS LI GASYyGQa 13S: ¢SA3IKGXZ Ol
imaged. Once the agent has been injected it circulates through the blood stream
and increases the attenuation of therays creatng the image, thereby making the
areas in which contrast is present show up better on the recorded image. However,
the resulting image will have different pixel gray values and therefore heterogeneity
when compared to the same scan acquired without coritrd$is would therefore

have an impact on the values of the parameters being recorded. When analysing the
SCOPE database it was important therefore to take the administration of contrast
into account. As the data miner in the TexRAD software packageldeuto stratify

any survival data analysis according to a particular variable, the only way to
compensate for contrast was to split the database into patiemith and without

contrast.

In addition as with previous analysis involving survival data mapfer 3, the
administration ofcetuximabto each patient must be considered due to its effect on

I LI GASYyGQa 2dzi02YSo

5.2.3 Importing GTV outlines

The TexRAD package allows a user to either manually outline a ROI or import from



an external source as axtensible markup language (XML) file. This study was an
analysis of the SCOPE 1 database where a suitable ROI, the GTV, had already been
outlined by the clinicians treating the patients. A workflow was therefore required to
convert the GTV outline structe from the DICOM files received by the centres to an

XML file suitable for import into TexRAD.

Thekey to this process was identifying a suitable program that allowed the user to
export a single ROI slice as an XML file for import into TexRAD. Dissusgion
colleagues resulted in the OsiriX software gk being used for this purpose

however there was still a substantial amount of preparation work required.

The resulting workflow for creating a single ROI slice and importing to TexRAD was as

follows:

1. Import raw DICOM files into CERR

2. Delete all structures other than GTV

3. ldentify central slice of GTV and delete all other slices

4. Save and export as new DICOM file

5. Delete RTDose file

6. Import and load new DICOM file into OsiriX (CT and RTStruct only)

7. Export engle GTV slice as XML file

8. Manually alter XML file from OsiriX format to TexRAD format in XMLSpear
9. Find correct image slice of patient on TexRAD

10.Import and check position of GTV on image slice
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Manually altering the XML file

Step 8 was crucial in gettinthe above workflow to work. This section shows this

process in more detailesting was carried out on the PTV structure.

Figure 5.1 shows thBTVstructure of a patient as imported into the Osirix program.

Figure 5.1¢ PTVoutline in OsiriX

Exportingthe PTVstructure as an XML file results in the following XML file (Figure

5.2)



1.0//E ittt e.com ertyList-1.0.dtd">
5 <key>Images</key>
[3 <array>
T <dict>
H <key>ImageIndex</key>
s <integer>79</integer>
10 <key>NumberOfROIS</key>
11 <integer>l</integer>
12 <key>ROIs</key>
13 <array>
14 <dict>
1s <key>Area</key>
16 <real>13.04776668548584</real>
17 <key>Center</key>
18 <string>(26.412821, -214.208466, -548.000000)</string>
bE] <key>Dev</key>
20 <real>41.335281372070312</real>
21 <key>IndexInImage</key>
22 <integer>0</integer>
23 <key>Length</key>
24 <real>13.516459465026855</real>
25 <key>Max</key>
28 <real>138</real>
27 <key>Mean</key>
28 <real>40.330146789550781</real>
23 <key>Min</key>
30 <real>-117</real>
31 <key>Name</key>
3z <string>GTv</string>
33 <key>NumberOfPoints</key>
34 <integer>13</integer>
35 <key>Point_mm</key>
36 <array>
37 <string>(35.517075, -232.447800, -548.000000)</string>
3g <string>(44.343567, -230.040573, -548.000000)</string>
EE) <string>(47.553207, -222.016510, -548.000000)</string>
o <string>(45.145966, -212.788834, -548.000000)</string>

<string>(40.732742, -201.956329, -548.000000)</string>
<string>(34.313488, -192.327438, -548.000000)</string>
<string>(27.091812, -191.525024, -548.000000)</string>
<string>(18.666553, -194.333450, -548.000000)</string>
<string>(6.630421, -208.776779, -548.000000)</string>
<string>(1.013565, -215.998444, -548.000000)</string>
<string>(4.624414, -222.417709, -548.000000)</string>
<string>(15.858126, -229.238174, -548.000000)</string>
<string>(21.876167, -230.843002, -548.000000)</string>

</array>

<key>Point_px</key>

<array>
<string>(301.461853, 231.106812)</string>
<string>(312.759766, 234.188065)</string>
<string>(316.868103, 244.458862)</string>
<string>(313.786835, 256.270294)</string>
<string>(308.137909, 270.135895)</string>
<string>(299.921265, 282.460876)</string>

Figure 5.2 XML output from OsiriX

Initially it was thought that the first set of x y z coordinates (e.g. 35.517075,
232.447800,-548) were required for translation to & TexRAD environment.
However using those coordinates resulted in the following orientation of the

structure when imported into TexRAD (Figure 5.3)
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Image

Acquisition Time 16:10:12
05.Jun.2008

erial Number N/A

N/A

NA

Figure 5.3; In correct orientation of structure in TexRAD

Figure 5.3 shows how the structure is not otieted correctly when compared to
the original structure in OsiriX. The structure is flipped and is also smaller relative to

the original.

PaAy3d GKS Wt 2AYyGQYPLIEQ O22NRAYIGSa oSo3ao
the correct orientation of the strcture in TexRAD. By using these coordinates and
arranging them in the XML format required by TexRAD (Figure 5.4), it can be seen in
Figure 5.5 how the structure is imported correctly on to the appropriate slice. No Z
coordinate is needed as the structure imported manually on to the appropriate

slice.
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1 <?xml version="1.0" encoding="utf-
True" AccuracyFormat="0.##">

2 <ANNOTATION IsAccuracyLimite

1.3.12.2.1107.5.1.

a
5 1.3.12.2.1107.5.1.4.49304.30000008060508534418700000037"
[ IsTexRADRegion="True" Type="ROI" Shape="polygon" IsPixelRaticDefault="True">
7 <GEOM>
] <FIGURES>
3 <FIGURE>

10 <SEGMENTS>

1 <SECMENT Type="PLine">

12 <POINTS>

13 <P>

1 <X>301.461853</X>

15 <¥>231.106812</Y>

16 </p>

17 <P>

18 <X>312.759766</X>

19 <¥>234.188065</Y>

20 </P>

21 <P>

22 <X>316.868103</X>

23 <¥Y>244.458862</Y>

2 </P>

25 <p>

26 <X>313.786835</X>

2 <¥>256.270294</Y>

28 </P>

28 <P>

10 <X>308.137909</X>

1 <¥>270.135895</Y>

a </p>

11 <P>

1 <X>299.921265</X>

15 <¥>282.460876</Y>

18 </P>

kb <P>

1 o, pSE>290.677521</%>

57 “<p>

58 <X>276.298401</¥>

58 <¥>235.215134</Y>

i </p>

33 <P>

iz <X>284.001495</X>

€1 <¥>233.160965</Y>

i </P>

] </POINTS>

e </SEGMENT>

& </SEGMENTS>

i </FIGURE>

w5 </FIGURES>

0 </GEOM>

7 </0BJECT>
72 </RNNOTATION>

ROI_0" Gui

8" 7>

d="dd961e39-cb03-40cc-907f-776828247fb6"
4.49304.30000008060509025976500001615"

Figure 5.4 TexRAD XML format



Zoom
Rotation

Flip

Institution Address
Manufacturer’s Model Name
Image

Acquisition Time 16:10:12 3 Width

Acquisition Date 05.Jun.2008 Level

Device Serial Number N/A Operator's Name

Detector ID Institution Name Velindre Hospital
Software Versions Station Name

Figure 5.5 Correct import of structure into TexRAD

The manual manipulation of each separate XML file for a large database of patients

such as the SCOPE 1 trial vabbe extremely time consuming. Therefore, once the

correct format of the XML file required was known the process of creating the files

was automated in MatLab. The automated version works slightly differently by
creating the XML files directly from th&ERR file for each patient. The script writes

an XML files for each slice of the required structure (in this case the GTV) and saves
GKSY Ay | F2ftRSNJ 2y GKS dzaSNna O2 YLz SN
upload into the TexRAD software. For thiady, the central slice of the GTV was

selected however where a central slice was not possible, for consistency the most

superior slicdrom the centreof the GTV was always chosen.
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5.2.4 Texture analysis algorithm settings for oesophageal cancer

TexRADallows the user to specify the algorithm to analyse the ROI. Thesgire

algorithms are as follows:

1 W[ AGriglddes only pixels between3D0 HU within ROI after erosion for
reducing edge artefacts e case of large orgafLiver

1 W[ dzy Bdudes oty pixels above-50HU within ROl after erosion for
reducing edge artefas in the case of lung tumours

T WY{YI {ff{ -dtndzdesdmypixels abowdOHU within ROI after erosion
for reducing edge artefas in the case of small tumours

Wt KI y-dn2ltiesall pixels (no thresholds) within ROI after erosion for

reducing edge artefacts the case of CT phantom studies

However there was no prset algorithm for the analysis of oesophageal tumours
GKSNEF2NBE (GKAAa NXBIjdzA NBR (& SonsOitstidrt viitthtRey” 2 F |
developers of TexRAD it was decided to use the settings of analjaungsfield

Units from -50 to infinity. Setting from50 to 200 HU may excludelcification of the
oesophags but discussions with the Chief Investigator of ti@&OFE 1 trial stated

that this would not be an issue with this dataset as calcification had not be observed.

5.2.5 Analysed sample size

179 GASYyG&aQ 5L/ ha AYF3ISE 6SNB Ryaentdli SR Ay

were excludedrom the whole SCOPE data@aof 201 patientslue to their contrast
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administration data being unavailable.

Initially, analysis was carried out on two groups; those patients who were imaged
using contrast and those who were nofo take into account both the use of
contrast and the dministration ofcetuximaly the database was then split into 4 sub

groups(Table 52).

Cetuximab Contrast Number of patients
Group 1 0 1 64
Group 2 1 1 57
Group 3 0 0 29
Group 4 1 0 29

Table 52 ¢ Sub Groups of patients

5.3 Results

5.3.1 Texture anaysis in TexRAD

All parameters in Table %.including entropy were analysed for their impact on
overall survival using SSF values-6frin. Results for patients imaged wittontrast

(121 patients):
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SSF2 Cut Off P-value LogRank Upper Lower
Entropy >5.355 0.0098 6.6801 77 44
MPP <93.485 0.0236 5.1264 95 26
Skewness| >2.63 0.0017 9.8669 12 109
Kurtosis >10.89 0.0044 8.1287 11 110
SSF3 Cut off P-value LogRank Upper Lower
Entropy >5.445 0.0081 7.0032 78 44
SSF4 Cut off P-value LogRank Upper Lower
Entropy >5.565 0.0028 8.9124 75 47
MPP <169.87 0.0306 4.68 94 28
SSF5 Cut off P-value LogRank Upper Lower
Entropy >5.61 0.0142 6.0089 73 49
Kurtosis >-0.825 0.0484 3.9003 109 13
SSF6 Cut off P-value LogRank Upper Lower
Entropy >5.195 0.0187 5.5293 100 22
Kurtosis >-0.71 0.0097 6.6847 102 20

Table 53 ¢ Statistically significant results for all patients imaged with contrast

Table 53 shows the statistically significant parameters for all patients imaged using
contrast. The cut off indicates the pant group with worse survival. For example
using the SSF2 filter, patients with an entropy value higher than 5.355 had worse
survival than those with a value lower than 5.355. The upper and lower columns
refer to the number of patients either side of tloait off point. The results show how

entropy (highlighted in bluejs significant using all SSF filters.
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Results for patient not imaged wittontrast (58 patients):

SSF2 Cut off P-value LogRank Upper Lower
SD <277.86501 0.0309 4.6625 15 43
Skewness >2.3 0.0003 12.8114 22 36
Kurtosis | >17.85500| 0.0037 8.4059 4 54
SSF3 Cut off P-value LogRank Upper Lower
Mean >30.03 0.042 4.139 47 10
SD >386.045 0.0233 5.1516 12 45
Skewness| >1.395 0.0057 7.6476 32 25
Kurtosis >7.7 0.0018 9.7945 9 48
SSF4 Cutoff P-value LogRank Upper Lower
Mean >42.875 0.0258 4.9737 45 12
Skewness| >1.115 0.016 5.8027 28 29
Kurtosis >5.475 0.0023 9.2726 5 52
SSF5 Cut off P-value LogRank Upper Lower
Kurtosis >3.915 0.0269 4.9018 4 53
SSF6 Cut off P-value LogRank Upper Lower
Mean |<576.39499 0.0382 4.3019 9 48
SD <459.36 0.0459 3.9899 6 51

Table 54 ¢ Statistically significant results for all patients not imaged with contrast

Table 54 shows the statistically significant result for all patients not imaged with
contrast. The key resli in this table is that Kurtosighighlighted in green)s
statistically significant for SSB2whilst Skewnesghighlighted in cyanis significant

for SSF.



Group 1

SSF2 Cut Off P-value LogRank Upper Lower
Entropy >5.225 0.02 5.41 49 15
MPP <93.485 0.04 4.07 49 15
Skewness| >2.61 0.01 5.93 8 56
Kurtosis >10.85 0.02 5.68 6 58

SSF3 Cut off P-value LogRank Upper Lower
Mean <157.01 0.03 4.53 18 47
Entropy >5.39 0.02 5.79 46 19

SSF4 Cut off P-value LogRank Upper Lower
Mean <145445 0.03 4.75 25 40
Entropy >5.575 0.02 5.49 41 24

SSF5 Cut off P-value LogRank Upper Lower
Mean <320.505 0.03 4.57 14 51
Kurtosis >0.195 0.02 5.89 45 20

SSF6 Cut off P-value LogRank Upper Lower
Mean <347.1299 0.02 5.10 15 50
MPP <387.58 0.02 5.19 27 38
Kurtosis >-0.66 0.03 4.84 55 10

Table 55 ¢ Statistically significant results for patients imaged with contrast and not administered
cetuximab

Table 55 shows that entropyhighlighted in bluejs a significant predictor for SS&2

for contrast emhanced patients not administered wittetuximab
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Group 2

SSF2 Cut off P-value LogRank Upper Lower
Entropy >5.695 0.01 6.14 12 45
Skewness >2.26 0.04 4.43 8 49

SSF3 Cut off P-value LogRank Upper Lower
Entropy >5.955 0.00 9.54 7 50

SSF4 Cut of P-value LogRank Upper Lower
Mean >260.965 0.05 3.98 16 41
Entropy >6.095 0.00 12.04 8 49

SSF5 Cut off P-value LogRank Upper Lower
Mean >166.22 0.04 4.34 30 27
SD >351.535 0.04 4.27 30 27
Entropy >6.11 0.00 8.75 9 48

SSF6 Cut off P-value LogRank Upper Lower
Mean >266.73999  0.02 5.22 20 37
SD >355.0551 0.01 6.22 29 28
Entropy >5.91 0.00 8.65 18 39

Table 56 ¢ Statistically significant results for patients imaged with contrast and administered
cetuximab

Table 56 shows that entropy(highlightedin blue)is a significant predictor for all SSF

filters for contrast enhanced patients who were administered veigttuximab

Group 3
SSF2 Cut off P-value LogRank Upper Lower
Skewness >2.3 0.00 9.42 11 18
Kurtosis >5.61 0.03 4.66 17 12
SSF3 Cut off P-value LogRank Upper Lower
Skewness >1.92 0.01 6.10 9 20
Kurtosis >7.945 0.02 5.67 5 24
SSF4 Cut off P-value LogRank Upper Lower
Skewness| >1.115 0.01 7.80 16 13
Kurtosis >5.475 0.00 8.40 4 25
SSF5 Cut off P-value LogRank Upper Lower
Skewness >0.67 0.02 5.31 18 11
Kurtosis >3.25 0.05 3.95 5 24
Table 57 ¢ Statistically significant results for patients not imaged with contrast and not administered
cetuximab

Table 57 shows that skewness and kurtos{bighlighted in cyan and green



respectively)are significant predictos for all SSF filters for necontrast enhanced

patients who were not administered wittetuximab

Group 4
SSF2 Cut off P-value LogRank Upper Lower
Skewness| >2.535 0.03 4.62 9 20
Kurtosis >13.38 0.02 5.05 5 24
SSF3 Cut off P-value Log-Rank Upper Lower
Mean >56.385 0.04 4.18 20 8
SSF4 Cut off P-value LogRank Upper Lower
Mean >51.735 0.04 4.18 20 8
SSF5 Cut off P-value LogRank Upper Lower
Mean >39.45 0.04 4.18 20 8
Table 58 ¢ Statistically significant results for patients notaged with contrast and administered
cetuximab

Table 58 shows that skewness and kurtosi@ighlighted in cyan and green

respectively)are a significant predictor for only SSF2 for amntrast enhanced

patients who were administered witbetuximab

5.32 Multivariate analysis

The entropy values calculated for each patient from group 1 were included with the
clinical factors of age and tumour staging (the most statistically significatdréac
identified in Section 3.7in a multivariate logistic regressi analysis in SPSS. The

results are shown iifable 59
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. Regression Standard
Variable Cogfficient Deviation P-value
Stage 1.952 0.125 <0.001
Age 1.032 0.01 0.002
Entropy 0.832 0.159 0.248

Table 59 ¢ Multivariate analysis

The results she how entropydoes not remairstatistically significanivhen included

with tumour staging and patient age.

5.4 Discussion

The hypothesis of this study was that CT image heterogeneity paramietensa
clinical trial based patient cohortan be used agrognostic facbrs for patient
outcome. The SCOPE 1 database was therefore uploaded to a specific texture
analysis software package that would allow the relationship between CT
heterogeneity parameters and patient outcome to be explored. The original GTV
outlines were imported and the CT image heterogeneity within these structures
analysed using a number of parameters. The use of contrast for imaging was taken
into account by splitting the database according to whether contrast was used or
not. It is clear from the restd that contrast has an effect on the heterogeneity, as
the statistically significant parameters are dependent on whether contrast was
administered prior to acquiring the CT images. For patients scanned using contrast,
entropy was statistically significaosing all SSF filters (Table 5.3), whilst for patients
scanned with no contrast, entropy was tnsignificant using any filters, although
kurtosiswas significant for SSF levels 2, 3, 4 and 5 (Table 5.4). Skewness was also

statistically significant for £, 3 and 4. However as with the other studies in this
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thesis that included survival data, it was vital to take into account the administration

of cetuximabwhen undertaking the analysis. The database was thereforther
stratified according tocetuxima administration. The results in tables 538 show

that the administration ofcetuximab also had an influence on the statistically
significant heterogeneity parameters that were found. For example in the contrast
group, entropy remained significant usirgjl SSF filters for patients who were
administeredcetuximabbut was only significant for SSF 2, 3 and 4 wteuximab

was not administered. Similarly for patients not imaged with contrast, skewness and
kurtosis remained significant for all SSF levelewhocetuximabwas administered,

but was only significant for SSF 2 whetuximabwas administered. Although it is
interesting that the administration ofcetuximab has an influence on CT
heterogeneity parameters, and may confirm its effect on the biolofythe tumour
volume, itdoes not appear to have a clinically meaningful beneficial eff€be
conclusion of the SCOPE 1 trial was tetuximabis not recommended for use in
patients with oesophagpl cancel(56), therefore it is unlikely to be used again in the
future. It is only the results of the patients not administeregtuximabthat are
therefore relevantfor further discussionin addition, there were considerably more
patients scanned using contrast than without (121 compared to 58). This would
suggest that the most clinically relevant group in this analysis is Group 1, where
contrast is used but noetuximabis administered. The key result of this group was
GKFG GKS SyiNRLER @FtdzS 2F | LI GASyGdQa LX Iy
LINSRAOG2NI 2F (KS LI (A Shistallysignidcantdedlifor & dzNIDA G|
entropy was using SSF4, with a cut off value of 5.575 and p=0.0191. Yip et al also

found entropy to be a statistically significant predictor of survival in a similar sttidy
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patients with oesophageal cancerheirretrospectivestudy consisted 086 patients

from a single centre, all of whom were imaged with a contrast enhanced CT scan
before and after CRT treatment. The chemotherapy regime differed in that patients
received Cisplatin and-Bluorouracil (8U) compared to Cisplatin and Capecitabin

in the SCOPE 1 trial. These differencesHn f@gime, and the number of patients
and centres may explain why the significant entropy cut off values found in their
study of 7.356 and 7.116 for the medium and coarse filters respectively were higher
than those found using the larger multicentre database here. Ganeshan et al also
found a link between CT heterogeneity parameters and patient survival, albeit only
with uniformity (149) Again, this was a relatively small database of 21 patients and

patients were not scanned using contrast enhanced CT.

When included in a multivariate cox regression analysis with age and tumour staging
data, entropy did nb remain significant This may indicate that there is a strong
correlation between the entropy parameteand tumour staging and agén a clinical
setting however,TA derived heterogeneity parameters are unlikely to be used as
singular prognostic factors of outcom&herefore although entropy is not significant

in a multivariate model, it may still be useful in improving the depth of information

on whicha clinical decision is made.

A strong point of this study is that the analysed database is from a natronki-
centre clinical tria] with some standardization ahe radiotherapy planning scan
parameters However, it should be noted that i may alschave a detrimental
effect on the results due to the number of individual CT scanners (30 centres) used

to collect the images for the patients. It has been shown previously that there is a
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variation in image settings between the same model of CT scanndiffarent
centres(150) This may be exacerbated in this study due to the nationwide nature of
the database and that a variety €T scanner models will have been used across the
centres.The study is also limited by the fact that analysis using the TexRAD package
is limited to that of a single slice of the GTV rather than the whole volume.
Discussions with clinical colleagues daded that the heterogeneityf a tumour is

likely to not be uniformacross its whole volume. As such the TA parameters will also
likely be different depending on which section of the tumour is analysed. It is
essential that this aspediy investigated fuher and the influence of single slice vs

whole volume analysis confirmed.

The field ofTAof diagnostic images is however relatively young; for example at the

GAYS 2F GNAGAYy3IA:Z | tdzoaSR aSINOK 2F G§KS O:
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be carried out in order tastablish the exact relationship between TA parameters

and patient outcome. The review article by Chalkidou et al concludes that there is

currently insufficieh evidence to fully support a relationship between texture

features and patient survivdlL51) In the case of the work presented timis thesis,

the statistically significant parameters would need validating on a similar datd& set

one were to come available. The forthcoming SCOPE 2 trial may provide an

opportunity for this work.
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5.5 Conclusion

Although the exact value of the cuffan entropy value may differ between studies,
these results show the potential of texture analysis to provide clinically meaningful
information. The results of the multivariate analysis also suggest that heterogeneity
parameters may not be suitable aslimidual predictors of outcomelheapplication

and use of texture analysis in clinical practice is still exploratory in nature, but the
clinical trial nature of the database in this study adds significant weight to the
evidence that CT heterogeneity paratars can be useful as potential predictors of
patient outcome. This work differs slightly from those in previous chapters by
establishing a relationship between a diagnostic element of radiotherapg
outcome rather than the dose delivery aspect of treaént. In the future, this may
allow highrisk patients to be identified and their treatment modified or

individualized.
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Chapter 6

Conclusions and further work

6.1 Conclusios

The work contained within this thesis has concentrated on relatingntifi@ble
parameters associated with the treatment of oesophageal cancer with patient
outcome. In all, three main original contributions to research were made that
together succeeded in meeting the aims and objectives of the study as sen out
Section 1.9 In Chapter 3 @onformity index was useds a quality metric othe
planneddose distributionfor each individual patientlt was shown in a univariate
analysis thathe relationship between the 95% isodose and the PTV was significantly
associated with gtient survival.In addition, it was shown how the quality of the
dose distribution could be improved by delivering the radiotherapy dose using the
VMAT technique rather than the 30ORT technique that most patients in the trial
received. Although the relainship between dose distribution and outcome did not
remain significant when included in a multivariate analygth other biological and
clinical factorsthe study suggests that the quality of the dose distribution may have
a greater impact on patienbutcome than thought previously. The work also
suggests that using the VMAT technique offers a safer tool for dose escalation,

therefore this aspect of the study was carried forward to Chapter 4. Here, as part of
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important preparatory work for a forthcomanclinical trial, TCP and NTCP modelling
was used to quantify the relationship between the dose received by the tumour and
its effect on treatment outcome in terms of both tumour control and normal tissue
toxicity. The study was centred on dose escalafmmpatients suffering from lower
oesophageal cancer as the possible increased risk to the stomach in these patients
was unknown. By comparing three different planning methods, the results show that
the probability of tumour control is increased with higheloses. However,
depending on the volume of the overlap of the stomach with the high dose region of
the plan there mayalso be considerable increased risk of stomach toxicity for
patients when the prescription dose to the tumour is escalated. Althougthdur
work showed that the change in volume of the overlap over the course of treatment
was small, any variation could still impact on the risk of toxititgluding a protocol

to minimise stomach volume during treatment may therefore improve patient
outcome. A similar conclusion was found in the dose escalation study on mid
oesophageal patients, where it was reported that dose escalation was feasible
depending on the amount of overlap between the lung and the.mBbth of these
studies suggest thatsaradotherapy moves towards dose escalation, there may be
additional differential issues such as these to consider compared to previous
planning techniquesnd dosing regimedHowever in bothinstances the increased
likelihood of toxicity is almost certainlygtified if the increased tumour control is
achieved.Finally, a software packageas utilisedthat allowed therelatively new
found relationship between heterogeneity parameters of CT images and patient
outcome to be explored. Previous work in the liten@ has shown this relationship

to be statistically significant however these studies were confined to single centres.

187



The study undertaken in Chapter 5 is therefore the first to expand this type of
analysis to data from a nationwide clinical trial. Byalgsing the area of interest
originally outlined for treatment during RT the results confirm and strengthen those
found previouslyin the literature Although CT heterogeneity parameters are
unlikely to be used as independent identifiers of patient outcama clinical setting,
they can be generated from images already acquired as part of routine RT
treatment. This means they are a relatively easy method of improving the depth of
information on which a clinical treatment decision is based and its effect on
treatment outcome. This type of analysis is comparatively new in nature and
confidence and certainty in the results and how to best use them will grow as the
field matures.

As the treatment of cancer becomes increasingly personalised, the ability tofyden
020K Of AyAOl f FYR (GSOKy2t23A0!I ¢ LI NI YS G S
outcome will become progressively more important. The author hopes that the work

contained within this thesis goes some way to contributing in this regard.

6.2 Further woik

There are several areas investigated within this study that open up the possibility of
further work. In Chapter 3, the investigation was carried out on patients whose
radiotherapy dose was planned using Type B algorithm. This was due to the
increased aaaracy of the dose calculation in and around areas of low density tissue
such as the lung when compared to those planned using Type A algorithms. It could
be possible to increase the power of this study alternatively provide a validation
dataset, by re-calculating the RT plans of the 109 Type A patients with a Type B
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algorithm. However thisvould mean that half the resulting database of plans was

Ol £t Odzf F SR dzaAy3a 2yfeée GKS ALISOATAO |t 32NN

More importantly, aghe treatment planning system of each centre that participated
in the SCOPE 1 trial is dosimetrically matched to tloeal linear accelerators, a+e

OF £ OdzAf F SR LX Yy G GKS |dziK2NRa OSyidNB
actual dose receiveby the patient. This would mean that the outcome data did not
match the dose distribution being analysed anayht skew the results and eliminate
any confidence in the conclusions. A possible solution would be to contact the
centres at which the patientaere planned in order to gain the required information

or to ask the centre themselves to-palculate using a Type B algorithm and send
the DICOM data for analysis. The work on dose escalation in Chagteeihg taken
forward in the SCOPE 2 clinicalat and will go some way towards addressing the
role of dose escalation for oesophageaincers As a result of the work on gastric
movement, a stomach filling protocol is being added to the SCQR& grotocol. It
would be beneficial to therefore exple the same movement parameteadter the
inclusion of this protocol to confirm its effect on gastric movement and positional
consistency.The modeling worlcould be expanded to include an analysis of spot
scanning proton planning similar to the work ¢ad out by Warren et al on mid
oesophageal patient§l52) It is possiblehat the use of proton planning in treating
lower oesophageal cancer patients could reduce the risk of toxicity to the stomach
due to the nature of the Bragg peak absorption curve in the bblibyever the main
limiting factor is thevolume of stomach within the high dose regjaierefore
identifying or designing a suitable pteeament planning protocol to reducéhis

should be the priorityFinally,the work in Chapter 5 was conducted on a single slice
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of the GTV.The work will theefore be expanded to investigate how the TA
parameters may change over the length of the tumdumvould alsobe extremely
interesting to apply the CT heterogeneity analysis software used in Chapter 5 to
CBCT images acquired during the course of RTnuez#t It may be possible to
observe a change in the biology of the tumour during treatment, which could result
in treatment being adjusted to improve the outcome of the patieAtthough the
inferior image quality of CBCT compared to RT planning CT sdafhgely need
overcoming in a clinical settin@itial results by Fave et aind van Timmeren et al

on lung cancehave been promisingl53) & (153) This couldtherefore be further
exploredin oesopheageal cancersing the SCOPE 1 databa$ee results of this
chapter should also be vdhted on a similar dataset. Therthcoming SCOPE 2 trial
maytherefore provide an opportunity for this worlkOther oesophageal trialsuch as
NeoScope would also be suitable. However with both of these datasets, as was the
case with the SCOPE 1 trial Imstthesis, the patient cohort would have to be split
according to the treatment parameter that affects overall patient survival reducing

the overall power of the analysis.
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7.2 Attended courses, seminars and conferences

Courses attended at Cardiff University
1 Biomedical Researcledhniques (October December 2012)
1 How to write a literature review (January 2013)
1 Endnote: An introduction (March 2013)

1 Matlab: An introduction (June 2013)
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1 Effective Researcher: Effective Progre3he Second Year

Courses attended elsewhere
1 ESTRO cowrsn Quantitative Methods in Radiation Oncology, Cambridge, UK

(September 2013)

Conferences and seminars attended
1 CRW symposium, Swalec Stadium, Cardiff, March 2013, (Poster presentation)
1 Departmental Seminar, Velindre Cancer Centre, Cardiff, May 201& (Or
presentation)
1 UKRO, Nottingham, October 2013 (Poster presentation)
1 ESTRO, VienpApril 2014 (Poster presentation)
1 MPCE, Cardiff, June 2014 (Oral presentation)
1 NCRI, Liverpool, November 2014 (Poster presentation)
1 ESTRO, Barcelona, April 2015 (Postesgmtation)
1 UKRO, Coventry, June 2015 (Oral and poster presentation)
1 AAPM, Anaheim, Los Angeles, July 2015 (Oral and poster presentation)

1 ESTRO, Turin, May 2016 (Poster presentation)
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Appendix

Al Computer Coding

function p=logranktest(tA,cA,tB,cB)
% log rank risk for survival (two variablles only)
% written by Issam EINaqa, 02/03
tt=[tA,tB];
ct=[cA',cB'];
IA=length(tA); IB=length(tB);
nt = length(tt);
[tt,ind] = sort(tt); % should in ascending order
ct = ct(ind);
ft = ones(1,nt);
totcumfreq = nt - cumsum(ft )+1;
gt=ct./totcumfreq;
nAc=IA;
nBc=IB;
for i=l:nt

nA(i)=nAc;

nB(i)=nBc;

if  (ind(i)<=I1A)

nAc=nAc- 1;
else
nBc=nBc- 1,

end
end
EA=sum(nA.*qt);
EB=sum(nB.*qt);
OA=sum(cA);
OB=sum(cB);
testA=(OA - EA)2/EA,
testB=(OB - EB)"2/EB,;
logtest=testA+testB;
p=1- max(min(gammainc(logtest/2,1/2),1),0);
gamma.
HazardRatio=((OA/EA)/(OB/EB))/2;

Figure Al Script for computing Hazard Ratio

A2 SCOPE 1 Radiotherapy Protocol

% chi2 by integrating
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SCOPE 1 Radiotherapy Guidance and Procedures

Radiotherapy Treatment Planning and Delivery

Abbreviations and Glossary

CT Computerised tomography

CTVv Clinical Treatment Volume

DVH Dose Volume Histogram

EUS Endoscopic ultrasound

FSD Focus to surface distance

GOJ Gastro-oesophageal junction

GTV Gross Tumour Volume

ICRU International Commission on Radiation Units and Measurements
IRMER The lonising Radiation (Medical Exposure) Regulations
OAR Organs at Risk

PET Positron Emission Tomography

PRV Planning Risk Volume

PTV Planning Treatment Volume

RCR The Royal College of Radiologists

T™MG Trial Management Group

WCTU Wales Cancer Trials Unit
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Introduction

This document describes the process for radiotherapy treatment planning of
oesophageal cancer and has been developed for the purpose of the SCOPE
1 trial. The aim is to aid the delivery of high quality radiotherapy and to allow
quality assurance procedures to be applied to ensure this is achieved.
However, some aspects of the process are not explicitly defined and will vary
according to the capabilities and characteristics of each centre and to some
extent their local practice and experience. Guidelines for the delivery of
concurrent chemotherapy are described elsewhere.

1.1 General Requirements

Conformal radiotherapy with a pixel based inhomogeneity correction is
essential. The type of dose calculation algorithm to be used is not specified;
the guidelines for Planning Treatment Volume (PTV) coverage are given later
in section 5.1 and are based on use of a pencil beam algorithm. It is
recognised however that these guidelines may not be realistic for other
algorithms. Centres should assess dose coverage to PTV according to local
experience in this case. Photon energy should be between 6MV and 10MV
(but energies in excess of 10MV should only be used in exceptional cases
due to secondary build-up depth). A combination of energies is permissible.
Final calculation grid spacing of no greater than 0.3cm is recommended.




1  Patient Positioning and Computerised Tomography (C
Planning Scan Acquisition

2.1 Timing of the Planning Scan

The planning scan should be performed within 2 weeks of starting the neo-
adjuvant phase of chemotherapy AND within 6 weeks of the staging CT scan.

2.2 Treatment Position

Patients should be planned and treated in the supine position with both arms
above their heads. Immobilisatonof t he patient usin
fixes the arm positions above the head is recommended and immobilisation of
the |l egs with a defviix@® iss mall aac € rmc @l

2.3 System of Reference

For the CT planning scan a suitable system of reference must be used. Three
transversely aligned tattoos marked at the right, anterior and left surfaces of
the patient (tattoos correspond to radio-opaque markers held in place for the
duration of the CT planning scan) enable the patient to be correctly aligned for
treatment. A single reference mark (for example the anterior mark) may be
used to reference the isocentre of the external beam plan.

2.4 Use of IV Contrast

Use of IV contrast is recommended in line with RCR Recommendations®.
Where contrast-enhanced CT planning scans are to be used for the dose
calculation there may be an effect on the monitor unit calculation, which will
not be representative of the treatment situation. The magnitude of this effect
will vary between individual patients, scanning protocols and centres. There
are three acceptable solutions:

1. Use of single contrast-enhanced scan only. This can be used if the
centre is satisfied that there are no implications of using contrast, for
example if it has performed a study to assess the dosimetric effects of
using contrast.

2. Use of both contrasted-enhanced and non-contrast CT scans. The
contrast-enhanced scan is used for target volume definition and fused
with the non-contrast scan which is used for dose calculation.

3. Use of single contrast-enhanced scan and assignation of unit density to
heavily contrasted areas.

)

g a o6ch

I rokesce.

20C




2.4.1 Additional issues to consider with the use of IV contrast
enhanced radiotherapy planning scans

1. Safety: It is strongly recommended that each centre develops its own
working instructions for the delivery of IV contrast for radiotherapy
planning scans. It is also recommended that the RCR document
&tandards For lodinated Intravascular Contrast Agent Administration
To Adul t iPradiaadnfollswed. The following should be
considered:

a. Patient identification:

i. Ensure that the correct patient is scanned following the
correct protocol.

ii. Ensure consent form for this procedure is completed

b. Allergic reaction to contrast:

i. Awareness of features associated with increased risk of
reaction: history of allergy or asthma. Ask if patient has
had previous contrast-enhanced imaging

ii. Awareness of medical support: a member of the medical
team should be contactable throughout the duration of
the scan and the emergency drugs trolley should be
brought round to the scanner or be easily accessible.

c. Effects of contrast in renal insufficiency; ensure recent creatinine
is available and that patient is not dehydrated. Note that risks
are increased in elderly patients, patients with cardiac failure,
and diabetics (especially if taking oral metformin)

I. If serum creatinine level is above 120mmol/l but less than
150micromol/l, a member of the medical team should be
informed and contrast administered at their discretion.

ii. If serum creatinine level is above 150mmol/l, a member of
the medical team should be informed and contrast should
not be administered, unless patient is on dialysis that will
take place within 24hrs.

If in doubt, the decision should be made by a member of the

medical team and if necessary discussed with a member of the

TMG. Any reactions shoul d beand

reported to the WCTU.

2. Practical procedure for IV contrast:

a. Insert cannula

b. Position patient in radiotherapy position

c. Select correct imaging protocol; consider requirement for pre
and post- contrast image acquisition

d. Optimise image quality with IV contrast: These are
recommendations based on experience from three centres, who
have kindly allowed us to review their clinical protocols: Mount
Vernon Hospital, Royal Marsden NHS Trust, and Velindre NHS
Trust. Centres need to be aware that these recommendations
are from clinical experience with their own hardware and

201

ncl

uded



software, and that some degree of local development may be
required.
I. Type: Either Omnipaque or Visipaque can be used
ii. Temperature: ensure contrast is brought to room
temperature by placing in warm water
iii. Volume: 100ml
Iv. Infusion rate: 2.5-3mls per sec. This may be reduced to
as low as 1ml per sec, depending on cannula size
v. Time between injection and CT: 35-40s
e. Remove cannula at completion of scan

2.5 Extent of the Scan

To enable accurate assessment of the dose to organs at risk the scan should
extend superiorly to at least one CT slice above the apices of the lungs and
inferiorly to the iliac crest (L2). Scans for upper third tumours may need to
extend superiorly to the tragus. Slice thickness should be no greater than
0.5cm.




2  Organs at risk (OAR)

3.1 Lungs

The full extent of the right and left lungs are to be outlined, this should be
done in such a way that the planning system will be able to calculate a
combined lung Dose Volume Histogram (DVH).

3.2 Spinal Cord

The spinal cord should be outlined on slices which include or are within 2cm
of the PTV in the superior and inferior directions. A Planning Risk Volume
(PRV) for the cord is created to account for positioning error. The size of the
margin added to the cord being commensurate with the accuracy of treatment
delivery expected and as such, the tolerance level allowed in portal image
verification on treatment. For example, Velindre Hospital applies a margin of
0.5cm isotropically to generate the spinal cord PRV and allows no more than
0.5cm movement of the isocentre on treatment before corrective action is
taken. See section 7.1

3.3 Heart

The whole heart should be outlined to the extent of the pericardial sac (if
visible). The major blood vessels (superior to the organ) and the inferior vena
cava (towards the inferior extent of the heart) are excluded. Appendix 1
contains an example.

3.4 Liver

The whole liver should be outlined if the level of its superior edge overlaps
with the level of the inferior extent of the PTV.

3.5 Kidneys

Each kidney should be outlined separately if the level of its superior edge
overlaps with the level of the inferior extent of the PTV.
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3 Definition of Treatment Volumes

Targets are defined following the principles of ICRU 50 and 62. The spinal
cord and spinal cord PRV (section 3.2) should be outlined prior to definition of
the treatment volumes. Dialogue with a specialist Upper Gl radiologist
regarding the target volume definition is encouraged.

4.1 GTV Definition

The Gross Tumour Volume (GTV) is the gross primary and nodal disease as
defined on the planning CT scan with all available diagnostic information. This
should include as a minimum: Endoscopic ultrasound (EUS) and contrast-
enhanced CT. Some centres may have access to Positron Emission
Tomography (PET) scans and their use is encouraged. In some cases the
EUS will not define the full extent of the disease because the scope has failed
to pass through the stricture, in such cases information is used from the
original endoscopy and the diagnostic CT scan.

The GTV is localised on axial slices of the planning CT scan using the EUS to
define a reference point (tracheal carina or the arch of the aorta) as well as
the superior and inferior extent of the GTV. In principle the GTV should
encompass the disease as defined on any of the above imaging modalities
used (i.e. CT, EUS and/or PET), even if i t dnly apparent on a single
modality.

4.2 CTV Definition

The Clinical Treatment Volume (CTV) is defined differently in two clinical
situations depending on the proximity of the GTV to the gastro-oesophageal
junction (GOJ). Tumours that have a high risk of disease within the stomach
have the potential to metastasise to lymph nodes that will only be included
within the CTV if specifically outlined. Thus, two CTV definition protocols are
defined below.

4.2.1 CTV Definition for a GTV which does not extend to within 2cm of the
gastro-oesophageal junction.

The CTV will comprise the GTV plus a margin of up to 1cm laterally and 2cm
superiorly and inferiorly (along the line of the oesophagus). It is created in
three steps:

T Step 1: The GTV is copied and |

preserved as a separate structure) and extended by 2cm superiorly
and inferiorly by manually drawing along the line of the oesophagus.
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T Step 2: CTVA is copied and | abel
1cm in the right, left, anterior and posterior directions.

T Step 3: CTVB may then be adjuste
proximity to the spinal cord PRV is made and where it is deemed that
the spinal cord dose volume constraints will not be met, the posterior
margin may be reduced. This reduction should be performed on a
slice-by-slice basis and should be subject to a minimum CTVA to
CTVB margin of 0.5cm. This is discussed in more detail in Appendix 2.

20mm (manually)

4.2.2 CTV Definition for a GTV which involves or comes within 2cm of the
gastro-oesophageal junction.

The CTV will comprise the GTV plus a margin of up to 1cm laterally, 2cm
superiorly (along the line of the oesophagus) and 2 cm inferiorly (this will
include the mucosa of the stomach in the direction of the lymph node stations
along the lesser curve including the para-cardial and left gastric lymph nodes).
It is created in five steps:

T Step 1: The GTV is copied and |
preserved as a separate structure) and extended by 2cm superiorly by
manual drawing along the line of the oesophagus.

1 Step 2: CTVA is extended inferiorly as far as the GOJ making note of
the length of extension from the GTV to this point. This step is not
necessary if the GTV already extends to the level of the GOJ.

T Step 3: CTVA is <copied and | abe
margin of 1cm in the right, left, anterior and posterior directions.

20%
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i Step 4: CTVB is manually extended inferiorly such that the total inferior
extension from GTV to CTVB is 2cm. This extension should aim to
include the mucosa of the stomach, in the direction of the lymph node
stations along the lesser curve including the para-cardial and left
gastric lymph nodes.

T Step 5: CTVB may then be adjuste
proximity to the spinal cord PRV is made and where it is deemed that
the spinal cord dose volume constraints will not be met, the posterior
margin may be reduced. This reduction should be performed on a
slice-by-slice basis and should be subject to a minimum CTVA T CTVB
margin of 0.5cm. This is discussed in more detail in Appendix 2.

I to GOJ(manually)

Dotted section: Drawn manually until
Inferior extent is 20mm from GTV

4.3 PTV Definition

CTVB iscopi ed and | abelled OPTVO. It
following margins:

Superiorly and inferiorly: 1.0cm

Laterally, anteriorly and posteriorly: 0.5cm (this margin is applied in all

circumstances regardless of the proximity of the target to the spinal cord)
The maximum treatment field length is 17cm, i.e. maximum EUS disease

length of primary tumour and lymph nodes is 10cm (assumes approximate
1cm extension from PTV to field length).
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4 DoseVolume Guidelines

There foll ows ameeduiodeldidnoesse. 6v oTl hue
(section 5.1) should be taken as definitive (subject to the type of dose
calculation algorithm used), however the aim of the remaining guidelines
(sections 5.2 7 5.6) is to assist optimisation of the plan in consideration of all
the organs at risk. These guidelines should all be achievable in the majority of
cases and therefore allow for the plan to be tailored to the individual case
such that the patmosidity smdy beacensidered and doses
to organs at risk modified within the guidelines given.

Region of Interest / Organ at Dose Constraint
Risk
PTV V95% (47.5Gy) > 99.0%
PTV PTV min > 93% (46.5Gy)
DMAX <107% (53.5Gy)
GTV GTV min > 100% (50.0Gy)
Spinal Cord PRV Cord Max <80% (40Gy)
Combined Lungs V40% (V20Gy) <25%
Heart V80% (V40Gy) < 30%
Liver V60% (V30Gy) < 60%
Individual kidneys V40% (V20Gy) <25%
51 PTV

The aim is to encompass the PTV with the 95% isodose with the best possible
conformality of the 95% isodose to the PTV. In practice 99% of the PTV
should be covered by the 95% isodose. The PTV maximum should be no
more than 107% of the prescribed dose to the ICRU reference point i this
maximum dose is determined in accordance with ICRU definitions whereby a
region of dose is considered clinically meaningful if its minimum diameter
exceeds 1.5cm. These requirements for the PTV are based on the use of a
pencil beam algorithm 7 if any other algorithm is used centres should assess
dose coverage to PTV according to local experience of best possible
coverage achievable.

5.2 Spinal Cord

Dose to the spinal cord PRV should be increased to a level of around 38Gy
and up to a maximum point dose of 40Gy. In practice this is achieved via a
high posterior beam contribution and results in best possible reduction of
doses to heart & lungs. No significant advantage is expected in attempting to
reduce the dose to spinal cord below 38Gy, conversely increasing the dose to
this safe level will give improved dose volume results for the remaining OARS.
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5.3 Lungs

The volume of lung (right and left combined) receiving 20Gy should be less
than 25% i.e. V20 < 25%. This level of dose may be achieved by judicious
choice of gantry angle, optimised shielding and by limiting the percentage
contribution of the lateral / lateral oblique beams.

54 Heart

The volume of heart receiving 40Gy should be less than 30% i.e.V40 < 30%.
A proportion of the heart may overlap with the PTV 1 dose reduction to the
remainder of the heart volume if required may be achieved by reducing the
anterior beam contribution.

5.5 Liver

The volume of liver receiving 30Gy should be less than 60% i.e. V30 < 60%.

5.6 Kidneys

Volume of each kidney receiving 20Gy should be less than 25% i.e.V20 <
25%. Where this is not achieved the plan should aim to spare one kidney
(subject to consideration of individual kidney function as demonstrated on a
renogram) as far as possible and within the V20 < 25% limit. This is not
expected to be a problem except in some with Siewert Type 3 tumours (which
are not eligible for SCOPE 1).

5.7 SCOPE 1 Radiotherapy planningusingd Ty pe b2d
calculation algorithm

It is stated in section 5.1 that the aim is to conform the 95% isodose to the
PTV with a target volume coverage of 99%. However, with increased use of
type b algorithms* for dose calculation in the highly inhomogeneous region as
is the thorax, the above is proven to be an unrealistic target for 95% dose
coverage.

Recent work has been published® which attempted to address this issue with

respect to oesophageal planning for SCOPE. The work was instigated as a
result of the above issue when attempting to provide guidance to centres

208

dose



returning QA and patient cases planned using type b algorithms, in which the
PTV coverage woul diter@af ai | 6 target do

The work included retrospectively planning 15 patients from the SCOPE trial
using Oncentra Masterplan (OMP) [Nucletron, Veenendaal, The Netherlands]
using the Collapsed Cone dose calculation algorithm®. The 95% dose
coverage was compared with the percentage overlap of the PTV with low
density tissue.

From the work it was found that a correlation could be drawn between the
achievable 95% dose coverage and the percentage volume of the PTV which
included low density tissue such as lung. From this correlation the following
formula was derived to provide a dose coverage target:

V95%2 9%%- [0.43 %PTVoverlag)

Also included in the published work was a short description of an approach to
optimising a plan to achieve the above target coverage 1 this aspect is
covered in more detail in this document:

In planning using type b algorithms it may be observed that improved
coverage can be achieved through increasing the field size near the region of
poor coverage. In order to avoid unnecessary increases in filed size it is
suggested that the initial planning is performed under full scatter conditions i
inhomogeneity correction should be switched off or the patient outline set to
water density. Under these conditions the plan can be quickly optimised with
approximate wedging and relative beam weighting. In this way the field sizes
should be set to achieve acceptable 95% isodose coverage. It is important
that the relative weightings are representative of the final plan at this point as
plans weighted heavily from ant post fields will result in the requirement of
smaller field sizes from the lat fields, and larger on the A/P.

Final optimisation can then be conducted with inhomogeneity correction,
whereby no increase to the field sizes should be applied. The figure derived
using the formula above should be used as the target volume coverage for
95% dose.

It should be noted that the formula is based on work solely using the OMP
collapsed cone algorithm on 15 patients. In using the technique for
prospective planning on the same system the target coverage has been easily
achieved in all cases. In which case the plan should be optimised to improve
the coverage further if possible without increasing field sizes, beyond the point
where the calculated target has been achieved.

Centres with an established method for planning with type b algorithms or
those wishing to take a different approach can plan as preferred.

It is intended that plans calculated with type b algorithms will be assessed
with respect to the target derived from the formula. As such an updated
revision of the SCOPE RT plan assessment form has been produced to
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include the %PTV overlap, along with the calculated target, to highlight
deviations from the protocol.

Glossary

*Type b algorithms i mcdinnade[RogaCRhillips &leciranids, Ainsterdaid, The Netherlands]
and Oncentra Masterplan, O6Mul tigrid Superpositiond i
Al gorithmé (AAA) in Eclipse [Vari aAh Medi cal Systems |

5 Pre-Treatment Verification

Prior to treatment commencing, centres should follow their local protocols as
regards pre-treatment verification; this may include a simulator check of the
treatment, where any adjustments required should also be made according to
local practice. Where simulator checks are performed, the single phase
technique reduces this to one rather than two procedures.

An alternative system verifies positional accuracy on the first fraction of
treatment. This may be done viathe gener at i on of 6dumm
(shown below) in the treatment planning system. These fields are prepared
with a standard field size with zero collimator twist and are positioned at the
anterior (gantry = 0°) and lateral (gantry = 90° or 270°) orientations to enable
translation of any shifts seen in the comparative verification images into
movements in the anterior-posterior, righti left and superior-inferior directions.

Anterior Isocentre Image

The o6dummy fieldsd are exported to
softwar e and are used as Oref dmremdanein
images may be compared (see section 7). As such, the treatment is verified
on set and a pre-treatment simulator check is not performed.
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§) On-Treatment Verification

7.1 On-Treatment Verification and Adjustment of the
Isocentre Position

Accuracy of delivery should be verified on the treatment set. This may be
managed according to local protocols and in accordance with best practice.
Our standard protocol for treatment positional verification specifies the
collection of electronically acquired lateral and anterior portal isocentre
images (or films where electronic means are not available) on the first three
days of treatment and thereafter on a weekly basis.

Images are analysed via anatomical matching as shown in the images below:
for the anterior image the vertebral bodies are outlined and matched, for the
lateral image the process is repeated using the vertebral bodies and the
sternum. The magnitude and direction of displacement between the
6referencktie atnrde nbtobn i mages i s t-lhf,eAmt-
Post and Left-Right directions.

| [C1[5X| M ANT 15051 14 - 02/01/2007 16:22 =l

Match Result: Image Mismatch

|Anatomy1 Image Error [cm] / [deg] Couch Movement [cm] / [deg]
in respect to X |-0.70 Rtn | +1.00 Lat |+0.7 Vit
lFieId Edge1 L‘ Y | +1.34 Lng |+1.3 Rtn |-1.0
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This analysis is performed and checked by suitably trained and authorised
6l RMER practitionersd For | epted) telasranos, i
action is determined based on the extent of the mismatch - three action levels
are defined as follows:

M1 Levell

No action is required if a portal image is less than 0.5cm displaced
from the reference image.

1 Level 2

If any given portal image is between 0.5 and 1.0cm displaced from the
reference image then treatment may continue but set up is monitored
by repeating portal images on each subsequent fraction until three sets
have been acquired. At this point the average shift is calculated and
the set up movements of the isocentre from the patient reference point
are adapted accordingly. An off-line correction strategy is adopted i.e.
a further set of images is taken on the next fraction of treatment and is
analysed prior trégatmentt he next dayos

M1 Level3

If any given portal image is more than 1.0cm displaced from the
reference image, then the treatment set up is reviewed prior to further
treatment being delivered. This review may be a simulator or an on-set
on-line correction strategy. i.e. prior to set up, new set up isocentre
movements from the patient reference mark are calculated using the
known displacements from the reference image and a further set of
isocentre images must be taken and analysed before the treatment is
delivered.

All changes are fully documented within the patient treatment record.

7.2 On-Treatment Verification of Patient Outline

Accuracy of the patient outline should be verified on set, as changes may
have occurred since the CT Planning scan was acquired. This may be done
according to local protocols and will depend on the technology available at
each centre. Our standard protocol requires the measurement of FSD for
each treatment field for the first three fractions of treatment. The readings
should reflect a consistent treatment set up i.e. if set up instructions are
changed at any point during the treatment, the measurements must be taken
for the three fractions following the change. Where the average reading for
any field is more than 0.5cm out of tolerance, the treatment sheet is referred
to Physics and the need for monitor unit correction is assessed. However if
any single measurement for any given beam is more than 1.5cm different
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from that planned, then the matter is investigated before further treatment is
delivered.

Where the patient® plan is referred for possible monitor unit correction the
following guidelines are applied: If any single beamsobdaverage FSD reading is
more than 1.0cm different from the planned FSD, or if any two beamso
average FSD is more than 0.5cm different from that planned, then a monitor
unit correction is calculated, checked and applied. Large changes in FSD
(>1.5cm) may be indicative of poor set up and are investigated further to
confirm treatment accuracy before a monitor unit correction is applied.
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4. Appendix 1: Delineation of Heart Volume

The whole heart is outlined to the extent of the pericardial sac (if visible). The
major blood vessels (superior to the organ) and the inferior vena cava
(towards the inferior extent of the heart) are excluded. The superior extent is
often difficult to define and may be simplified by identification of the vessels
superior to the heart. We use the point where the pulmonary trunk and the
right pulmonary artery are seen as separate structures as indication of the
superior extent of the heart. Shown below are alternate CT images for a scan
taken at 0.3cm intervals.

AscendingsAorta

21t




The definition of the heart is shown below on the same data set. The superior
extent of the heart has been interpreted as the 1% section on which the right
and left pulmonary arteries have separated. Throughout the heart is outlined
to the extent of the pericardial sac. The inferior extent is less problematic to
delineate as the organ appears well defined compared to the surrounding
tissues in the abdomen. However, if possible, the inferior vena cava should be
excluded.
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For reference the non-delineated CT data set is also provided below.




