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Abbreviations and Acronyms

AP Anterior-Posterior direction

BED Biological Effective Dose

CL-DVH Confidence Limited Dose Volume Histogram
CT Computed Tomography

CTV Clinical Tumour Volume

DNA Deoxyribose Nucleic Acid

DSAR  Differential Scatter Air Ratio

DVH Dose Volume Histogram

DWH Dose Wall Histogram

EGS4 Electron Gamma Shower version 4

EPID Electronic Portal Imaging Device

ETAR  Equivalent Tissue Air Ratio

EUBED Equivalent Uniform Biologically Effective Dose
EUD Equivalent Uniform Dose

FFT Fast Fourier Transform
FML Full Maximum Likelihood
FS Field Size

FSU Functional Sub-Unit

FWHM  Full Width at Half Maximum

GTV Gross Tumour Volume

HDSA  High Dose Surface Area

I-125 Iodine-125

ICRU International Commission on Radiation Units
M Internal Margin

IMRT  Intensity Modulated Radiation Therapy
IPTV Internal Planning Target Volume

IR Induced Repair

LET Linear Energy Transfer
LQ Linear Quadratic

LR Left-Right direction
MC Monte Carlo

ML Medio Lateral (same plane as left right)
viii



MOD Mean Organ Displacement

MRI (nuclear) Magnetic Resonance Imaging
MTPD  Mean Treatment Position Deviation
NAL No Action Level

NTCP  Normal Tissue Complication Probability
OAR Organ At Risk

PDF Probability Density Function

PDV Prescribed Dose Volume

PTV Planning Target Volume

RTOG  Radiation Therapy Oncology Group grading system
RTP Radiation Therapy Planning

SAL Shrinking Action Level

SD Standard Deviation

SEAS Setup Error (averaged) Across Studies
SED Standard effective dose

SI Superior-Inferior direction

SM Setup Margin

SSD Surface-Skin Distance

TCP Tumour Control Probability

TERMA Total Energy Released in the Medium
TPD Treatment Position Deviation

TPS Treatment Planning System

UTCP  Uncomplicated Tumour Control Probability

X



Symbols

x|

mean organ position
X mean patient position based on all measurements for a group of patients
r mean rectal wall radius across N, CT slices
F pop mean rectal wall radius across patient population
D mean treatment dose

d.(r) perturbed sample fraction dose in spatial element Dr located Dr +r units from the

isocentre

Di, systematic patient positioning error for jth patient

t initial action level for possible patient repositioning

] proportion of patients with injury uncorrelated to benefit

f random deviate from Gaussian distribution describing patient position at the j,

fraction dose

Smorgan Standard deviation in mean organ position

SR standard deviation of random error for jth patient

Sr standard deviation of systematic setup error across a group of patients

Dxj,j  measured shift in patient position in ith portal image from position at simulation
for jth patient

a variable

Ao (original) area of rectal wall segment
b variable

Ca partial score (for treatment plan)

G score

CTy infinite CT images used to calculate true mean organ position

d fraction dose

D treatment dose including, for example, 30 fraction doses

Dy planned treatment dose

Dso dose that produces a given endpoint in 50% of the population after 5 years
dc dose limit for induced repair

detr effective depth
D., Maximum treatment dose

dmax depth of maximum dose
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Ncell

Ncr

NErsu
fo

Npat
Ns
Nsp

P(D,1)

P(D,v)

P

fraction dose sampled from known distribution
sum of N sample fraction doses

perturbed fraction dose

standard dose per fraction (Gy)

angle increment

rotation vector

error function

objective function

Gaussian function

(absolute) position of geometric centre of rectum
CTV—PTV margin

primary kernel

scatter kernel

parameter from Kallman k-model

parameter from Lyman model

the total number of voxels

a number (general)

parameter from Lyman model

initial number of cells in tumour/organ
number of consecutive cells

the number in CT image acquisitions

number of FSU’s in organ

number of cells per FSU

the number of fraction doses

number of portal images

number of patients in a particular study
number of surviving cells following irradiation
number of standard deviations

number of slices in CT image set

probability (general)

dose-response function, giving the probability of a given endpoint following irradiation of
whole organ volume

dose-response function, giving the probability of a given endpoint following irradiation of
partial volume

probability of uncomplicated tumour control
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Pg probability of benefit from the treatment
Pgyi conditional probability for benefit without injury

Py probability of treatment induced injury

r radius (general)

To initial rectal radius

X random deviate from Gaussian distribution describing organ position
Tdef radius of deformed rectal wall

Tin inner rectal wall radius

parameter from Kallman s-model

S surviving fraction
T TERMA (see abbreviations)
T total time of treatment (days)

Tin half-life for sub lethal damage
Tk kick-off time (days)
Tpot potential doubling time of tumour (days)

U Utility of treatment
Uy vector displacement at time, t.
v partial volume (cm’)

Ve  effective volume (considering tissue architecture) (cm®)

Vi tumour volume (cm’)

w rectal wall thickness (mm).

w' weighted change in rectal wall thickness
X position along LR axis (mm).

Xo(v)  position (absolute) of v at planning (mm).

x(v)  position (absolute) of v at time, t (mm).

y position along AP axis (mm).

z position along SI axis (mm).

Y gradient of dose response function

A deviation or shift (of dose distribution) (mm).

Ar change in rectum radius (mm).

Ay sub-volume (normally volume of a voxel)

Aw change in rectal wall thickness (mm).

C random deviate sampled from Gaussian distribution
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n co-efficient

] angle

1 on-going number of measurement

4 organ position (mm).

® a weighting factor

D total shift from mean organ position for jy fraction (mm).

Dr’ weighted change in radius

S standard deviation between patient variables (systematic error)

Sielin standard deviation in interpatient (systematic) mean delineation error

Som standard deviation in interpatient (systematic) mean organ motion error

Sse standard deviation in interpatient (systematic) mean setup error

a parameter of the Linear Quadratic model for cell killing (Gy™)

as hyper sensitive cell sensitive at low dose (Gy)

b parameter of the Linear Quadratic model for cell killing (Gy™)

r clonogen density (cm™)

S standard deviation in random parameter (general)

Som standard deivation in interfraction (random) organ motion

Sp standard deviation describing the production of penumbra

SsE standard deviation in interfraction (random) setup error

STD standard deviation of treatment delivery (random) errors (i.e. interfraction setup

errors plus interfraction organ motion error)

Sa standard deviation in interpatient (systematic) cell sensitivity
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Abstract

Uncertainties are inevitably part of the radiotherapy process. Uncertainty in the dose
deposited in the tumour exists due to organ motion, patient positioning errors, fluctuations
in machine output, delineation of regions of interest, the modality of imaging used, and
treatment planning algorithm assumptions among others; there is uncertainty in the dose
required to eradicate a tumour due to interpatient variations in patient-specific variables
such as their sensitivity to radiation; and there is uncertainty in the dose-volume restraints

that limit dose to normal tissue.

This thesis involves three major streams of research including investigation of the actual
dose delivered to target and normal tissue, the effect of dose uncertainty on radiobiological
indices, and techniques to display the dose uncertainty in a treatment planning system. All
of the analyses are performed with the dose distribution from a four-field box treatment
using 6 MV photons. The treatment fields include uniform margins between the clinical
target volume and planning target volume of 0.5 cm, 1.0 cm, and 1.5 cm. The major work
is preceded by a thorough literature review on the size of setup and organ motion errors for

various organs and setup techniques used in radiotherapy.

A Monte Carlo (MC) code was written to simulate both the treatment planning and
delivery phases of the radiotherapy treatment. Using MC, the mean and the variation in
treatment dose are calculated for both an individual patient and across a population of
patients. In particular, the possible discrepancy in tumour position located from a single
CT scan and the magnitude of reduction in dose variation following multiple CT scans is
investigated. A novel convolution kernel to include multiple pretreatment CT scans in the
calculation of mean treatment dose is derived. Variations in dose deposited to prostate and
rectal wall are assessed for each of the margins and for various magnitudes of systematic

and random error, and penumbra gradients.

The linear quadratic model is used to calculate prostate Tumour Control Probability (TCP)
incorporating an actual (modelled) delivered prostate dose. The Kallman s-model is used to

calculate the normal tissue complication probability (NTCP), incorporating actual
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(modelled) fraction dose in the deforming rectal wall. The impact of each treatment

uncertainty on the variation in the radiobiological index is calculated for the margin sizes.
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