UNIVERSITY OF ADELAIDE

*»
P

B

THE UNIVERSITY

o ADELAIDE

DOCTORAL THESIS

Development of an Integrated
Stochastic Radiobiological Model for
Electromagnetic Particle

Interactions in a 4D Cellular
Geometry

MICHAEL JOHN JAMES DOUGLASS
Supervisors: A/Prof. Eva Bezak & Dr. Scott Penfold

A thesis submitted in fulfilment of the requirements
for the degree of Doctor of Philosophy

i the

School of Chemistry and Physics
University of Adelaide

May 2014



Declaration of Authorship

I, Michael John James Douglass, certify that this thesis titled, 'Development of an In-

tegrated Stochastic Radiobiological Model for Electromagnetic Particle Interactions in a

4D Cellular Geometry’ and the work presented in it are my own. I confirm that:

This work contains no material which has been accepted for the award of any other
degree or diploma in any university or other tertiary institution to Michael John
James Douglass and, to the best of my knowledge and belief, contains no material
previously published or written by another person, except where due reference has

been made in the text.

I give consent to this copy of my thesis, when deposited in the University Library,
being made available for loan and photocopying, subject to the provisions of the

Copyright Act 1968.

The author acknowledges that copyright of published works contained within this
thesis resides with the copyright holder(s) of those works.

I also give permission for the digital version of my thesis to be made available on the
internet, visa the University’s digital research repository, the Library catalogue, the
Australasian Digital Theses Program (ADTP) and also through web search engines,
unless permission has been granted by the University to restrict access for a period

of time.

Signed:

Date:




Peer Reviewed Publications
Published

1. Douglass M., Bezak E. and Penfold S., Development of a Randomised 3d Cell Model
for Monte Carlo Microdosimetry Simulations. Medical Physics, 39:3502-3519, 2012.

2. Douglass M., Bezak E., Physical Modelling of Proton and Heavy Ion Radiation
using Geantd, EPJ Web of Conferences 35, 2012.

3. Kempson I.M., Smith E., Douglass M., Thierry B., Liu T.Q., Howard D., DeJonge
M. and Bezak E., Applications of Large Area XRF Mapping of Metals in Biology
at the Australian Synchrotron IAEA X-ray Fluorescence Newsletter, 2012.

4. Douglass M., Bezak E. and Penfold S., Monte Carlo Investigation of the Increased
Radiation Deposition due to Gold Nanoparticles using Kilo- and Mega-Voltage X-
Rays in a 3D Randomized Cell Model”, Medical Physics, 40, 2013.

Submitted for Publication

1. Douglass M., Bezak E. and Penfold S., An integrated radiobiological model for the
prediction of the biological effects of protons and heavy ion radiation”, NASA Space
Radiation, 2014 (Submitted November 2013).

2. Douglass M., Bezak E. and Penfold S., Development and Calibration of a Simulation
Toolkit for Cell Growth, Irradiation and Repair, Michael Douglass, Medical Physics,
2014 (Submitted March 2014).

ii



Grants and Scholarships

n Co-recipient of a grant ($100K value) for x-ray fluoroscopy beam time at the Aus-

tralian Synchrotron Centre. November 2012, Principal scientist, Dr. Ivan Kempson.
» Australian Postgraduate Award (APA) 2010 - 2013.

s ACPSEM EPSM 2012 Scholarship.

iii



Conference Presentations and Awards

Local

m Douglass M., Bezak E., Proton and Heavy Ion Radiotherapy, ACPSEM (SA/NT)
Student Paper Night, 2009, 1st Place (Physics Category).

m Douglass M., Bezak E. and Penfold S., Proton and Heavy Ion Radiotherapy, ACPSEM
(SA/NT) Student Paper Night, 2010, 2nd Place (Physics Category).

m Douglass M., Bezak E. and Penfold S., Heavy Ion Microdosimetry, Postgraduate
Poster Seminar - University of Adelaide, 2010, “Prize for best first year physics

research poster”.

m Douglass M., Bezak E. and Penfold S., Development of a 3D randomised cell model,

Three minute thesis competition, 2010.

m Douglass M., Bezak E. and Penfold S., Cellular Microdosimetry, Three minute thesis
competition, 2011.

m Douglass M., Bezak E. and Penfold S., Development of a Randomized 3D Cell
model for microscopic level radiation cell damages, ACPSEM (SA/NT) Student
Paper Night, 2011, 1st Place (Physics Category).

s Douglass M., Bezak E. and Penfold S., Development, Testing and Application of a
Complete Cell Growth, Irradiation, Repair and Death Model, ACPSEM — SA/NT
Student Paper Night, 2013, 1st Place.

m Douglass M., Bezak E. and Penfold S., Development, Testing and Application of a
Complete Cell Growth, Irradiation, Repair and Death Model, Adelaide University
School of Chemistry and Physics Postgraduate Research Seminar, 2013, Recipient
of “Bob Crompton Award” for physics.

National

m Douglass M., Bezak E. and Penfold S., Development of Monte Carlo Input Code for
Proton, Alpha and Heavy Ion Microdosimetric Track Structure Simulations, EPSM,
2010. Melbourne, Australia

v



m Douglass M., Bezak E. and Penfold S., Development of Monte Carlo Input Code
for Proton, Alpha and Heavy Ion Microdosimetric Track Structure Simulations,
EPSM-ABEC, 2011, Darwin, Australia “Prize for best student radiobiology

presentation”.

m Douglass M., Bezak E. and Penfold S., Application of a Novel Cellular Micro-
dosimetry model to investigate the impact of Gold Nanoparticles on the dose to
cells, EPSM-ABEC, 2012, Gold Coast, Australia.

m Douglass M., Bezak E. and Penfold S., Physical Modelling of Proton and Heavy lon
Radiation Using Geantj, Heavy Ion Accelerator Symposium, 2012, Australian Na-

tional University ACT, Australia, Prize for “Best student oral presentation.

m Douglass M., Bezak E. and Penfold S., Investigation of the dose enhancement effect
of gold nano particles using a 3D randomized cell model, Modelling of Tumours
Meeting (MOT), 2012, Adelaide, Australia.

m Douglass M., Bezak E. and Penfold S., Application of a Novel Cellular Micro-
dosimetry model to investigate the impact of Gold Nanoparticles on the dose to
cellsy MMIND (Micro- Mini and Nanodosimetry conference), 2012, University of
Wollongong, Australia.

m Douglass M., Bezak E. and Penfold S., Development, Testing and Application of
a Complete Cell Growth, Irradiation, Repair and Death Model, 2nd Geant4 and
Monte Carlo Workshop, 2013 University of Wollongong, NSW, Australia.

International

m Douglass M., Bezak E. and Penfold S., Development of Monte Carlo Input Code
for Proton, Alpha and Heavy Ion Microdosimetric Track Structure Simulations,
First Geant4 School and Users Workshop, 2010, University of Wollongong, NSW,

Australia.

m Douglass M., Bezak E. and Penfold S., Development of a Randomised 3d Cell Model
for Microscopic Level Radiation Damages, International Conference on Biological
Physics, 2011, University of San Diego, CA, USA

m Douglass M., Bezak E. and Penfold S., Investigation of the dose enhancement effect
of gold nano particles using a 3D randomized cell model, Medical Physics World
Congress, 2012, Beijing, China.



vi

m Douglass M., Bezak E. and Penfold S., Development, Testing and Application of a
Complete Cell Growth, Irradiation, Repair and Death Model, Radiation Research
Meeting 2013, New Orleans, LA, USA



“The fact that we live at the bottom of a deep gravity well, on the surface of a gas covered
planet going around a nuclear fireball 90 million miles away and think this to be normal

1s obviously some indication of how skewed our perspective tends to be.”

Douglas Adams



Abstract

An integrated radiobiological model has been developed in this thesis using the Monte
Carlo toolkit “Geant4” to produce a radiobiological modelling software package. The
result is a simulation capable of: (a) growing a simulated 3D cell structure (i.e. tumour
or mammalian tissue) composed of individual cells (with accurate chemical composition
and geometry), (b) irradiating the cells and recording the microdosimetric track structure
in each cell, (c¢) clustering spatially correlated ionisation events into DNA double strand
breaks and then (d) predicting the likelihood that any given cell will survive. The novelty
of this model is its ability to predict both the microscopic and macroscopic outcome of
radiobiology experiments while varying input parameters such as cell line, radiation type,
tumour geometry, dose etc. Previous research in this area has been limited to simple
water volumes as representations of cells and none have been combined into an integrated

radiobiological model.

Model Development

Cellular Growth Model

The cellular growth model consists of two parts. The first part is a geometrical and
chemical description of a single cell. The second is a cellular growth model describing the
growth kinetics of a group of cells. When combined, they form a simulated macroscopic

cell mass composed of individual microscopic cells.

A template was first designed within Geant4 for a single cell containing properties such
as cell size, nucleus dimensions, and cytoplasm composition. Cellular dimensions and

composition were obtained from previous publications.

The cellular growth model is a mathematical model which attempts to replicate the
growth characteristics of either regular or cancerous cells. The code populates a volume
of specified dimension and shape with cells of random dimension, rotation and position
governed by the characteristics of a given cell line. A general requirement for Geant4
simulations is a non-overlapping geometry. A custom algorithm was developed in the
current work to ensure that the cells in the tumour geometry did not overlap before

importing into Geant4.



The time required to “grow” a tumour using this code is proportional to the number of
cells in the volume. The time to produce a tumour containing approximately 10° cells is
typically less than 1 hour. However, the time required to complete the irradiation stage of
the code is strongly dependant on the number of cells in the tumour. To produce results
in a reasonable amount of time, we were limited to using tumours containing less than
10* cells.

The position, rotation and size of each tumour were then exported to a file in a format

which could be imported by our custom Geant4 simulation.

Cellular Irradiation

A method called parameterisation was used inside Geant4 to combine the single cell
structure and the spatial properties of the cells (generated by the cellular growth model)
to produce a cellular mass which can be irradiated virtually. To our knowledge, Geant4
has not been used to simulate particle interactions in such a large number of complex
volumes. This achievement is the result of the efficiency of the unique parameterisation
code developed in this thesis. The Geant4 particle tracking tool kit enables the cells
to be irradiated with different types of radiation (such as protons, electrons, photons)
and records the positions of the ionisation damage in each cell. For high LET radiation
(such as heavy ions), the primary cell damage mechanism is direct ionisation damage.
By recording the position and energy deposited in each ionisation event, the probability

of a cell surviving or dying can be calculated.

The first two stages of the code were tested by predicting and quantifying the radiosensi-
tisation effect of cells by gold nanoparticles. Gold nanoparticles were introduced into the
cellular geometries and the frequency of ionisation effects within the cells was measured.
It was determined that the radiosensitisation effect of gold nanoparticles is proportional
to the concentration of gold within the cell, inversely proportional to the energy of the
incident photon and strongly dependant on position within the cell. When the cells were
irradiated with 80 kVp x-rays, the damage to the cells was determined to be approxi-
mately 10 times that of cells irradiated without gold nanoparticles. When a typical 6 MV
linear accelerator x-ray beam was used to irradiate the cells, the damage to the cells was
only 1.2 times higher that measured without gold nanoparticles. These results suggest
that the primary dose enhancement effect is the result of the increase in photoelectric

cross section caused by the local increase in the effective atomic number within the cell.



Ionisation Clustering

In order to predict the biological damage to the cells, the ionisation damage calculated in
the previous two stages of the code needed to be clustered into DNA strand breakages. To
cluster the ionisation events into double strand breaks, a hierarchical clustering algorithm
was developed. Ionisation events are clustered into a DSB if the Euclidean distance
from the centre of the DSB centroid (“centre of mass” of the cluster) is less than 3.4
nm (length of 10 base pairs in DNA). A DSB is defined to be “simple” if the cluster
contains two ionisation events. A DSB is “complex” if it contains three or more ionisation
events. In typical radiotherapy treatments, several grays of radiation dose are delivered.
Microscopically, this corresponds to billions or trillions of individual ionisation events.
When simulated computationally, this has obvious storage and processing issues. The
effects of this problem were minimised by considering only a small volume of cells (< 102
cells). Even with such a small number of cells, the total number of ionisation events
to process was in excess of 107. In terms of computational time, this section of the
code is highly efficient but at the expense of system resources. The large system RAM
requirements mean that the code can only be executed on a 64 bit processor in its current

form.

DNA Repair Model

The basis for the DNA repair model in the current work is the two lesion kinetics (TLK)
model. In the current work we have expanded on the TLK model and implemented it
as a method of describing the repair of the ionisation damages produced in Geant4. The
most notable improvement lies in implementing the model on a cell by cell basis instead

of modelling the repair kinetics as an average of all cells in the volume (e.g. a tumour).

The DNA repair model was calibrated and tested using experimental data for V79 Chi-
nese hamster cells irradiated with 0.76 and 1.9 MeV proton radiation. Once calibrated,
the experimental and calculated values for cell survival were in good agreement (< 7%

difference).



Cross Section Verification

The validity and accuracy of the Geant4 cross sectional data was tested by comparing

simulated and experimental data.

Geant4 has been shown to be able to simulate radiation interactions of very low energy
particles (to approximately ~ 1 eV (debated)). However, our investigation (and previous
publications) has shown differences of up to £30% (between simulated and experimental
data) in the differential cross section of electrons and protons at energies below 100
eV. Our investigation also revealed a similar discrepancy with other comparable Monte
Carlo packages including PARTRAC and RITRACKS. However, within the energy range
we have investigated throughout this research, there is good agreement between both

experimental data and data predicted by other MC packages.

Effect of Indirect Radiation Damages on Cellular Sur-

vival

To investigate the contribution from indirect damages in our previous studies, a MC soft-
ware package called RITRACKS was used which is capable of simulating the production

yields of free radical species due to the physical interactions of ionising radiation in water.

Utilising the clustering algorithm and DNA repair model from our previous Geant4 inves-
tigation, we attempted to quantify the cellular lethality of direct and indirect radiation
damages. Our study has shown that for particles with LET ~ 1000 keV /um (50 MeV /amu
%TFe ions, the contribution to DNA damage from indirect damages is still approximately
50%.

Conclusion

A comprehensive radiobiological simulation has been developed capable of predicting the
complex ionisation track structure of ionising radiation (e.g. photons, protons and car-

bon ions) through individual cells. Subsequently, predicting the biological outcome within



individual cells by tracking the formation and repair of DNA strand breaks. The capa-
bilities of the software have been demonstrated for use in novel radiotherapy treatment

techniques.
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Chapter 1

Introduction

Cancer is estimated to affect one in three and one in four Australian men and women
respectively by the age of 75 [1]. Various methods of treatment are available including
surgery, chemotherapy, radiotherapy, immunotherapy and targeted therapies, many of

which are often used in conjunction with each other.

Since the discovery of x-rays in the late 1800s [2], radiation has been applied in the treat-
ment of various ailments including cancer. In the mid 1900s, clinical radiotherapy made
several large advances including the use of %°Co sources for the treatment of deep seated
tumours and the development of linear accelerators for medical use. These advances have

made radiation an effective tool for the treatment of cancer.

1.1 Radiation Therapy

Radiation dose is delivered to a cancer patient using a variety of methods including exter-
nal beam radiotherapy (EBRT), brachytherapy and targeted therapy depending on the
specific characteristics of the disease [3]. The primary objective of any radiation treat-
ment is to maximise the dose to the tumour volume while minimising exposure to the
healthy tissue surrounding it. This is to achieve the highest probability of curing the
patient while reducing the severity of side effects and to reduce the probability of sec-
ond primary cancers developing. External beam radiotherapy and brachytherapy are the

1
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two most common radiotherapy treatment modalities at present due to several factors
including: highly effective treatment outcomes, low cost of treatment per patient (c.f.
chemotherapy), short treatment times per fraction and the knowledge and experience
of decades of cancer treatment and research using these modalities. Many advances in
the field of external beam radiotherapy have been made in the last fifty years. Some
key advances include: use of megavoltage x-rays to treat deep seated tumours, linear
accelerator (figure 1.1) development, implementation of multi-leaf collimators for better
radiation field conformality, intensity modulated radiotherapy [4, 5] and image guided ra-
diotherapy. These technologies have been made practical for external beam radiotherapy
by the corresponding development of 3D treatment planning systems, CT simulators and
PET imaging. These key advances have helped x-ray based external beam radiotherapy

remain the treatment of choice for cancer and will remain so for many years to come.

Whilst megavoltage x-rays are effective in the treatment of many forms of cancer, recent
scientific and technological advances have enabled other treatment modalities to be devel-
oped. One of the most important of these advances is proton and heavy ion radiotherapy
[6, 7] due to the development of a new generation of medical cyclotrons/synchrotrons

(figure 1.2) [8].

Protons and heavy ions have many physical and biological advantages over x-rays when
used in radiotherapy. The primary advantage is the superior dose distribution (figure
1.3). Protons and heavy ions deposit very little energy in matter until coming to a
complete stop. This physical behaviour gives rise to the so called “Bragg Peak”. By
precisely modulating the energy of the protons, the radiation dose can be precisely and
conformally deposited in the tumour volume. The magnitude of the radiation damage
caused by an individual proton is inversely proportional to its energy. As a result, the
biological effectiveness of the radiation is up to 60% higher in the Bragg peak region.
Both of these properties result in better treatment outcomes for the patient as a result of
lower integrated radiation doses required to obtain the same tumour control and reduced

radiation dose to normal tissue surrounding the tumour.

Whilst heavy ions are slowly being adopted in hospitals and treatment centres around the

world, the high set-up costs still make this new treatment modality widely unaffordable.
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FIGURE 1.1: A Varian True Beam™ linear accelerator used in x-ray external beam
radiotherapy. Courtesy of Varian Pty. Ltd.

FIGURE 1.2: A synchrotron accelerator used in proton and heavy ion radiotherapy.
Courtesy of Stern, Gruner+Jahr AG & Co. KG, Germany.
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FIGURE 1.3: The percentage depth dose curves for 10 MV photons, 210 MeV protons

and a proton spread-out Bragg peak. The benefits of proton radiotherapy are evident

from the shape of the depth dose curve. The majority of the proton radiation is delivered
to the tumour volume with reduced dose to the normal tissue surrounding it.

Proton and carbon ion facilities generally cost more than ten times as much to set-up
compared with a traditional linear accelerator [9]. There are additional challenges asso-
ciated with setting up and running a heavy ion facility such as modification of existing
shielding in hospitals, new infrastructure and training of existing medical physicists, ra-
diation oncologists and radiotherapist to properly operate, maintain the equipment and
take advantage of the benefits of heavy ion radiation. Due to these issues, photon EBRT
and brachytherapy will remain the dominant treatment modalities for the next decade

[10].

1.2 Targeted and Adjunct Therapies

Conventional EBRT and brachytherapy treatments are designed to deliver the highest
radiation dose to the tumour volume while sparing normal tissue. Whilst both of these
methods are effective in treating localised tumours they both have several major disad-
vantages. EBRT treatments, while non-invasive can cause significant radiation damage
to normal tissue surrounding the tumour volume. Brachytherapy is more effective than

EBRT in delivering a localised dose to the tumour volume but can be highly invasive.
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Both types of treatment require the tumour to be localised to a single volume and large
enough to appear either on CT, MRI, PET or other imaging devices for detection and
treatment planning. There are very few therapies currently available which are designed
to target micrometastatic tumour cells after the treatment of the primary cancer. These
cells can lead to the formation of second cancers if not destroyed and as a result targeted

therapies are needed.

1.2.1 Targeted Alpha Therapy

One form of targeted therapy currently undergoing clinical trials is “targeted alpha
therapy”[11]. An alpha emitting radioisotope (e.g. ?!3Bi) is labelled with a monoclonal
antibody (figure 1.4) or protein which targets the antigens expressed by cancer cells. The
radioisotopes emit low energy (short range <80 pm) alpha particles which are highly
detrimental to the targeted cells due to their high LET. Because the antibody binds
preferentially to the tumour cells, the radiation dose from the alpha particles is delivered

largely to the cancer cells and tumour blood vessel cells [11].

1.2.2 Gold Nanoparticles

Another proposed method of increasing radiotherapy treatment outcomes is through ra-
diosensitisation of cancer cells. The use of gold nanoparticles is one proposed method.
By introducing a solution of gold particles of nanometre dimensions to a region in close
proximity to the cancer cells, the effective atomic number in the region of the tumour will
be increased. The interaction cross section for low energy x-rays is strongly dependant
on the atomic number of the material (i.e. o oc Z*® for the photoelectric effect). The
result is an increased probability of photoelectrons being produced in the tumour cells

and therefore increased localised radiation damage [3].

It has been proposed that gold nanoparticles could also be used to benefit image guided
radiotherapy [12]. By injecting a hydrogel/gold nanoparticle solution directly into the
tumour, the gold nanoparticles would also act as markers (in addition to a sensitising

agent) for IGRT. Upon injection of the hydrogel solution, the solution will solidify and
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a Emitter (Destroys the cell)

Chelator (Binds the alpha emitter to the antibody)

N\

>

Antibody (Targets the cancer cell)

Antigen (Binding site)

Cancer Cell

FIGURE 1.4: The alpha emitter is attached to the antibody by a chelator (binds metallic
and organic materials). The antibody then binds to the cancer cell antigen. The short
range « particles then damage the cancer cell.
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Photoelectron - .
Electron Ionisation
Track

X-Ray Photon

FI1GURE 1.5: By introducing gold particles into the cell, the probability of photoelec-
trons being produced by x-rays is higher, increasing the probability of radiation damage
to the cell.

remain at the site of injection for up to 6 weeks. Thereby improving the accuracy as well

as effectiveness of radiation treatment [12].

1.3 Direction of Modern Radiotherapy

Newer technologies such as IMRT (intensity modulated radiotherapy), IGRT (image
guided radiotherapy), gating and IMAT (intensity modulated arc therapy) have all been
developed to increase the precision with which dose is delivered and to maximise the
tissue sparing effect. It has been proposed that the hardware and software is quickly

approaching the limits of what is possible with x-ray linear accelerators.

The implementation of heavy ion radiotherapy represents a change in direction from
hardware /software development and a movement towards utilising alternative physical
processes. Undoubtedly, as proton and heavy ion therapy becomes widely adopted, med-
ical cyclotron and synchrotron technology will undergo a similar refinement process to
linear accelerators. Another method of improving treatment outcomes is to refine our un-

derstanding of the radiobiology of radiotherapy treatments. Ideally, both the cancerous
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and healthy cells of a patient should be assayed prior to treatment to provide information

such as tumour oxygenation and the tolerance of normal tissue to radiation.

Mathematical radiobiological models have been developed since the mid 1950s [13] in
order to understand the underlying physio-biological processes of radiation induced cell
death. Analytical models are inherently inaccurate in predicting small scale behaviour
in any physical system due to the stochastic nature of particle interactions. The under-
lying behaviour is typically hidden in the parameters of the model resulting in a lack of

robustness.

Computer models have been demonstrated to be an invaluable tool in all areas of sci-
entific research. Monte Carlo simulations have become particularly useful for modelling
stochastic systems governed by probability density functions. The large scale behaviour
of a physical system is modelled by simulating multiple small scale behaviours. This type
of modelling is more accurate than analytical modelling but significantly slower due to

the number of interactions that need to be simulated.

There are several computer models currently available for simulating the various radio-
biological processes associated with radiotherapy. These models have been specifically
designed for modelling processes such as: tumour growth properties, Monte Carlo (MC)
particle track structure (e.g. Geant4) and DNA DSB repair. To our knowledge, there is
currently no realistic radiobiological model in the literature capable of simulating stochas-
tic radiobiological processes in 3D or 4D. There is a need for a robust stochastic model
which unifies all of the essential processes of radiation induced cell death including: tu-

mour growth, irradiation and DNA repair.

1.4 Aims of the Current Work

The aim of the current work was to develop a stochastic radiobiological model capable
of simulating all the primary physical, chemical and biological effects associated with

radiation induced cell death. The Monte Carlo model consists of three stages:

1. Cell growth.
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2. Cell irradiation.

3. Cell repair and death.

This has been achieved using a combination of existing software toolkits and custom

algorithms developed in this work.

The first component is a simulation for growing a tumour composed of individual cells of

realistic dimensions and elemental composition.

An input code has been developed in this thesis using the MC toolkit Geant4 [14] to
enable the simulation of various forms of radiation including x-rays and protons, providing
detailed track structure of each particle as it passes through the tumour. The positions of
each ionisation and excitation event in the target was extracted. The physical geometry
of a typical cancerous growth was used as the target volume so that the positions of the

individual ionisation events could be accurately be mapped onto the tumour.

The ionisation damage simulated by Geant4 inside each cell was used to predict the
biological damage to the tumour. The model was developed to simulate the repair char-

acteristics of each cell so that the biological outcome could be predicted.

It is believed that the limited correlation between the results of many of the previous
models and experimental results is due to the over simplified model for the structure of
the cell. A large fraction of the previous models developed to simulate the response of
cells to radiation have not modelled the shape or size of the cells themselves thus limiting
the various channels of cell death due to radiation exposure. It is believed that different
components of the cell are more radiosensitive than others (i.e. nucleus — DNA damages,
membrane — electrolyte imbalance). Different methods of cellular apoptosis and necrosis

are also possible for different parts of the cells.

These are relevant processes leading to cell death which cannot be modelled by a single
pixel representation of a cell. The importance of modelling the individual components
of the cell is therefore emphasised. Exotic cell processes such as the radiation induced

bystander effect (cell communication) should also be modelled to accurately predict the
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probability of cell death. The few input parameters that are required for the simula-
tion will be obtained from experimental results published in the literature. Using this
information the resultant damage to the tumour volume will be assessed from a physi-
cally fundamental level enabling optimisation of treatment delivery methods for maximal

treatment effectiveness.

Whilst performing this research, It is hoped that an understanding of the significance of
fundamental radiation cell death processes will be developed and this information can be
used to optimise existing and develop new methods of cancer treatment using photon and

heavy ion radiation.

1.5 Thesis Outline

Chapter 2 is a review of previous and current mathematical and computational radiobi-
ological models with an emphasis on key historical achievements. The major limitations

of each model and potential additions for the current model are listed in the conclusion.

Chapter 3 begins with a mathematical description of radiation target theory used to
calculate the probability of a cell surviving a given dose of radiation. The mathematical
models are the basis for a large number of current published models and the model to be
developed in the current work. The chapter continues with a description of the critical

radiation physical processes which contribute to radiation induced cell death.

Chapter 4 includes a brief discussion of the Monte Carlo method for simulating stochastic

physical processes and the structure of the Geant4 particle tracking toolkit.

Chapter 5 describes the development of the first stage of the new radiobiological model
developed in the current work. It describes the development of a mathematical algorithm
for growing randomised ellipsoidal cells in a 3D tumour volume and importing the tumour

into Geant4.

Chapter 6 demonstrates the application of the radiobiological model to investigate the

feasibility of the adjunct radiation therapy called gold nanoparticle therapy. The physical
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processes associated with this therapy are modelled and the effects of modifying physical
parameters on nanometre scales are investigated. Gold nanoparticles are investigated
experimentally in chapter 7 by measuring the internal distribution of gold within EMT6

cells at the Australian Synchrotron Centre.

The outlined radiological model is completed in chapter 8 with the inclusion of a spatial
and temporal description of the repair of radiation induced DNA double strand breaks.
The functionality of the entire model is tested by comparing predicted biological outcomes

to experimental data.

Chapter 9 tests the quality of the physical models used to develop the model in the current
work by comparing interaction cross sections used in Geant4 with published data. Geant4

is also compared with the MC software RITRACKS for use in chapter 10.

A preliminary investigation is performed in chapter 10 to study the contribution from

indirect (chemical) DNA damage using the MC software RITRACKS.

Chapter 11 concludes the thesis with a summary of the development and the major

achievements of the model. The plans for extending the model in the future is discussed.



Chapter 2

A Review of Analytical and
Stochastic Radiobiological Models

Mathematical and computational models have been used since the early 1960s in an at-
tempt to understand the complex biophysical processes associated with radiation induced
cell death [13, 15-22]. Mathematical models have always formed the basis of radiobiolog-
ical computational simulations. This chapter will review the radiobiological models most

relevant to the current work.

2.1 Analytical Models

Analytical models consist of one or more mathematical equations relating the properties

of a system to other variables in the same system.

Chadwick first presented a mathematical formula which accurately fit experimental data
of cell survival as a function of absorbed dose [15]. This model was derived from the
concepts of radiation target theory for cell lines developed and investigated by Lea in

1956 [13]. The primary assumptions of the model are [15]:

1. The ability of a cell to reproduce is determined by the integrity of the DNA double
helix.
12
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FIGURE 2.1: Cell survival curve showing the relative biological effectiveness of x-rays,
protons and alpha particles.

2. Loss of integrity of the DNA double helix occurs through radiation induced ionisa-
tion events on one or both sides of the helix. These ionisation events cause molecular

bond breaks in the DNA strands.

3. The repair of DNA is assumed to occur through physical recombination, chemical

restitution and biochemical enzymatic repair processes.

Chadwick’s was the first model to consolidate the then current theories of macroscopic
dose deposition and micro/nanoscopic damages caused by ionising radiation leading to
physical and biochemical changes in the cell. In [15], the first instance of the familiar

linear-quadratic formula was presented:

S = ¢oP-BD? (2.1)

Where S is the cell survival fraction for cells exposed to a dose of ionising radiation D.
The o and 8 parameters represent the linear non-repairable component of the cell survival

curve and the repairable component of the cell damage respectively.

This formulation of radiation induced cell death remains the most commonly used in

modern radiobiology due to its simplicity and accuracy in predicting cell survival for a
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given absorbed dose. For a more detailed description of the L model, see chapter 2. An
example of the linear quadratic curve for the prediction of cell survival for x-rays, protons

and alpha particles is shown in figure 2.1.

In later years, efforts were made to improve upon the linear-quadratic model by develop-
ing a more realistic model of the processes of radiation induced DNA damage. Tobias,
developed the so called repair-misrepair (RMR) model in 1985 [16]. It was developed to
model the physiochemical energy transfer involved in the formation of lesions in mam-
malian cells and the resultant molecular and biological events [16, 17]. In this model,
DNA lesions are assumed to be caused by single electrons or delta rays (i.e. high energy
secondary electrons). The kinematics of DNA repair are the foundation for the RMR
model. It is assumed that a cell damaged by radiation has the ability to detect and
repair this damage using an enzymatic repair process. The ability to repair this damage
depends on the availability of the specific repair enzymes. Radiation has the ability to
interfere with the repair mechanism (i.e. misrepair) by inactivating repair enzymes or
conversely, may trigger the formation of additional enzymes. Radiation damage in a sin-
gle cell is assumed to be cumulative until all previous lesions have been repaired. This
implies that subsequent damage to an already damaged cell reduces its probability of
survival. This assumption leads to non-linear cell survival kinematics. The mathematical
formalism of this model is a single differential equation representing the time rate of lesion

repair using linear self-repair and quadratic misrepair processes.

In 1986, Curtis published the “lethal potentially-lethal model” (LPL) which applied the
then current knowledge of radiation induced cell death [18]. It included concepts such
as DNA lesions formed by ionisation events, lesion fixation processes, lesion repair and
binary misrepair processes. In this model, two different lesion types are considered, lethal
and potentially lethal lesions which describe DNA damage of different severity. It was
stated that “the parameters of a successful (radiobiological) model should depend on
physical, chemical and biological variables in the environment”. The LPL model consists
of two differential equations (equations 2.2 and 2.3) for the rate of change in the number of
lethal and potentially lethal lesions. These differential equations can be solved analytically

under several conditions, yielding the survival fraction as a function of total dose and dose
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rate. At low doses, the LPL model is reduced to the linear-quadratic model. The LPL

model successfully reproduced cell survival data from experimental measurements:

dnpr(t .
1;;( ) =nprD — eprnpr(t) — exprnpp (1) (2.2)
dny (t .
C?t( ) = T]LD + EQPLn%)L<t) (23)

Where ep;, and eypy, are the repair rate of potentially lethal lesions and the interaction
rate of potentially lethal lesions respectively. npy, and 7, are the rates of production per

unit dose of potentially lethal and lethal lesions for a given dose rate D.

Ostashevsky [23] published a similar model which related the survival fraction of irradi-
ated cells to unrepaired DNA DSBs. The assumptions of this model are: (a) fragments
of DNA produced by DNA DSB have the ability to move out of the parent chromosome
and “become lost” with a probability proportional to the size of the DNA fragment and
(b) the cell will undergo apoptosis if there are any unrepaired DSB after irradiation. This
model was an attempt to link both DSB formation and chromosomal aberrations to cell

survival.

The formation of DSB is assumed to be described by a discrete stochastic process with a
constant probability of 1/Dyg, where Dyg, is the average dose required to produce 1 DSB
per DNA molecule. This leads to a Poisson distribution solution for f (fx is the fraction

of DNA molecules with £ DSBs).

(D/Dygg)"

fk(o) = eXp(—D/Ddsb) X

(2.4)

The repair of DSB is assumed to occur at a constant rate A = 1/744 which is independent
of the number of DSB k and proportional to the number of available repair molecules.
In this model, two repair mechanisms are assumed: cooperative and non-cooperative.
The non-cooperative repair mechanism repairs DSB independently of all other DSB on a

DNA molecule. Cooperative repair mechanism assumes that DNA molecules with DSBs
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already being repaired are more likely to be repaired. This is because the binding of

repair enzymes to the DNA molecule is easier if an enzyme is already attached.

The probability that all £ DSB will be repaired on a given DNA molecule is:

1 k=0
P(r) =14 (1 —-e®)* : k>0 (Non-Cooperative) (2.5)
(1—e"*) :k>0 (Cooperative)

where:

T =1t/Tas (2.6)

The total number of unrepaired DSB per cell (equation 2.7) at x is the sum of fi(x) times

k.

o0

B(z) = Nev > (yF/kDk(1L — pu + pe™) (2.7)

where = k{7, k1 = k+1 for linear DNA and k; = k for circular DNA, v is an exponent
which depends on the polymer characteristic of DNA and N is the number of DNA

molecules per cell.

Table 2.1 shows the DNA concentration for various cell lines and the calculated number
of DNA molecules in each cell [23]. These values were calculated by dividing the DNA
content of the cell line by the molecular weight. The results indicated that there must
be several DNA molecules in each chromosome because the number of molecules exceeds
the number of chromosomes for the given cell line (46 for human and 22 for V79 Chinese

hamster cells).

An assumption used in this model (and many other radiobiological models) is that there
is a period of time after irradiation in which the cell can repair the DSBs (defined to be

Tep in [23]). If any DSBs remain after this time the cell is assumed to undergo apoptosis.
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TABLE 2.1:

DNA Content of various cell lines in the G phase. [23].

| Cell Line | DNA Content (Da) | # Molecules | DSB Yield/100 eV |

NF 3.5 x 102 88 - 175 0.074
AT 3.5 x 102 88 - 175 0.074
EATC 3.5 x 102 88 - 175 0.112
V79 4.8 x 102 120 - 240 0.089
LY 4.6 x 1012 115 - 230 0.089
Yeast 1.8 x 10'° 34 0.065
EC 2.7 x 107 1 0.119
T4 1.2 x 108 1 0.15

TABLE 2.2: Parameters for different cell lines for the model used described in [23].

| Cell Line | 740 | Do (Gy) | T Trep(h)
NF 23| 44 |479-530|11.0-12.2
AT 23| 06 [280-331]129-141
EATC 3 50 | 4.92-543 | 14.8-16.3
V79 15| 80 |570-621| 86-93
LY-R 15| 24 |446-497| 6.7-75
LY-S 15| 0.6 |307-358| 46-54

An elegant equation for the survival probability of a given cell line was obtained with the
assumption that the time required to irradiate the cells is much less than 7., (i.e. high

dose rate):

o N
= [e U C(WF /R P(T) (2.8)

k=0

where T = Tyep/Tasp

and the equation for low dose rates:
o N
ey (/RN (1L — e )’f)] (2.9)
k=0

The model was demonstrated to be able to accurately reproduce the following experi-

mental data:

» The values for 7)., for AT cells and normal fibroblasts.
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s AT, the delayed plating time.

m The total number of chromosomal aberrations calculated for AT cells.

In 1994, Fertil [20] investigated and compared a selection of radiobiological models in-
cluding the LQ, LPL, RMR and two models of similar mathematical basis called: the
multi-target with initial slope model and the cybernetic model. These models were tested
for their ability to accurately reproduce cell survival curves for human cells. The abil-
ity of a model to accurately reproduce and fit experimental data was found to depend
strongly on the number of free parameters in the model. The LQ and RMR models were
demonstrated to reproduce experimental data with the least accuracy of all the models
tested. This was the result of using only two free biological parameters. The LQ model
was reported to overestimate the effect at low and high doses of radiation. While the
other models showed greater agreement with experimental data, the LQ model was com-
mended for its ability to reproduce data using only two biological parameters directly

related to the intrinsic radiosensitivity of a specific cell line.

In 2001, Stewart expanded on the LPL and RMR models by developing the “two-lesion
kinetic model” (TLK) [21]. It aimed to more accurately model radiation induced cell
death by relating cell death to the formation, repair and misrepair of DNA DSBs. The
primary cause of radiation induced cell death is widely accepted to be clustered ionisation
damage to the nucleus of the cell. In the TLK model, two types of radiation induced DNA
damage are considered: simple and complex DSBs. Simple and complex DSBs have their
own independent repair characteristics. A simple DSB is assumed to be a section of the
DNA that contains a break in each strand of the DNA within a distance of 20 base pairs
(bp). A complex DSB is a simple DSB surrounded by additional damages within the same
region of DNA. The model uses a pair of differential equations to model the rate of repair
of simple and complex DSBs. The model contains biological parameters such as repair
rates of DSBs and other parameters that account for the physiochemical fixation of DSB.
This model was originally calibrated and tested using data obtained for the survival of
Chinese hamster ovary (CHO) cells when exposed to single dose and fractionated doses

of radiation. The biological parameters for the TLK model were determined using a
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parameter fitting method until the cell survival data produced by the model coincided

with the experimental data. This model is the primary focus of chapter 8.

Hawkins developed an analytical model for the description of radiation induced cell killing
in 2003 [24]. The model was called the microdosimetric kinetic (MK) model. The purpose
of this model was to find a mathematical relationship between the relative biological

effectiveness of radiation and the LET of the particle.

In the MK model, the nucleus of a cell is divided into p sub-units each with mass m. When
the cells are exposed to a macroscopic quantity of radiation D each sub-unit will receive
a random dose z such that the average over all sub-units (z) is equal to D. Similarly to
[18], two types of lesions are assumed to exist. Type I lesions are assumed to be lethal and
irreparable. Type II lesions can undergo four possible reactions including (1) conversion
into a lethal lesion, (2) undergo a pairwise combination with another type II lesion and
become lethal, (3) it may repair itself or (4) it will persist for a time ¢, at which point it

becomes lethal.

The important improvement made in [24] was the inclusion of a subdivided nucleus.
Instead of the cell being treated as a single volume, the subdivision process enabled the

spatial dependence of radiation damage to be accounted for.

2.2 Stochastic Models

Analytical models typically use differential equations to predict the large scale behaviour
of a group of cells as a whole whereas stochastic Monte Carlo models attempt to describe
the large scale behaviour by simulating small scale interactions of individual cells. In

some cases a combination of both methods are used.

Since the early age of computing, models have been developed to simulate cell proliferation
with increasing levels of complexity as the technology has become available. One of
the earliest attempts to simulate cell death due to radiation damage was performed by
Duchting [25]. The simulation modelled a regular array of cells (40 x 40 x 40 cells) each

represented by a single cubic element of the lattice. The biological processes that each cell
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could undergo were limited to division and cell phase cycling. Experimental validation
was not performed due to the difficulty of performing in vitro and in vivo experiments at

the time.

With computer facilities becoming readily available for public use in the early 1990s
large strides were made towards developing an accurate simulation for inter /intra-cellular
behaviour. In most cases, each model was capable of simulating limited responses of a
single cell line under specific circumstances. With few models available for simulation of
radiation track structure and the limitations of computational processing power at the

time, models such as those described in Curtis [18] could not be accurately tested.

After the turn of the new millennium, interest in Monte Carlo modelling was increasing,
being utilised in almost all areas of science including, astrophysics, high energy theoretical
physics and chemistry. As described in chapter 3, Monte Carlo modelling provided med-
ical physicists with the tools to calculate dose distributions in a wide range of materials
and geometries. This also enabled physicists to calculate the resultant biological dam-
age (in conjunction with experimental measurements). In [26], the Monte Carlo package
“PARTRAC” was used to simulate DNA damage due to both high and low LET radi-
ation. The simulation made several assumptions about the process in which radiation
damages DNA including: DNA breakages occurring when ionisation events are within a

distance of ten base pairs.

The model allowed several conclusions about heavy ion radiation to be made. It was
concluded that exposure to higher LET radiation resulted in more single strand and dou-
ble strand DNA breaks however correlation between simulated and experimental results
was difficult due to the challenges associated with developing suitable microdosimetric

detectors.

The Monte Carlo damage simulation (MCDS) software developed by Semenenko [22] in
2004 was the first step to develop a complete biological model of radiation induced cell
death caused by ionisation damage to the DNA of the cell. MCDS used four adjustable
physical and biological parameters; the number of strand breaks and the number of base
damages per Gy of radiation per cell, DNA segment length and the minimum separation

between isolated damages to be considered as two separate lesions. MCDS calculates the
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FicUre 2.2: MCDS Clustering Algorithm - DNA base damages are clustered into
double strand breaks if they are located within Ny, bases of a subsequent base damage.

initial average number of simple and complex DSBs in the cells. This model utilises a 1D
clustering algorithm to predict DSB formation in mammalian cells (figure 2.2). MCDS
was integrated with the TLK model [22] to simulate the spectrum of DNA damage using
Monte Carlo methods and accurately predict the resultant survival data for the cells.
Prediction of DNA damage yields in mammalian cells by electrons, protons and alpha

particles by the MCDS algorithm were in good agreement with experimental data.

Scholz [27] made significant progress towards integrating biological response of cells into
treatment planning for '2C radiotherapy. Microdosimetric treatment planning was used
for individual patients in conjunction with existing treatment planning software to opti-
mise treatments. The model was called the Local Effect Model which assumed that the
biological effect on the sub volume of a cell nucleus is entirely dependent on the expecta-
tion value of energy deposition in that sub volume and is independent of the particular
radiation type leading to that energy deposition. Based on this work several recommen-
dations were made for the next generation of cellular models. The most significant of
which was the use of mechanistic cell models. In such a model the individual forces on
each cell are calculated and cells are no longer localised to discrete points in space. It
was also reported that the repair and misrepair of cells are the most important processes

in a cellular/radiation model.

Partridge [28] was able to reproduce many extra behavioural characteristics of several
types of cells by introducing more interaction processes and developed a new geometry
for simulating cells. It was reported that the use of single pixel representations of cells
produces computational artefacts in the model. To this end, an alternative geometric

representation for cells was utilised. Voronoi polygons were used to model the shape
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of the cell. This allowed for a distribution of cell sizes and shapes to more realistically

represent the structure of the cell.

In 2009 Incerti [29] modelled a single voxellised cell with a realistic geometrical and chem-
ical description of a human keratinocyte cell. This model focuses on the estimation of
delivered dose to the cytoplasm and nucleus using the Monte Carlo toolkit Geant4. This
model expands on previous models by utilising realistic chemical compositions and a ge-
ometric cell morphology which was based on direct observation by confocal microscopy
of real cells. The CENBG microbeam facility was modelled in its entirety enabling single
cell irradiation by 3 MeV alpha particles. Every component in the experiment was mod-
elled including beam switching magnets and circular object collimators [29]. The impact
of realistic cellular chemical composition on the mean specific energy deposition in the
nucleus was investigated. It was reported that while the assumption that the main com-
ponents of the cell are primarily water for dosimetry purposes is valid, there was evidence
to suggest that the mean specific energy deposition in the nucleus was affected by small

variations in chemical composition.

Harriss-Phillips [30] developed a temporal Monte Carlo model of tumour growth and the
effects of radiation called HYP-RT. This model was developed to simulate the influence of
hypoxia in head and neck tumours. The model was capable of simulating the division of
up to 108 individual cells and the radiobiological effects of each cell including: accelerated
re-population and re-oxygenation. The model was designed and calibrated to simulate
the biology of epithelial HNSCC tumours. To model the effects of hypoxia, each cell in

the distribution is allocated an oxygen concentration.

The results of the model were compared with a modified version of the LQ model which
included corrections for accelerated re-population and oxygen enhancement ratio (equa-
tion 2.10). The results of the simulation of an oxic tumour in HYP-RT showed good

agreement with the modified LQ model:

§ = exp(—[ad/q + Bd/q* — W2t — T,)/Tyur) (2.10)
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The model was demonstrated to be an efficient tool for studying the effect of accelerated
re-population and tumour hypoxia/re-oxygenation and their impact on cell killing during

fractionated radiotherapy [30].

While the last four models greatly improved simulation accuracy, all previous works still
lacked differentiation between individual cellular components such as nucleus, membrane
and cytoplasm. In addition, none of these models simulate the quantities of cells needed
to estimate macroscopic quantities such as cell survival fraction and relative biological
effectiveness (RBE). Damage in any one of these regions may result in cell death through

a variety of different processes which have yet to be modelled for radiation damage.

In recent years, the focus of radiation induced cell death models has moved to micro-
dosimetry models as computer hardware improves and new experimental data becomes

available.

Several key points can be drawn from the aforementioned papers. In order to accurately

simulate the response of cells to radiation damage:

m A combination of stochastic and analytical based modelling approaches should be

used when designing a model.
m Accurate spatial distribution of ionisation damage is essential.

Regular geometries should be avoided to minimise computational artefacts.

m Next generation models should use a mechanistic approach (cellular forces, non-

discrete localisation of cells).

A complex cell structure needs to be modelled.

s Models with physically and biologically meaningful input parameters generate more

accurate results.

m Verification of the model with experimentation is needed.

Cell death from radiation damage is a complex biophysical process which to date is not

completely understood. Various models have been developed to simulate these processes.
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These models have allowed a very specific group of cells and cell processes to be simulated.
With each new generation of models, our understanding of radiation based cell death
increases. The current theory of radiation induced cell death has been explored but has

not been completely implemented into a working Monte Carlo model.

The work presented in this thesis aims to further our understanding of stochastic radio-

biological processes by developing a comprehensive stochastic radiobiological model.



Chapter 3

Background Physics and Biology

3.1 Biology of Cancer Treatment

Radiation is classified as either directly ionising (electrons, protons and heavy ions) or
indirectly ionising (photons and neutron radiation). In each case, radiation dose is de-
posited in a material when the primary or secondary particle’s energy is absorbed in the

medium.

Production of electrons and free radicals in the medium results in the breakage of covalent
bonds of the DNA double helix resulting in cell death [31]. In the traditional view of
radiotherapy, large enough doses of radiation are prescribed such that the probability
that no cells remain (Poisson statistics — equation 3.1) after irradiation (probability of

cure) is acceptably high [32].

(3.1)

The physical, chemical and biological processes resulting from radiation damage occur
on very different time scales. Physical interactions (e.g. ionisation and excitation events)
occur on time scales of the order of 10716 seconds. The next stage of radiation damage to
occur is the physiochemical stage. When charged ions are produced due to the ionisation
of the medium, these ions react chemically with various compounds to produce highly

25
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reactive “free radicals”. The production of free radicals results in chemical damage to
the cells and occurs on time scales of the order of several seconds. The final stage of
radiation damage is due to biological processes which occur between minutes and years
after initial irradiation. Such processes include: inability of cell to proliferate, cell death

and permanent genetic mutations which are passed onto daughter cells.

It is generally accepted that the primary mechanism of radiation induced cell death occurs
when double strand breaks (DSB) are formed in the DNA double helix [21]. Double strand
breaks are formed when ionising radiation damages two or more base pairs on opposite
sides of the DNA. Photons will liberate secondary electrons through photoelectric and
Compton scattering processes which ionise the cell and more importantly, in the cell
nucleus where the DNA is located. Electrons will produce a low density ionisation track
which will produce more single strand breaks than DSBs. A similar energy proton (high
LET) will produce a much dense ionisation track leading to a greater fraction of DNA
DSBs. Thus protons and other high LET particles are more biologically damaging than
low LET radiation.

These damages are repaired by the cell through various enzymatic repair processes [33],
depending on their complexity. Simple base damages are easily repaired because nucle-
obases in the DNA double helix come in pairs: Adenine with Thymine and Guanine with
Cytosine. If the Adenine nucleobase is damaged, the repair enzyme “knows” to replace
the missing base pair with the opposite nucleobase to what is present on the opposite

side of the DNA double helix.

The complexity of repairing a DNA DSB is much greater and therefore it is much less
probable that it will be repaired. Damages on opposite sides of the DNA double helix will
cause the DNA to become detached forming two open/broken ends. A different enzymatic
process will attempt to re-combine the corresponding open ends of the DNA. If two or
more DSBs occur in close proximity, there is a chance that two different breakage ends
may recombine in what is referred to as binary (or pair wise) misrepair. In this case,
there are several possible outcomes for the cell. Before the mitotic (cell division) phase
of the cell, various DNA integrity checks are performed. If the cell detects the defect in
the DNA helix caused by binary mis-repair the cell may undergo apoptosis (programmed
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cell death). Another possible, although far less likely outcome is that the DNA mutation
is duplicated which may lead to undesirable cell behaviour including uncontrolled cell

growth leading to radiation induced cancer.

Under certain conditions, the enzymatic repair processes which fix the damaged DNA,
may become saturated [34]. Saturation occurs when the number of enzymes available
for repair of DNA is exceeded by the total number of DSBs in the cell. In this case,
the amount of time required to repair all damages increases and hence the probability of
complete repair before the start of the next cell cycle is greatly reduced. This is more
likely to occur when high LET particles such as protons and heavy ions irradiate the cells

because the density of ionisation events is significantly higher.

While DNA DSB damage is accepted to be the primary channel of radiation induced
cell death, there are several other mechanisms in which radiation can inactivate a cell.
Other cellular targets include the membrane and cytoplasm [35-38]. A significant dose
to the cell membrane may cause the membrane to become more porous allowing foreign
molecules and minerals to enter the cell. This may lead to an electrolyte imbalance oc-
curring in the cell. More generally, the radiation may cause the structural integrity of
the cell to be weakened to the point where the cell simply disintegrates. The cytoplasm
of the cell contains many sub volumes (defined as cell organelles) which may be affected
by radiation. One of the cytoplasm’s most important functional units is the mitochon-
dria. Mitochondria are the energy production centres of the cell and are responsible for
generating the majority of the cells Adenosine Triphosphate (ATP) energy supply. The
mitochondria is an independent cellular sub-unit containing its own phospholipids bilayer
(similar to cell membrane) and its own DNA [39]. The radiosensitivity of the cell due
to the mitochondria is highly dependent on the cell line being irradiated. This is due
partly to the fact that the number of mitochondria in a given cell is highly dependent on
the cell type. A cell of a given type may contain anywhere from one to several thousand
mitochondria and therefore a cell may have better redundancy if its mitochondria are
damaged. Irradiation of mitochondria has been shown to produce loss in mitochondrial
membrane potential, increased membrane permeability and the release of several proteins

leading to apoptosis [40].
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There are many other organelles in the cell which can be damaged but their importance
in the radiation induced death pathway appear to be less significant than the pathways
mentioned previously. The specific physical, chemical and biological mechanisms involved
in radiation induced cell death, repair, mutation and communication are still not fully

understood.

3.2 Radiation Target Theory

Various mathematical and computational models have been developed over the last several
decades in an attempt to quantitatively predict the response of cells to radiation. Many
of these models stem from the principles of radiation target theory [13] which postulates
the existence of one or more radiation sensitive targets in the cell. The response of a
cell to radiation is a stochastic process and the probability that a cell will be damaged is

directly proportional to the dose that is received.

The most fundamental version of target theory is the ‘single hit, single target’ model which
assumes that the cell contains a single radiation sensitive target. Cells are assumed to be
constantly irradiated for a period of time t. The resultant damage to the cells is governed

by Poisson statistics [32].

Let 0t be the time interval which is small enough such that only one hit in the sensitive
target is recorded. Let k be probability per unit time of the sensitive target being hit. kdt
is the probability that a target is hit during time dt. Given a large number of cells Ny,
the probability p that one cell is hit is p = Kk Nydt where k = kNy, k is the probability of
a target being hit and therefore the probability that no targets are hit is ¢ = 1 — kK Nyot.

To calculate the survival probability (number of cells which are likely to survive after

time t), the probability that there will be zero hits during that time period needs to be

calculated. This value is q% where % represents the number of time intervals and T is

the irradiation time.

If the limit is taken as the number of time intervals approaches infinity:
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P(0) = lim ¢* (3.2)

S§—00

P(0) = lim (1 - 5)8 = (3.3)

S§—00 S

where A = kNyT

A more detailed analysis and derivation can be performed for the case when each base in
the DNA of a cell is considered the target. In this case we have the ‘single hit, multiple
target’ theory. In this theory, one hit to the target will still damage the target but
multiple hits are needed for the cell to be damaged.

Suppose that there are n biological targets inside the cell which can be hit by radiation.
The probability that one cell will be hit is 1 — e=. The probability that n targets will
be hit is therefore (1 — e=)" . The probability that the cell will survive is therefore

1 — (1 — e=)" which can be expressed as [41]:
S=1—(1—eP/Poyn (3.4)

3.2.1 Linear Quadratic Model

The linear quadratic model was first introduced by Douglass and Fowler in the mid-1970s
[42] in an attempt to combine “single hit, single target”theory and “double hit, single
target theories”. This combination can be expressed mathematically by the identity

S = 5155 which leads to the equation:

S = g—oP=AD? (3.5)

where 57 and S, are the survival probabilities predicted by “single hit, single target” theory

and “double hit, single target theories”respectively.
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This equation can be modified to account for additional parameters. Equation 3.6 is
a modification of the L model to account for tumour re-population in fractionated

radiotherapy. The total dose D = nd is delivered in n fractions of d grays per fraction.

S = ¢ nlad+hd) (3.6)

Various other correction factors for the L.QQ model have been proposed (e.g. correction

for rapidly proliferating tumours).

This mathematical formalism is still the most commonly used model in radiobiology due
to its simplicity and relative accuracy in predicting radiobiological outcomes. However,
there is an increasing need for accurate micro/nano scale models of radiation interactions
in order to gain a better understanding of the fundamental mechanisms of radiation

induced cell death.

3.3 Ionising Radiation Interactions

3.3.1 Photons

For photons with energy in the clinical range (i.e. ~ 10 keV to 25 MeV), there are several
important physical processes which take place during interactions with matter. Unlike
electrons and other ions, photons do not have charge, and therefore do not steadily lose
energy via Coulombic interactions with atomic electrons. Photons therefore have the
ability to traverse considerable distances before undergoing an interaction which would
lead to the partial or total energy transfer from the photon to the medium. As a result,
photons are a highly penetrating form of radiation. The three primary interactions with
which photons lose energy (in the range of 10 keV to 25 MeV) are: photoelectric effect,

Compton scattering and pair production [3].
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3.3.1.1 Bulk Behaviour

Interactions of photons with matter can be considered either in terms of individual inter-
actions or the bulk behaviour of photons in an absorber. For the purposes of radiation
shielding and x-ray attenuation calculations, it is convenient to use the bulk behaviour
model. The linear attenuation coefficient p is defined to be the probability of interaction
per unit distance travelled in the absorbing medium. It has dimensions of inverse length.
The Lambert-Beer law [43, 44] describes the rate of change of the number of photons per

unit length through an absorbing medium:

AN o
% = —/LNoe K (37)
N = Nye = (3.8)

where N is the number of photons remaining from the primary fluence of the beam, x is
the distance from the surface to a point within the absorbing medium and Nj is the initial
number of photons in the beam at the surface of the absorber. The linear attenuation
coefficient ;1 depends on both the photon energy and the material being traversed. The
linear attenuation coefficient is the sum of three possible photon interaction coefficients

(above 10 keV):

U=17+0+kK (3.9)
Where 7 is the photoelectric effect interaction probability, o is the Compton scattering
interaction probability and & is the pair production interaction probability [3].

Not all of the energy of the incoming photons that interacts in the material is absorbed.

Some of the energy is lost to the absorber due to fluorescence or bremsstrahlung.

A photon interaction will in general, result in the transfer of energy to a short range

particle (mostly electrons). The energy transferred to the electron may be absorbed within
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the material or leave the region of interest. Each of the energy transfer mechanisms has an
energy transfer attenuation coefficient and an energy absorption attenuation coefficient.
The coefficients each depend differently on the photon energy and the atomic number of

the absorber.

3.3.1.2 Photoelectric Processes

In the photoelectric process, a photon is absorbed by an atomic electron in one of the
bound shells of the atom [3]. For photons of sufficient energy, photoelectrons found
in the most tightly bound shells (K-shell) are the most probable to be liberated. The

photoelectron is liberated with energy given by:

E.=hv—E, (3.10)

where FEj is the binding energy of the electron in the atom. Electrons in higher energy
states may decay to fill the hole left by the photoelectron. Characteristic x-rays will
be produced in such processes. The photoelectric process is the predominant photon
interaction at low photon energies (keV range) and in materials with high atomic number.
The interaction probability of photoelectric absorption, 7, is approximately proportional

to:

(3.11)

where n varies with gamma ray energy (approximately 3 to 4) in the energy range of

interest.

The strong dependence of photoelectric interaction on the atomic number is useful in both
radiation shielding and radiation imaging. Materials with a high atomic number (such
as lead) are an effective shield for gamma radiation as there is a very high probability of
interaction in the material, thus greatly reducing the primary beam fluence. The strong

dependence on the atomic number also results in excellent image contrast between two
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materials of different atomic number. The photoelectric interaction is most likely to occur
if the energy of the incident photon is approximately equal (must be at least equal to Ej)

to the binding energy of the electron with which it interacts.

FIGURE 3.1: Photoelectric effect.
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FIGURE 3.2: Photoelectric atomic cross sections for hydrogen, carbon, aluminium,
copper and lead.
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3.3.1.3 Compton Scattering

Compton scattering is an inelastic scattering process between an incident gamma ray
photon and an electron (free or atomically bound). It is the predominant interaction of
photons between a few hundred keV and several MeV. It is the dominant interaction in

tissue for MeV photon radiotherapy [3].

Scattered Photon E = hi/'

Photon Scattering Angle

Incoming Photon F = hv

4 GRALLELLLELELELLLLLLLELEL

Compton Electron

Fi1cUrE 3.3: Compton scattering.

In Compton scattering, the incoming photon is deflected by an angle # with respect to its
incident angle [45]. The photon transfers a proportion of its energy to the target electron
which is known as the recoil electron (or Compton electron). The photon will be scattered
by an angle and the recoil electron can receive anywhere from zero to a large fraction of
the photons initial energy. The Compton scattering interaction probability is given by
(). The interaction probability is proportional to the ratio of the atomic number of the

material to its mass number [46]. o decreases as the photon energy increases.

The energies of the scattered photon and the Compton electron are given by:

/ 1
= hyl + a(1 — cos(#)) (312)
B a(l — cos(#))
E. = hyl + a(l — cos(8)) (3:13)
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where « is equal to:

hv
= 3.14
=3 (3.14)

and mgoc? is the rest energy of the electron (0.511 MeV) and hv is the incoming photon

energy.

Maximum energy transfer from the photon to the Compton electron occurs when the
photon is scattered straight back (# = 180°). Under these conditions equation 3.12 and
3.13 simplify to:

/ 1
hv. . =h 3.15
Vinin V1+2a ( )
2c
Ee max:h 3.16
Vl—I—ZOz ( )

The transferred energy is proportional to the incoming photon energy. For example,
photons with an initial energy of 5 keV, the maximum energy transferable to a Compton
electron is 0.10 keV (2%). For photons with an initial energy of 5 MeV, the maximum
energy which can be transferred to the electron is 4.8 MeV (95%). Energy transfer
by Compton scattering processes does not become significant until the incident photon

energy is in excess of 100 keV.

3.3.1.4 Pair Production

Providing a photon has energy in excess of 1.022 MeV (twice the rest mass of an electron),
it may interact by a process called pair production. When a photon passes in close
proximity to a nucleus of an atom, it is subjected to strong field effects from the nucleus

and may be converted from a photon to an electron and positron pair [47].
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FI1GURE 3.4: Pair production.

The kinetic energy of the electron and positron produced will be the difference between
the energy of the incoming photon and the total rest mass of the electron and positron

(2 x 511 keV):

E. +E,. = hv —2m,.c? (3.17)

The interaction probability for pair production is denoted . The interaction probability
increases with increasing photon energy and increases with the atomic number of the

interacting materials as Z2 [3].

3.3.2 Electrons

All forms of ionising radiation eventually result in a distribution of low energy electrons.
The interactions of electrons with biological materials are of key importance in radiation
biology. The primary difference between the interactions of beta particles (electrons and
positrons) and heavy ions arises due to the large difference in mass. Beta particles lose

their energy through two mechanisms: collisional and radiative loses.
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Photon Linear Attenuation Coefficients in Lead
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FIGURE 3.5: Photon linear attenuation coefficients in lead - u - total, 7 - photoelectric,
o - Compton scattering, x - pair production.

3.3.2.1 Collisional Loses

Electrons are able to lose energy via interactions with orbital electrons in the interaction
medium. These interactions lead to either excitation or ionisation of nearby atoms. This
type of energy loss is called a collisional loss. The classical interpretation of a collision
between two massive bodies taking into account momentum and energy conservation

states that the maximum energy transfer in a collision is:

AmME

Qmam - m

(3.18)

where F is the kinetic energy of the incident particle. In the case of a “head-on” collision
between two electrons, M = m and therefore Q),,.. = E. Since the projectile (the incident
electron) and the target (the orbital electron) have identical mass, the range of possible
scattering angles is large. This results in a particle track with a torturous path instead

of the more linear path of a heavy charged particle.
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3.3.2.2 Radiative Loses - Bremsstrahlung

The second dominant electron interaction in the clinically significant energy range is
Bremsstrahlung (braking radiation) radiative process [48]. This process is only signifi-
cant in the case of electrons compared with protons and heavy ions due to the significant
difference in masses. When an energetic electron is in proximity to an atomic nucleus, it
is subject to Coulombic forces. The electron is attracted to the nucleus resulting in an
change in momentum and energy. To conserve these quantities, electromagnetic radiation
is produced. This radiation is called Bremsstrahlung (braking) radiation. For electrons,
the Bremsstrahlung photons have a continuous energy distribution with a maximum en-
ergy equal to the kinetic energy of the incoming electron. The efficiency of Bremsstrahlung
varies with the square of the atomic number of the material in which the particle is prop-

agating.

FIGURE 3.6: Bremsstrahlung Radiation.

3.3.2.3 Stopping Power

The stopping power of a charged particle is defined as the linear rate of energy loss
due to electronic excitations and ionisations (the rate of energy loss due to collisional
interactions). The Bethe formula for the linear rate of energy loss (also known as the

linear energy transfer) of a charged particle in matter is:

dE Ar n2? [ e \° 2m..c*3? )
& () (0 5) 7 )
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where:

NAZp
n =
A

(3.20)

Where p is the density of the material, Z is the atomic number of the material, N, is

Avogadro’s number and A is the atomic weight of the material.

For low energies, the Bethe formula reduces to:

dE Arnz? e2 \? 2m,v>
—_— = | 3.21
dx mev? (47reo> [ " ( I >] (3:21)

Where [ is the mean ionisation potential for the medium.

The stopping power is therefore proportional to the electron density of the material being
traversed and inversely proportional to the particle energy. The total stopping power for

light charged particles is equal to the sum of the collisional and radiative stopping powers:

aE_dE az

= (3.22)
dx total dx collisional dx radiative

Collisional energy losses are dominant at low energies and radiative loses are dominant at
high energies. The radiation yield Y is defined as the average fraction of a beta particle’s
energy that is radiated as Bremsstrahlung while approaching thermalisation energies.
Radiation yield increases with electron energy and increases with the atomic number of

the material.

The radiation yield is given approximately by:

_ 6x107'ZT
146 x104ZT

(3.23)

At very high energies, the dominance of Bremsstrahlung over collisional energy losses gives
rise to photon/electron cascade showers. High energy electrons will produce high energy

photons through Bremsstrahlung interactions. These photons will then produce Compton
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electrons and electron/positron pairs which will then produce additional Bremsstrahlung

photons.

3.3.3 Positrons

3.3.3.1 Annihilation

The physical interactions of positrons are virtually identical to that of electrons. The
positive charge of the positron compared with the negative charge of an electron results
in a deflection which is opposite in direction. The physics of collisional and radiative

energy loses is identical for both particles.

One additional process that needs to be considered when discussing positron interactions
is positron/electron annihilation [49]. At or near the end of the positron ionisation track
(where the energy approaches thermalisation with the medium), the positron and nearby
electron can annihilate producing a pair of photons. These photons will have total energy

equal to the sum of the rest mass and kinetic energies of the positron and electron.

FIGURE 3.7: Feynman diagram of positron annihilation.

3.3.4 Protons and Heavy Ions

Protons, alpha particles and other heavy ions have been determined to be highly suitable
for external beam radiotherapy due to the almost ideal dose distribution. As heavy ions
propagate through a medium, they lose their energy primarily through the ionisation of

nearby atoms [50]. As the ion loses energy, the interaction cross section increases. As a
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result the energy deposited at the end of the ion track is significantly higher than at the
entrance to the medium. This peak in dose is known as the Bragg peak. The resultant
dose distribution of these ions means that a patient’s tissue receives a lower dose in the
regions of health tissue while the tumour region receives the same or larger dose compared
to that delivered by x-rays. This advantage of protons and heavy ions means that patients
will have fewer radiation induced side effects during treatment and improved treatment

outcomes. [51]

The physics of heavy ion interactions in matter at energies below several GeV are very
similar to that of electrons. The primary energy loss mechanism is ionisation and exci-
tation of the medium in which they are propagating. The larger mass of these particles
results in reduced scattering angles resulting in a more linear trajectory through the ma-
terial. The emission rate of bremsstrahlung radiative losses is inversely proportional to
the square of the mass of the particle. The energy loss of protons compared to electrons
through radiative loses is orders of magnitude less as a result and no longer significant
at clinical energies. Heavy ions also have higher atomic numbers than electrons which
results in a greater linear energy transfer to the medium (i.e. heavy ions loses energy at
a greater rate per unit distance than electrons) and are therefore less penetrating than

electrons at the same energy.

For protons and heavy ions to be practical for external beam radiotherapy (sufficiently
high penetration in tissue), the kinetic energy needs to be substantially higher than that
used for x-rays and electrons (energy required increases with the square of the atomic
number of the ion). For example, 150 MeV protons will have an average stopping distance
of 15.8 cm. For alpha particles to reach the same depth, the particles require an energy

of 600 MeV. For carbon ions, the energy required is 3500 MeV [52].

At these energies, inelastic nuclear interactions contribute significantly to the total dose
deposited in tissue [52]. Protons at clinical energies (~100-200 MeV) have sufficient en-
ergy to undergo nuclear interactions with the nuclei in the target material. The protons
can liberate a variety of secondary nuclei such as neutrons, deuterons, tritons and sec-
ondary protons. The primary proton can transfer a significant proportion of its energy

to the secondary nuclei which can also ionise and excite the medium. However, figure 3.8
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illustrates that less than 1% of the total dose to the patient being treated with protons is
due to the secondary nuclei. The target nuclei are often transmutated into other elements
or isotopes, some of which are radioactive. Positron emitting isotopes produced in these
reactions can provide a useful method for externally determining dose localisation within

a patient using the same technology as PET (positron emission tomography) scanners.

As heavier ions are used in radiotherapy (such as carbon, oxygen), the required kinetic
energy increases. As a result the probability of inelastic nuclear interactions increases.
Collisions between heavy ions and target nuclei are commonly referred to as nuclear
fragmentation. These violent interactions may contribute as much as 17% of the total
dose in a patient (figure 3.9). This percentage is as high as 25% for carbon ions if they

travel through a higher density material such as bone.

Potentially of greater concern is the high energy neutrons produced in these reactions
[52]. For carbon ions with an energy of 3500 MeV propagating through a tissue medium,
neutrons are produced with a mean energy of 200 MeV [52]. Since neutrons have no
charge, they are a highly penetrating form of radiation. The lack of charge also means
that they are not affected by the Coulomb potential in nuclear interactions and there-
fore readily undergo inelastic nuclear reactions even at low energies. Secondary neutron
radiation presents a hazard for the patient being treated, the staff and members of the
public. Radiotherapy treatment bunkers must be designed to shield the effects of high
energy neutron flux. This is typically achieved using boron shielding due to the high

interaction cross section.

The physical interactions of radiation with matter discussed in this chapter are the dom-
inant physical processes in the energy range applicable to x-ray and charged particle
radiotherapy. Using Monte Carlo simulations, these interactions were modelled inside
a realistic tumour geometry to predict the biological effects of ionising radiation. The
methods in which these interactions are implemented computationally are discussed in

chapter 3.
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FIGURE 3.8: Dose deposited (Gy) vs depth in water (cm) for a mono-energetic 150
MeV proton ion beam [52].

TABLE 3.1: Summary of Physical Interactions of Ionising Radiation at Clinical Ener-

gies.
Photons \ Electrons \ Positrons \ Protons and Heavy Ions
Photoelectric Ionisation Ionisation Tonisation
Compton scattering | Atomic excitation Atomic excitation Atomic excitation
Pair production Bremsstrahlung Bremsstrahlung Elastic nuclear
Photonuclear Columbic scattering Annihilation Inelastic nuclear
Columbic scattering
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Percentage Depth Dose for 3500 MeV 2C Ions in Water

100 [ [ [ [ [ [
—— Total Dose Deposited
—— Primary Carbon Dose
. 80 ——Secondary Fragment Dose h
=
T 60| .
3
a9
5]
A 40| |
O
3
A
20 |- a
0 | | | |

0O 2 4 6 &8 10 12 14 16 18 20
Depth(cm)

FIGURE 3.9: Dose deposited (Gy) vs depth in water (cm) for a mono-energetic 3500
MeV carbon ion beam [52].
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FiGURE 3.10: Ion Fragmentation. Inelastic collision between heavy ion and target
nucleus produces various types of secondary fragments.



Chapter 4

Monte Carlo Particle Simulations

Monte Carlo simulations are a type of computer simulation which can model physical,
chemical or biological characteristics using a stochastic mathematical method. Unlike
other mathematical models such as those which use differential equations (e.g. analytical
models), the stochastic nature of Monte Carlo simulations results in a unique solution
set each time it is run. The solutions are based on probability density functions (PDFs)
calculated at each of a long series of time (or position) increments. As a result of the
random nature of the Monte Carlo method, a unique set of values in the simulation are
generated each time but still conform to a likely set of outcomes based on the initial

PDFs.

4.1 History of Monte Carlo

Computer simulations have been demonstrated to be an effective tool for simulating com-
plex physical, chemical and biological processes. Computer simulations are an accurate
and cost effective method of predicting or confirming scientific data. Once a simulation
has been correctly calibrated or verified against experimental and/or theoretical data it
has the capacity to predict data that would otherwise be difficult or impossible to measure
experimentally (e.g. microdosimetric track structure formed by heavy ions on nanometre

scales).

45



Chapter 4. Monte Carlo Particle Simulations 46

One of the earliest examples of a Monte Carlo solution to a practical problem was devel-
oped by Laplace in 1886 (based on Buffon’s needle problem of 1777 [53]). This method
was used to calculate an approximate value for w. This is the simplest example of a
Monte Carlo method for solving a mathematical problem. The Buffon-Laplace model

can be implemented computationally in the following way.

Consider a circle of radius 1 unit co-located inside a square with side length 2 units
centred at (0,0) (figure 4.1). The area of the square is: A, = 4 units?. The area of the
circle is: A. = 1 unit®. If a point is randomly placed with coordinates (z,y) such that

x € [—1,1] and y € [—1, 1], the probability that a point is located inside the circle is:

(4.1)

If N points are randomly placed within the square, the number of points that will lie

inside the circle N, is:
N
J\JCZNXp:T7r (4.2)

AN,
N

=T = (4.3)
Figure 4.2 shows the results of this model when implemented in Matlab™. The figure
shows the value of 7 predicted by the MC model as a function of the total number of
points placed in the square. As the number of points increases, the value of m converges
on the true value. Figure 4.3 shows the difference (%) between the computed and true
value of 7 as a function of the number of points placed. Each of these curves is described

by a power law relationship of the form:

1
Uncertainty in MC Prediction o« —= (4.4)

VN
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FIGURE 4.1: Monte carlo example - Calculation of 7. N, and N are the number of
points in the circle and the total number of points respectively.

Where N is the number of points placed. Hence, the accuracy of the prediction increases

with the number of points placed.

The first Monte Carlo computer simulations were performed in the 1940s during the de-
velopment of the first nuclear weapons. John von Neumann consulted with the American
military due to his expertise in mathematical modelling of explosions. Explosions are a
difficult process to model analytically. Von Neumann and Stanislaw Ulam developed the
first Monte Carlo simulations of the hydrodynamics of nuclear weapons and were the first

to coin the term “Monte Carlo”.

In 1963, Berger developed the first coupled electron/photon transport code which later
became known as ETRAN [54]. ETRAN was designed to simulate the passage of pho-
tons and electrons through a plane parallel target of finite thickness in the direction of

propagation of the incident particle and unbound in the other two dimensions.
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FIGURE 4.2: Monte carlo calculation of 7 - calculated value vs. number of points.
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4.2 The Monte Carlo Method

The Monte Carlo method is a stochastic method for numerical integration [55]. If N
points x; are randomly generated in the problem space. To determine a quantity of

interest f; = f(7;) (e.g. particle flux, dose) the expectation value of f; is calculated:

(f) = NZfi (4.5)

(=S8 (4.6)

The central limit theorem states that for large N the expectation value of f will approach

the true value f.

The probability of observing (f) is given by:

p((f)) N (4.7)
where the standard deviation o is given by:
(%) = ()
A (48)

In any Monte Carlo (MC) simulation, the outcome is the result of a series of statistical
processes. In a MC particle simulation, at any time, the permissible physical processes and
relative probability for each to occur is known, either by experimentation or determined
from theoretical models. At each iteration in the simulation, a random number generator
is used to choose one of the allowed processes for the particle based on each relative
probability. This process is repeated many times enabling the entire history of the particle

as it moves through the medium to be recorded.

Monte Carlo particle simulations are generally considered the “gold standard” for dose

calculations in medical physics due to the high accuracy of the results as confirmed by
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experimental data. Such simulations can be used to predict the individual track histories
of each primary particle enabling the dose in a patient to be calculated by integrating

the energy losses of each particle along their tracks.

Every MC particle tracking simulation requires five components [55]:

1. A Random number generator.

2. A method of sampling random quantities from a probability density function (e.g.

the rejection method).

3. A method of storing the histories of each particle and the quantity of interest (e.g.

the absorbed dose in the material).

4. A method of describing the geometry in which the particle is propagating (e.g.

material and dimensions).

5. A way of calculating the cross sections for every interaction being simulated in
the MC simulation. This could be a list of cross section values for interpolation,

semi-empirical formulas or theoretical models.

In Monte Carlo particle tracking simulations there are typically two types of trans-
port algorithms used: photon transport and charged particle transport (i.e. con-

densed history technique).

4.3 Monte Carlo Particle Transport Simulations

4.3.1 Photon Transport Technique

When a photon of energy E is incident on the surface of a homogeneous medium, the
probability of interaction p(s) after propagating a depth s into the medium is (Lambert-
Beer law) [56]:

p(s)ds = p(E)e "B ds (4.9)
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where p(E) is the linear attenuation coefficient for a photon of energy E in the medium
in which it is propagating. The mean free path length (s) of the photon can be calculated

by solving for the expectation value of s:

(s) = /000 s p(s)ds = u(E) /000 s e "B ds = (B (4.10)

The number of mean free path lengths A\ before the point of first interaction is defined as:

A= 5= (s (411)

and therefore (from equation 4.9):

p(A)d\ = e dA (4.12)

In Monte Carlo photon transport calculations, the photon tracing formula is:

A= ZMi(E)Si (4.13)

This formula enables the length of a photon’s straight line trajectory to be calculated
through a series of heterogeneous media where: i defines the medium in which the photon
is propagating (e.g. photon starts in air 7 = 1 and then passes into a water medium i = 2),
; is the linear attenuation coefficient for medium ¢ and s; is the path length of the photon

in medium ¢. This algorithm is essential for radiation therapy Monte Carlo simulations

[56].

Using equation 4.12, the probability of a photon traversing a distance A(s) to the first

interaction site can be calculated:

A A
PO\ = / (V)N = / NN = 1 — e (4.14)
0 0
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The distance to the first point of interaction of the photon can be calculated by sampling
the distribution in equation 4.14. Consider a random number €; such that ¢; € [0,1) and

P(\) = €, then from equation 4.14 [56]:

a=1—-eM=)\=—In(l-¢) (4.15)

The photon is traced a distance A\;(s) into the medium where it undergoes an interaction
(figure 4.5). In chapter 2, the primary photon interactions in the energy range relevant
to radiation therapy were listed as: photoelectric interactions, Compton scattering and

pair production. The corresponding linear attenuation coefficients were defined to be:

U=T+0+kK (4.16)

where u, 7, o, k are the total, photoelectric, Compton and pair production linear atten-
uation coefficients respectively. At the point of interaction in the medium, the type of

photon interaction is sampled such that:

[Py, P\] : Photoelectric
[P, P,] : Compton
(P2, Ps] : Pair Production
where:
T o
Py=0, P=Py+—, P,=P,+—, Py=1 (4.17)
Il u

At the point of interaction, properties such as energy and scattering angles of the sec-

ondary particles are calculated by sampling corresponding differential cross sections.

The process described above repeats until: (a) the photon energy falls below a predefined
value or (b) the photon leaves the region of interest. Throughout the simulation, prop-
erties of interest such as energy deposition per voxel are stored to calculate the integral

dose in a radiotherapy simulation.
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Secondary particles from photons of clinical energies are typically either electrons or
positrons. Charged particles are conventionally tracked using a alternative algorithm

called the condensed history technique.

4.3.2 Charged Particle Transport

Unlike neutral particles such as photons and neutrons, charged particles (e.g. electrons
and protons) undergo a large number of interactions when propagating through a medium.
Several MC packages (e.g. Geantd-DNA and RITRACKS) have been designed to sim-
ulate every particle interaction on nano-metre scales. Charged particle track structure
requires significant processing time due to the large number of interactions. In practice,
the processing time is too large to efficiently use this method for dose calculations in

radiotherapy simulations.

When propagating through a medium, charged particles undergo two types of interac-
tions: elastic and inelastic. Inelastic interactions (including ionisation and excitation
processes) are the cause of radiobiologicaly significant damage to cells. However, some
of the interactions are elastic or semielastic scattering processes which result in a change
in trajectory. The particle may also experience a change in energy which depends on the
total energy (rest mass energy and kinetic) of the particle and the atomic number of the
medium of propagation. The changes in angle of the particle’s trajectory are typically
very small and can therefore be condensed into a single deflection angle. This method of

particle transport in MC simulations is called condensed history transport.

The combination of multiple small angle elastic scattering processes for electrons can be
simulated by sampling the scattering angle from a distribution calculated using multiple
scattering theory. The theory of multiple scattering was developed by Fermi and Eyges
[57] in 1948. The theory predicts the condensed scattering angle of an electron after

multiple small scattering processes:

p(0, )b = Qf e <_ Q_f;)) 10, (4.18)
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where 6 is the azimuthal multiple scattering angle, ¢ is the polar multiple scattering angle

and #2(s) is the mean square deflection angle after step length s.

Equation 4.18 can be integrated to calculate two separate angular distribution functions

[56]:

Py(f) =1 —exp (—9_26(3)) (4.19)
Po(e) = o (4:20)

The multiple scattering angles can be sampled using random numbers €5 € [0,1) and

€, € [0,1] such that:

6 = \/—ﬁ(s) In(1 — ) (4.21)

p = 2me, (4.22)

If & > m, 6 must be rejected and re-sampled due to the rotational symmetry and ¢ €

[0, 27].

This method enables the continuous angular deflections of charged particles between

inelastic interactions to be approximated by a single multiple scattering angle (figure

4.4).

4.4 Interaction Cross Sections

During the simulation of photon transport through a material, the distance between
subsequent interactions is determined from the linear attenuation coefficient u(E). In

general, pu(F) is tabulated in MC packages for individual elements rather than compounds.
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Condensed History Electron Path

Real Electron Path

FIGURE 4.4: The path of an electron which undergoes continuous deflection through a
medium and the condensed history transport path of a simulated electron.

Target Medium

Particle Start
Position

Particle History
: Terminated
Interaction

FIGURE 4.5: Example of condensed history particle transport. Vertices of coloured
lines represent points where an interaction has occurred. The random number generator
results in randomised trajectories for each particle.
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In most MC simulations, compounds are needed to specify the geometry of a simulation
(e.g. a water phantom). The resultant linear attenuation coefficient for a photon in a

compound material is given by [56]:

n(E) = Z N;i(P)pi(E) (4.23)

where N;(7) is the number of atoms of element ¢ per unit volume at 7 and is calculated

by:

) - ANt

(4.24)

where p(7) is the mass density at 7, w;(r) is the mass fraction of element i at point 7 and

M;(7) is the molar mass of i*" element at point 7 and N4 is the Avogadro constant.

The total linear attenuation coefficient pu;(E) is given by:

pi(E) = 7i(E) + 0i(E) + ri(E) (4.25)

4.5 Geant4 Monte Carlo Particle Tracking Toolkit

Geant4 is a freely available software toolkit for performing “Monte Carlo” simulations of
the interactions of energetic particles in matter [14]. Geant is an acronym for “Geometry
ANd Tracking”. The toolkit was originally developed by CERN for the purpose of sim-
ulating the interactions of high energy particles in large accelerators. The first version
of Geant was released in 1974 and was written in the scientific computer language FOR-
TRAN. The Geant toolkits (in particular Geant4) have a wide variety of applications
ranging from high-energy theoretical physics, nuclear and accelerator physics to medical
physics and astrophysics. Collaboration from a diverse group of research areas means
that software error fixes and enhancements developed on a regular basis which expands

the toolkit further.
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From 1994 to 1998, development of the most recent release of Geant known as Geant4 was
underway. In this large update, the entire Geant code was translated and re-written from
FORTRAN code to the object orientated language C++. In December 1998, Geant4
was released for public use with new releases being published twice a year [14]. This
major update to the object orientated language C++ means that parameters within a
simulation are treated as real objects with definable parameters enabling the experimental
set-up to be configured easily and quickly. Whereas FORTRAN, while being a more
familiar language, defines the properties of a simulation from a low level perspective
using functions rather than objects (i.e. GEANT3). The advantage of Geant4 over the
previous version is the use of objects which have already been defined by the developers of
the Geant software, thus minimising the amount of coding required by the user. Geant4
was chosen for use in this project due to the large degree of user customisability and
the large number of available physical models including electromagnetic processes with
sub-nanometre accuracy and precision, which many other Monte Carlo toolkits do not
include (e.g. SRIM which includes only electron ionisation and Rutherford scattering).
Geant4 has also been used extensively in the field of medical physics with many tens of

papers published each year.

4.5.1 Structure of Geant4

The Geant4 toolkit consists of C++ code structured into classes which can be utilised by
the user of the toolkit. These classes are used as the building blocks for the development
of a simulated experimental set-up including particle sources, geometry and detectors.
At a fundamental level, class files exist which contain the instructions for building “ob-

jects”necessary for simulating the transportation of particles.

Geant4 simulations consist of several key processes [14]:

1. Geometry and Materials
2. Particle Interactions

3. Event and Track Management
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FIGURE 4.6: User defined classes for a Geant4 simulation.

4. Visualisation

5. User Interface.

The user must define four essential classes to perform the most basic of simulations (figure
4.6). These classes are inherited from parent classes in the Geant4 toolkit. The four
essential classes are: the geometry (detector construction), the primary particle source
(primary generator action),the physical processes (physics list) and a scoring class. The

contents of these files form the basis of a functional simulation.

Beginning from a higher-level perspective of the code, the detector construction class
consists of the details of the experimental set-up. In this file, information about the
laboratory frame (the world volume) and all materials within the lab frame are defined.
Objects within the world volume must be defined by position, rotation, size and compo-
sition as well as other characteristics including whether or not particles can interact with
such a volume. All materials are defined within this class and can be re-used for each
object. Materials are defined in terms of elemental composition and physical density. A

material may contain a single element, a mixture of elements or a mixture of isotopes.
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Materials can be defined by calling them from the default Geant4 materials list (NIST
database) which includes a large assortment of elements and compounds. New materials
can be created by the user by specifying the elemental composition and other charac-
teristics such as density, molar mass, atomic number and ionisation potentials. These

characteristics define how a particular form of radiation will interact with an object.

The primary generator action describes the properties of the primary particle source
which will be used for the simulations. These properties include: particle start position,
initial energy and particle type (e.g. proton, electron, heavy ions). Geant4 includes two
main particle sources that can be utilised by the user. These are the primary generator
action and the general particle source (GPS). The GPS system gives greater customisation
ability to the user in terms of being able to define a greater number of particle properties

including energy spectra, angular distribution and custom particle types.

Arguably the most important component of any Geant simulation is the Physics List.
This class is written by the user and inherits the properties of the Geant4 toolkit. In this
file, details about the allowed physical processes and particle types are defined. The first
section of this file gives details about the particles which are to be used in the simulation.
For example; a category of allowed particles may include a section for leptons, which may
in turn only include electrons. This tells the simulation that only electrons should be
included in the simulation and no other leptons should ever be created or tracked. Once
the list of allowed particle types is defined, the physical processes associated with each of
the particle types must be defined. A large selection of modular physics lists are available
with the toolkit which have been tested and verified against experimental data. These
physics list can simply be called by the users application saving a significant amount of
time and effort. Physics list are available for many applications and cover a wide range

of particle energies.

This physics list also includes details about the cut-off energies of the particles. In Monte
Carlo simulations a particle cannot be tracked indefinitely as it progresses through a
material. Such a simulation would take large amounts of time and in most cases has an
insignificant effect on the final results. To save processing time, the user may define an

energy cut-off (actually a minimum distance or time of flight), which prevents a secondary



Chapter 4. Monte Carlo Particle Simulations 60

particle from being created below this energy. When a secondary particle would be created
with an energy below this cut-off value, the energy is instead deposited locally. This value
must be chosen carefully as it may strongly influence the final dose distribution if the

energy cut-off value is set too high.

In most cases, these few classes will not be sufficient to perform a suitable physics simu-
lation. Additional features must be included such as; the ability to make measurements
of the energy deposited within a particular material and the ability to visualise the sim-

ulation.

4.6 Conclusions

The development and availability of personal computers has enabled Monte Carlo based
simulations to be utilised in a diverse range of mathematical and scientific fields. MC sim-
ulations are the method of choice for processes governed by probability density functions

or for processes that cannot be predicted analytically.

While MC models have been shown to predict parameters of interest with a high degree
of accuracy, the complex repetitive nature of the method results in high computation

times compared with other numerical and analytical time models.

The Geant4 MC toolkit is now widely adopted for research and commercial applications
around the world in organisations such as CERN and NASA. Geant4 is developed by a
worldwide collaboration of scientists and software engineers with the goal of developing
and maintaining the Geant4 toolkit. Sharing of experimental data, mathematical models
and software throughout the collaboration helps to benefit all users and helps to make

new scientific discoveries in the field of particle physics.



Chapter 5

Development of a Randomised 3D

Cell Distribution

In this chapter, the development of the first stage of the radiobiological model is described;
the tumour growth model. The development of the tumour growth model consists of the

following stages:

m A geometric and elemental description of a single cell.

s Growth of a tumour composed of many cells with randomised size, position and

rotation.

s Optimisation and testing of the algorithms and code.

5.1 Introduction

The first task was to develop a single cell model in Geant4 with realistic physical shape,
appropriate dimensions and a realistic elemental composition. This single cell model must

then be replicated to form a macroscopic tumour which can then be irradiated in Geant4.

A single cell geometry was modelled in Geant4 containing the critical structures which
would become targets for ionising radiation. An ellipsoid was chosen to represent the

61



Chapter 5. Development of a Randomised 3D Cell Distribution 62
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FIGURE 5.1: Single cell geometry.

cellular shape. Contained within the ellipsoid were several critical cell structures: the
membrane, cytoplasm, endoplasmic reticulum, nucleus and nucleolus. The dimensions of
the cellular constituents were based on the outer major axes of the ellipsoid. Each cell
had dimensions ranging from 9 - 13 pm, consistent with average human keratinocyte cells
[29]. At the present time, differentiation between cancer cells and non-malignant cells

has not been included in the Geant4 cell model.

The cytoplasm was defined to be a concentric ellipsoid such that the outer membrane
was 10 nm thick. The nucleus, nucleolus and endoplasmic reticulum were spheres with
dimensions, positions and rotations randomised within the cytoplasm (figure 5.1). Mito-
chondria are also planned to be modelled in future versions of this Geant4 code. Due to the
relatively large number of mitochondria in a single cell, their small size and randomised
positions it is difficult to model these organelles at the current stage. However, damage to
the mitochondria potentially inhibits the production of ATP (Adenosine Triphosphate) in
the cell leading to cell death due to insufficient energy making these organelles of interest

for future work.

Quasi-realistic chemical compositions were then added to each of the cellular components.
The chemical compositions were obtained from [29] and are shown in table 5.1. The
internal structure and dimensions in the model are preliminary and adjustable. The
objective of this research was to develop a flexible cell model with the ability to modify

and add structures in the future.
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TABLE 5.1: The chemical composition and density (g/cm?) of the cell membrane, nu-
cleus, nucleolus, reticulum and cytoplasm used in the Geant4 Monte Carlo simulations.
Data from [29].

’ Cell Region H Hydrogen \ Oxygen \ Carbon \ Nitrogen \ Phosphorus H Density

Membrane 44.4% 22.2% | 11.2% 22.2% ~ 0% 1.1
Cytoplasm 59.0% 24.2% 11.1% 4.0% 1.0% 1.0
Reticulum 44.4% 22.2% 11.2% 22.2% ~ 0% 1.1

Nucleus 35.4% 15.1% | 29.1% 18.9% 1.26% 1.0
Nucleolus 32.3% 12.6% | 32.3% 21.1% 1.4% 1.0

TABLE 5.2: The cell component dimensions, shape and location of the cell organelles.
All cells are permitted to be rotated by an arbitrary angle (e.g. 0, ¢, € [0,27)).

| Cell Region | Size (pm) | Position \ Shape |
Membrane 1072 Forms Cell Boundry Hollow Ellipsoid
Cytoplasm 9-13 Centered within Membrane Ellipsoid
Reticulum 6 Centered around Nucleus Hollow Sphere
Nucleus 3 Centered within Cytoplasm Sphere
Nucleolus 2 Centered in Nucleus Sphere

5.2 Macroscopic Tumour Model: Randomisation of

Cellular Properties and Placement

To produce a macroscopic tumour in Geant4, a Matlab™ script was written to generate
a coordinate system for 10° cells with randomised individual cellular parameters of size,
shape, rotation and position. The code first randomly places the desired number of cells
within a volume of specified size. Each cell is allocated a random size in the range of
values specified in table 5.2. The Matlab™ script then checks whether any of the cells
overlap. If overlapping cells were detected, one of the intersecting cells was deleted. The
result of this code was an output file containing the individual spatial cellular properties
mentioned. This file was then used as input to Geant4, where the contents of the cells were
populated with organelles with realistic elemental composition. The process is described

in more detail below.

Initially, the Matlab™ code generated the geometrical properties of the macroscopic “tu-
mour” by randomising the geometrical properties of 10? cells. The code generates a m x 9

matrix where m is the number of cells in the distribution. The nine columns of this matrix
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represent: the cartesian position the cell (z, y and z), the size of the ellipsoid represent-
ing the cell (a, b and ¢) and the rotation of the cell (6, ¢ and ). Each of the m x 9
elements were randomised (within the range of allowed values - shown in table 5.2) using
a random number generator A general requirement of Geant4 is that geometric volumes
cannot overlap. To ensure that no cells were overlapping, the following procedure was

followed:

The cell positions were sorted by their coordinate in 1 arbitrary axis and the volume was
sub-divided into n equal slices along this axis with a width of 100 pm. Each cell in each
slice was compared against every other cell (minus the cells that preceded it). Two cells
are defined to be separated if the distance between the centres of the cells is greater than
the sum of their largest semi-major axis. If the cell centres are separated by less than this
distance then an algorithm is used to determine if these cells overlap. If an overlapping

cell is detected, one of the two cells is deleted.

The overlap algorithm is based on the mathematical proof presented in [58]. The algo-
rithm can be used to determine if two quadratic surfaces intersect. This was translated
into a Matlab™ script that can be summarised as follows. The equation of an ellipsoid
centred at the origin with axis lengths of a, b and ¢ in the z, y and z directions respectively

is given by:

1 2 1 2 1 2

This can be written in matrix form as:

XMX =0 (5.2)

where:
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a% 0O 0 O
0 b% 0O O
M = (5.3)
0 0 % o0
0 O -1
and:
X=[ryzl] (5.4)

Rotations about the x, y and z axes by angles o, § and  respectively are then performed

with the following matrices:

1 0 0 0
0 cosa —sina 0
R, = (5.5)
0 sina cosa O
0 0 0 1
cosf 0 sinfg 0
0 1 0 0
R, = (5.6)
—sinf 0 cosfB 0
0 0O 0 1
cosy —siny 0 0
sin cos 0 0
R.— |7 T (5.7)
0 0 1 0
0 0 01

The ellipsoid can be translated from the origin with the following matrix.
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o

Zo

Yo (5.8)

20

o O O =
o O =
[ =)

By combining all of these transformations, the matrices A and B representing cell 1 and

cell 2 with different spatial properties are given by:

A=TR. R, R, M\R, R, R. T, (5.9)

B =T,R.,R,R;,M>R, R, R. T, (5.10)

Note the order in which the translation and rotation matrices are applied. The ellipsoid

of specified dimensions is first rotated at the origin and then translated.

Incorporating equations 5.9 and 5.10 into 5.2, we have

XAX =0 (5.11)

XBX =0 (5.12)
We wish to solve equations 5.11 and 5.12 simultaneously to determine if an overlap of the

quadratic surfaces exist. To achieve this, we apply a scalar constant A to equation 5.11

without loss of generality since XAX = 0 then AXAX = 0 must also equal zero.

XMX =0 (5.13)

Subtracting equation 5.12 from 5.13, we obtain:

XM -B)X =0 (5.14)
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XAN-ATB)X =0 (5.15)

This equation is then solved for the eigenvalues (A1 ,Ay ;A3 and A\4) and eigenvectors of

A~!B through calculation of the determinant:

detA— A™'B) =0 (5.16)

It was reported by [58] that eigenvectors which contain a zero in their last component
are considered non-physical because this formulation has been structured in a four-
dimensional space with the last dimension fixed. There are always two eigenvectors with
a zero in the fourth element which we treat as non-physical. This leaves two remaining
eigenvectors whose corresponding eigenvalues determine the intersection status of the el-
lipsoids. The ellipsoids are not touching if the two eigenvalues are real and not equal.
Ellipsoids are touching if the eigenvalues are real and equal. Ellipsoids are overlapping if
the two eigenvalues are complex. The three possibilities are illustrated in figure 5.2. A

flow chart summarizing the Matlab™ script is presented in figure 5.3.

5.3 Verification Method

In order to verify the functionality of the primary algorithm, a second independent algo-
rithm was developed to measure the shortest distance between elliptical cells. While this
algorithm is mathematically less complex than the eigenvalue approach, this formulation
is up to two orders of magnitude computationally slower than the previous approach. To
that end, the second algorithm was used in the preliminary stages of the study to ensure
that the primary algorithm worked as expected. Equation 5.17 represents the polar form

of an ellipsoid displaced from the origin by (zo, %o, 20):
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(a) Cells are touching at a single point - two equal real eigenvalues.

(b) Cells are separated - two distinct real eigenvalues.

N

(c) Cells are overlapping - two distinct complex eigenvalues.

FIGURE 5.2: Possible cases for the ellipsoid overlap algorithm.



Chapter 5. Development of a Randomised 3D Cell Distribution

69

FIGURE 5.3: Flowchart showing the structure of the Matlab™ algorithm used to gen-
erate the geometrical properties of the individual cells in a macroscopic tumour.
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Shortest Distance

FiGURE 5.4: Cell overlap verification method.

x xo + acosfsin ¢
y| = | yo + bsinfsin ¢ (5.17)
z 20 + ccos ¢

where a, b and ¢ specify the major axes of the ellipsoid. After applying the three rotation
matrices R,, Ry, IR, to equation 5.17, we obtain an intricate matrix which is not presented

in this thesis.

Using this matrix expression, it is possible to specify any point on an ellipsoid of arbitrary
size and rotation with only two polar parameters # and ¢ . Using this mathematical
expression, a Matlab™ script was designed to take two inputs (f and ¢) and return the
Cartesian coordinates x, y and z. Using this function a numerically solvable algorithm

was developed to determine the minimum distance between any two random ellipsoids

(figure 5.4).

The script was structured as follows. First, an angular interval was specified for searching
across the ellipsoid through its two parameters 6 and ¢ , such that 6 € [0,27) and ¢ €
[0, 7). The smaller the step size, the more accurate the distance calculation, at the expense
of processing time. Four matrices were then produced specifying every combination of

01, ¢1, for cell 1 and 6y, ¢o for cell 2. Once these matrices were processed through
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the function described earlier, Cartesian points [xq,y1, 21] for cell 1 and [z, ys, 23] for
cell 2 were generated. These points were then processed to find the two nearest points.
The distance between these two points allows for the determination of overlap. Careful
considerations must be made when considering what step size to use in order to produce

an accurate result while minimising processing time.

5.4 Importing Cell Coordinate System into Geant4

Once the ellipsoidal cell geometry coordinate system had been produced in Matlab™ the
exported file containing the cell geometrical parameters was imported into Geant4. These
parameters were used to construct the cell targets with which the simulated radiation
beams would interact with. We assume that the thickness of the membrane is 10 nm and
therefore once the Matlab output file has specified the properties of the membrane, the
cytoplasm was constructed by building an ellipsoid 10 nm smaller in each axis than the
membrane (i.e. two congruent ellipsoids). The reticulum, nucleus and nucleolus were of

fixed size and were placed randomly within the cytoplasm.

Several difficulties were faced when attempting to parameterise the ellipsoids (replicate
geometries). In the current version of Geant4, ellipsoids are not classed as constructed
solid geometry (CSG). CSG solids define what geometries can be parameterised and as
a result ellipsoids cannot be parameterised in the current version of Geant4. A new
class was implemented in the current research called G4Cell. This class contained all the
properties of a regular ellipsoid but enabled the geometry to be parameterised. Up until
the publication date of this work, no reports of an ellipsoid being parameterised in such
a way were found. Since the geometry of the cytoplasm within the cell geometry changes
in each cell, the internal structure of the cell also had to be parameterised using the new

class. This code is shown in Appendix A.
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5.5 Geant4 Physics Models

For the purposes of microscopic simulations, ionisation events and radiation damage must
be tracked on scales of less than 10 nm and less than 1 nm for the membrane and
nucleus respectively. There are several physics lists available in Geant4 which suit this
purpose: the Livermore, Penelope and Geant4-DNA models. These models are low energy
models specifically designed for microdosimetric simulations. Each of these models has

advantages and disadvantages.

Both the Penelope and Livermore models support photon and electron physics processes
which include: photoelectric effect, Compton scattering, pair production and Rayleigh
scattering for photons, and ionisation and bremsstrahlung processes for electrons in a
variety of materials. The Geant4-DNA model supports electron, proton, alpha particle
and several heavy ion physics processes at much lower energies but they are only supported

in a liquid water medium. The purpose of this physics list is to study DNA damage only.

The Livermore physics model was chosen for simulation of photon and electron interac-
tions as it provides physical processes on scales suitable for our needs but also supports a
variety of organic media needed to accurately specify the composition of each component
of the cell. Particles can be tracked to a minimum energy of 250 eV with the Livermore
physics model. The Geant4-DNA physics list, which can track particles to lower energies
still, may become suitable for our needs when further material cross sections are made
available in future updates. [29]. While these physics models simulate the direct radia-
tion effects with great accuracy, the indirect damages due to radiolytic species are not
simulated in the current release of Geant4. In many cases (particularly photon irradia-
tion) indirect damages are the most important damage leading to cell death. In chapter
10, the damage due to free radical formation was simulated directly using a second MC

package, RITRACKS.
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5.6 Model Verification using Geant4 Simulations

For the purposes of model testing we have imported approximately 65,000 cells (with co-
ordinates generated by the Matlab™ script) into the Geant4 simulation defining a tumour

3 in a water medium. This volume was chosen due to the

with dimensions 1 x 1 x 1 mm
time required to perform Geant4 simulations. To simulate a full 1 cm? cell volume in the
future, we intend to distribute the radiation simulations over many CPU’s and combine
the results at the end of the simulations to decrease processing time. We used the Geant4

9.5 beta release of the Livermore physics list as a means of testing the cell geometry.

To verify that Geant4 would run without errors using parameterised volumes, a simulation
of a monoenergetic 200 keV electron beam traversing a single cell as well as a tumour

volume was performed. Analysis of simulation time was performed.

In order to be able to determine the significance of the results obtained, the variance in
the number of ionisation events in each of the regions was evaluated. This was achieved
by running 5 identical simulations for various quantities of primary 80 keV photons and
calculating the standard deviation of the number of ionisation events for each number
of primary particles. Based on the data obtained, the number of primary particles was

selected that would give an overall statistical uncertainty of 2.5% in most cell regions.

Once the number of primary particles required had been determined, a series of simula-
tions were run to determine the significance of using quasi-realistic chemical compositions
in each cellular region compared with that of a simple water medium. Cells were com-
posed of either: (a) a quasi-realistic chemical composition, (b) water of density 1 g/cm?
or (c¢) water with the density scaled to match the density of a real organelle (between 1
and 1.1 g/cm?). 8800 cells were placed in a 0.75 x 0.75 x 0.75 mm? box at the centre of
a 1.36 mm x 3 mm x 3 mm water box. A mono-energetic 80 keV photon source with a
square field size 0.76 mm x 0.76 mm was used to irradiate the cells. The photon source
was located 1 mm from the edge of the cells. These geometric properties were chosen to
ensure that lateral and transverse electronic equilibrium was achieved. The Livermore

physics list with a production cut-off value of 250 eV was used.
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5.6.1 Tumour Model and Computational Time Optimisation

Following the overlap detection stage, approximately 200 million cells remained from the
initial 10° cells in a tumour volume. The geometrical properties of the remaining cells
were printed to file, ready to be imported into Geant4, where the interior components
of the cells were populated. A distribution of 100,000 cells with diameters between 9
pm and 13 pm can be seen in figure 5.6. The final geometry consisted of approximately

200 x 10° cells which required approximately 15.5 Gb of RAM (~13,000 cells per Mb).

FI1GURE 5.5: Enlarged visualisation showing the individual cells in a distribution.

The Matlab™ script described checked each cell against all remaining cells in the 1 cm?
volume. The processing time with this approach was unreasonably large (>10 years).
To reduce computation time, several techniques were employed. The first stage of op-
timisation involved “slicing” the tumour into multiple sections to reduce the number of
checking operations for each cell. Since the processing time in each slice is proportional
to the number of cells in each slice, the processing time was exponentially reduced with
this technique. An attempt was made to find an optimal number of slices that resulted
in an optimal processing time. An optimal solution arises when the time required to
check the boundaries of the slices is approximately equal to half the time required to

check the cells within each slice. However, it was found that for tumours on the order
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FIGURE 5.6: Tumour distribution containing > 103 cells.

of 1 ecm? there appears to be no optimal number of slices to minimise processing time as
the number of slices is limited first by the maximum number of slices permitted without
producing banding artefacts. Therefore, we limited the slice thickness to no less than 10
times the maximum diameter of a cell within the slice, to avoid such artefacts. For larger
tumours on the order of 10 x 10 x 10 cm? there may be an optimal number of slices.
Such a simulated tumour would require approximately 1.5 Th to completely express the
tumour, which is feasible in terms of storage capacity with current desktop PC’s but not
processing power. In order to generate larger tumours, a cluster of computers would be

required.

The second optimisation process that was performed was the distribution of code onto
multiple CPU cores. This enabled multiple cell slices to be processed in parallel. The
PC which was used to run these simulations was an Intel i7, 3.3 GHz, 8 threads with
24 Gb RAM. Parallelising the code reduced overall processing time by a factor of six.
During the first stage of the code, the program can be run on any number of CPU’s as

the different slices are independent of each other.

Once overlap checking within a slice has completed, the different slices must be “stitched”

together by performing boundary checks for cells at the edge of each slice. This can also
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be parallelised to some extent. Different slices can be distributed to multiple CPU cores.

The dimensions of each voxel is 0.2 mm x 0.2 mm x 1 cm.

The final stage of the code involves stitching the z-slices together into a single file con-
taining the complete tumour distribution. While this stage could also potentially be
parallelised, it appears to be more computationally efficient to run this process on a

single core.

The final optimisation technique used was the utilisation of NVidia™ graphics processing
unit (GPU) CUDA cores for complex matrix operations. It has been demonstrated by
NVidia™ that the utilisation of GPU cores for complex matrix operations can increase
processing speed by up to 450% . The version of Matlab™ used was 2010b which in-
cluded the parallel processing toolbox enabling many Matlab™ functions to be executed
on NVidia™ GPU cores. The GPU being used for these simulations was an NVidia™
GTS 450 with 120 CUDA cores. The GPU was exclusively used for computing the large
matrices associated with ellipsoid contact detection. This resulted in a decrease in total
processing time of less than 5%. Since the GPU was used for such a small fraction of
the total computation time only a small increase in processing speed was observed. How-
ever, Matlab™ 2011a now includes support for “while” and “for” loops to be executed
on the GPU which could potentially decrease the processing time of this code by more
than a factor of 100. Limited memory is a problem on the GPU, however, for users with
an NVidia Tesla series of GPU, this method of optimisation would most likely decrease

processing time significantly.

With these optimisation techniques implemented, the in-house developed Matlab™ code
was able to grow semi-realistic cell distributions (~ 2 x 10® cells in 1 cm?) in under 36

hours.
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5.7 Results and Discussion

5.7.1 Cell Overlap Independence Verification Check

The second independent cell overlap check described in section 5.3 was performed on
several small distributions (~ 3 mm?® volume) and the results indicated that there were
no overlapping cells. The secondary algorithm reported the smallest distance between all

tested cells was 7 nm.

5.7.2 Model Verification using Geant4 Simulations

An example of a monoenergetic 200 keV electron beam interacting with a single cell
is shown in figure 5.7. The individual cellular components are also shown. Analysis
of simulation time indicates that for a 1 mm? tumour containing 63,000 cells with a
secondary production cut-off of 250 eV (25 nm electron range) approximately 1.3 seconds
per primary particle is required which is consistent with the results published in [29].
Both models use a parameterised geometry, however [29] models the damage to a single
cell only whereas the model in this thesis can simulate radiation damage (i.e. ionisation
events) in a macroscopic tumour containing many thousands of cells. A secondary range
cut of 250 eV was chosen as this is the smallest cut-off which has been verified in the

Livermore physics list.

In the second simulation, a mono-energetic 80 keV photon source with a 0.75 mm? square
field size was used to irradiate the cells. The statistical uncertainty in the total number
of ionisation events was calculated as a function of the number of primary particles.
The variance decreases as N~! where N is the number of primary particles. It was
determined from five simulations that approximately 500,000 primary particles would
give an overall statistical uncertainty in the deposited energy of 2.5% in most cell regions
(the statistical uncertainty in the membrane was about 16% due to a small size /thickness
of the membrane). This number of primary particles was used in the subsequent Geant4

simulations.
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FIGURE 5.7: Enlarged Geant4 visualisation showing the particle trajectories originat-
ing from a monoenergetic 200 keV electron source within an individual cell - (green -
electron trajectories).

FI1GURE 5.8: Interactions of 80 keV with a group of cells.



Chapter 5. Development of a Randomised 3D Cell Distribution 79

The results of simulations examining the significance of using quasi-realistic chemical
compositions in each cellular region compared with that of a simple water medium are
shown in figure 5.9. They show that there is a significant change in the number of
ionisation events when realistic chemical materials and densities are used instead of a
simple water medium. Using ANOVA analysis, a statistically significant change (p<0.05)
in the number of ionisation events were observed in the nucleus, nucleolus and endoplasmic
reticulum when using realistic materials in comparison with a liquid water medium only.
The chemical compositions were obtained from [29] which reported that “they (molecular
compositions) are sufficiently accurate to demonstrate the possibility of implementing
realistic cellular models in a Monte Carlo simulation application.” The current simulation
results are summarised in table 5.3. As mentioned before, the statistical uncertainty for
the number of ionisation events in the membrane was approximately 16% when using

500,000 primary particles.

The results indicate that the number of ionisation events depend on the cellular region as
well as on the composition of this region. As a result, to predict the impact of radiation
damage on associated biological processes (e.g. repair and death), the cellular components

need to be modelled as realistically as possible.

In addition, it is desirable to reduce the cut-off energies for primary and secondary parti-
cles. This requires further development of physics models in Geant4; i.e. implementation
of various chemical elements and compounds into the DNA model, or verification of va-

lidity of the Livermore model down to 10 eV cut-off energies.

In chapter 8, the ionisation track structure information is used to predict the likelihood

of cell death based on ionisation clustering effects in the nucleus.

5.7.3 Re-Design and Optimisation of Cell Growth Model

After using the initial cell growth model for an extended period, it was discovered that
this method has several limitations. Firstly, the complex matrix operations required to

calculate cell overlap requires a relatively long time. Since these operations are performed
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FIGURE 5.9: Relative number of ionisation events when the regions of the cell are
composed of a realistic chemical composition (blue), water, but with realistic density
(red), water: density = 1 g/cm? (green).

TABLE 5.3: The significance of using realistic chemical compositions and densities in

each of the cell regions vs. a simple water medium (250 eV energy cut-off). Case 1:

realistic chemical compositions, Case 2: scaled density water medium, Case 3: Regular
water medium. NS: Not significant, S: significant.

| Region of the Cell || Case 1 vs. Case 2 | Case 1 vs. Case 3 | Case 2 vs. Case 3 |

Membrane NS NS NS

Cytoplasm NS NS NS
Reticulum NS S S

Nucleus S S NS
Nucleolus NS S S
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at least 10° times in any given cell growth process, the total time to create a cell distri-
bution with 10° cells (~ 1 ¢cm?) is computationally impractical. This method also has
the inherent problem of deleting a large percentage of the initial cells in the distribution,

resulting in a cell density which is less than observed clinically.

A new algorithm was developed to improve both computation time and the density of
the cells in the grown tumour. This is an original algorithm developed in the current

research (see appendix B for code).

We refer to this new algorithm as the "Marble"method due to its visual resemblance to
a Marble. While this method is relatively simple in comparison to the initial cell growth
algorithm, it produces a more densely packed cell distribution in much shorter times
without the need for computer parallelisation. The new algorithm also has the advantage
of mimicking real cell behaviours such as contact inhibition and cell growth which the
first method did not. Since the code does not require parallelisation, there is no need for
complex amalgamation of results into a single file. As a result, the probability for coding

errors leading to inaccurate or faulty output data is substantially reduced.

The new code operates using the following steps. A single sphere is randomly placed
within the specified tumour volume and is given a radius that is randomly chosen from a
range of values specified for a given cell type. A second sphere of radius r,,;, is randomly
placed within the same box. Collision with the first sphere is determined simply by
checking if the separation between the two spheres is greater than the sum of their radii.
If the second sphere does overlap with the first, the second sphere is deleted. If no
collision is detected, the second sphere is allowed to grow in sub-micron increments. At
each iteration of the growth stage, collision with the first sphere is calculated. At any
time when the first and second spheres come into contact with each other, the second
sphere is added to the distribution with the last radius in which the two spheres we not in
contact. This property of the algorithm approximates the contact inhibition property of
healthy cells which prevent cells from overlapping. A third sphere is placed randomly and
is allowed to undergo the iterative growth process following the same set of conditions
as stage 2. At each stage of cell growth, the collision with all neighbouring spheres is

calculated. Growth is suspended if contact between any two spheres is detected. At
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some point where the total volume of the cells in the box is approximately equal to the
total volume of the box, spheres will frequently overlap with other spheres even before
a growth phase is initiated. If the initial placement of a cell causes a collision, the cell
is deleted and another attempt is made to add a cell at another location. This unique
condition enables realistic biological cell densities of 10° cells per em? to be achieved. At
the beginning of the code, the total number of cells to be placed is calculated by dividing

the total volume of the box by the minimum volume that a single sphere can occupy.

o Xbo:r Y;)om Zboa:

4 3
§7rrmin

N (5.18)

This is clearly an overestimate of the total number of cells that can be placed in the
distribution of cells. This is a target value to be achieved. When the code cannot place
further cells within a certain time limit, the sphere placement ceases. The ellipsoidal cells
are formed by placing an ellipsoid within each of the placed spheres. Each ellipsoid is
concentrically placed within the sphere with one axis of the same length as the diameter
of the sphere. The two remaining axes have length randomised between 7, and rspnere-
The ellipsoid is then randomly rotated in all three axes. This placement method ensures
that no two ellipsoids overlap, the elliptical cells are randomised in size, position and
rotation. Contact detection between two spheres requires substantially less processing
time than determining contact between two ellipsoids. The cells are then written to a
file using the same method as the previous algorithm. The cells can then be imported by

Geant4.

Using this method, the percentage of volume filled in the box by cells increases to approxi-
mately 35% compared with 3-5% with the initial algorithm. The new density is consistent
with the typical biological cell densities of 10° cells per cm®. The new algorithm achieves
much higher cell densities in approximately half the time with same initial target number

of cells. For the remainder of this research, the optimised cell growth algorithm was used.



Chapter 5. Development of a Randomised 3D Cell Distribution 83

5.8 Conclusion

A fast and efficient algorithm has been developed for producing a randomised cell ge-
ometry which is composed of ellipsoidal cells of randomised sizes, positions and rotation
angles. This code has been designed, tested and optimised to produce a virtual tumour
volume containing up to 10,000 non-overlapping ellipsoidal cells in under an hour. This
code has been verified by two distinct algorithms. The output of the Matlab™ code can be
exported in many formats and as a result can be utilised in many Monte Carlo packages

including Geant4.

This cell distribution has been successfully integrated into the particle tracking toolkit
Geant4 where microdosimetric radiation simulations can be performed on the cellular
targets. Using the currently available Livermore physics models we have been able to

simulate radiation interactions within the tumour volume on scales of the order of 10 nm.

The significance of using realistic chemical materials for cellular components rather than
a simple water medium has been investigated. It has been demonstrated that there is a
statistically significant (p<0.05) change in the number of ionisation events when using
realistic molecular compositions and densities in the different regions of the cell compared

with using a simple liquid water medium to represent the cell.

The tumour growth model presented in this chapter is the first of a multi-stage radio-
biological model. The tumour model developed in this chapter was established to test
the functionality of the cell growth and import process only. In the next chapter, a more

thorough investigation and development of a Geant4 physics list is described.



Chapter 6

Application of the GGeant4 Cell
Model — Investigation of the Effect

of (Gold Nanoparticles

In this chapter we use the code developed in chapter 5 to quantify the radio sensitisation
of cells using gold nanoparticles. The effect of gold concentration, position within the cell

and photon energy on the magnitude of the radiosensitisation was investigated.

6.1 Introduction to Gold Nanoparticles

The primary objective in radiotherapy is to maximize radiation exposure to the targeted
tumour volume while sparing the healthy tissue surrounding it. For treatment delivered
using linear accelerators this can be achieved by optimising the dose delivery method
(e.g. Intensity modulated radiotherapy (IMRT)) or by increasing the radiosensitivity of

the tumour being targeted.

Gold nanoparticles have been a topic of interest in medical research since the early 1950s.
It has however only been in the last twenty years that the practical use of GNPs for
imaging and radiotherapy has been demonstrated [59-67]. GNPs (figure 6.1 and 6.2)
generally have an individual diameter between 1 nm and 1 pm and are suspended in an

84
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6 pm
—

FIGURE 6.1: Left: Atomic force microscope image of an eukaryotic cell. Right: Con-
focal laser microscope image of the distribution of gold nanoparticles within the same
cell. Image used with permission from Nadine Bohn of the University of Hamburg [69].

aqueous solution. The high atomic number of gold relative to tissue means that when
gold is introduced into a tumour, it acts as a contrast agent in the case of imaging and
it amplifies the biological damage in the case of external beam therapy or brachytherapy

[68].

High Z materials have been shown to be most beneficial as radiosensitisers when irradiated
with kilovoltage photon radiation due to the dominance of the photoelectric interactions
at these energies [70]. The interaction cross sections for photoelectric processes is ap-
proximately proportional to Z3 to Z3® where Z is the atomic number of the material
in which the photon is propagating. When the GNPs are delivered into the tumour vol-

ume, the increased effective atomic number results in a large increase in photoelectron
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production which increases the local dose deposited within the tumour. This means that
the amount of radiation dose required to achieve the same tumour control probability
is reduced resulting in a greater normal tissue sparing effect. It has been reported that
a secondary dose enhancement effect may result from the production of Auger electrons
[71]. The low energy Auger electrons produced in the gold are able to travel beyond the
extent of the GNP and cause ionisation damage to the cell region to which the gold is

attached (typically cell membrane, cytoplasm or cell nucleus, depending on the size of

the individual GNP).

Investigation of the effect of high Z materials on dose deposition began in the late 1940s.
In 1949 Spiers suggested that the dose enhancement effect resulting from high Z material
interfaces was the result of an increased production of photo-electrons. [72]. Many years
later, iodine was discovered to behave as an x-ray contrast agent, increasing the contrast
between anatomical structures due to its relatively high atomic number. As x-ray imaging
is performed at kilovoltage energies, large differential absorption between materials of

different atomic numbers produces excellent image contrast [3].

It was later suggested that iodine could also be used in radiotherapy as well as for imaging
purposes. In 1980, Matsudaira et al. investigated the use of non-radioactive iodine
on mouse lymphocytic leukaemia (L5178Y) cultured cells [70]. The dose enhancement
effect of concentrated iodine was determined by calculating the cell survival fraction in
the culture when exposed to iodine and in the control culture. The experiments were
performed using both x-rays and gamma rays. When x-rays were used, an enhanced
cell killing effect, increased frequency of micronuclei formation and an increased yield of
DNA single strand breaks were observed. These effects were not observed when identical
tests were performed using gamma rays. It was concluded that iodine contrast medium

sensitises the cells by means of the photoelectric effect.

Modern GNP investigations began in the early 215 century. Herold et al. extended the
research from high Z material interfaces to aqueous gold solutions [73]. Gold particles
were implanted into tumor cells growing in vivo and were irradiated with low energy
photons. In this study, three different cell types (CHO-K1, EMT-6 and DU-145) were

irradiated with different kilovoltage photon energies: four energies between 100 and 240
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kVp and 662 keV 37Cs gamma rays. The GNPs were injected directly into the EMT-6
tumours growing in mice prior to irradiation. The tumour cell kill was assayed by an in
vivo and in vitro technique. The GNPs had sizes ranging from 1.5 to 3 pm. These types
of GNPs are now commonly referred to as microspheres. Microspheres preferentially
attach to the outside of the cell membrane rather than clustering in the cytoplasm. A
dose enhancement factor of 1.42 (based on cell survival curves) was recorded for 1% GNP
solution with 200 kVp photons. A similar dose enhancement effect was recorded at the
other energies except for the *”Cs source. These results supported previous assumptions
which predicted the dose enhancement effect is due primarily to an increased production
of photo-electrons. The results also demonstrated different dose enhancement effect in
different cell types. It was suggested that GNPs could be used in conjunction with
interstitial brachytherapy using isotopes which emit low energy photons to significantly

improve the therapeutic ratio.

While the dose enhancement effect of GNPs is derived from the increased production of
photo-electrons when using kilovoltage photons, it has been reported that megavoltage
photons may have a dose enhancement effect unrelated to photoelectrons. It has been
reported that GNP are not entirely biologically inert. The GNPs may also cause oxidative
stress and cell death post-irradiation. This suggests a possible biological mechanism of

GNP radiosensitisation at clinical megavoltage photon energies [74].

In 2004, Hainfield [75] studied the effect of gold concentration on the dose enhancement of
GNPs with a diameter of 1.9 nm (determined by electron microscopy) [75]. Small diameter
nanoparticles were used to avoid high liver uptake which occurs with gold microspheres.
This also resulted in endocytosis of the GNPs producing GNP clusters in the cytoplasm.
Balb/C mice were injected with EMT-6 mammary carcinoma cells. Tumours were left to
form over a period of 1 week with resulting sizes between 50 and 90 mm?®. GNPs were
injected into the mice in a phosphate saline solution via the tail vein. The tumour region
was then irradiated with 30 Gy using 250 kVp photon beam. A dramatic change in the
rate of tumour growth was observed in mice receiving only radiation treatment and those
receiving GNPs followed by radiation. One month after irradiation, mice that received
only radiation treatment showed tumour growth up to five times the original size. Mice

that received 1.36 g Au/kg GNPs showed no visible tumour one month post-irradiation.
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FI1GURE 6.2: Illustration of a small number of cells suspended in a water medium which

has been infused with a GNP solution (gold spheres). The GNPs are then absorbed

into the cell through the biological process of endocytosis forming a cluster of GNPs in
the cell (cell in foreground). Rendered in Autodesk 3DS Max.

The same year, Zhang published the results of a Monte Carlo simulation performed using
the Geant4 [14] toolkit. This was the first simulation to model the structure of GNPs on
a nanometre scale [76]. The simulation consisted of a macroscopic distribution of gold
spheres (100 nm diameter) within a spherical water medium. The medium containing the
GNPs was then irradiated with a modelled %?Ir HDR source and the dose distribution
was compared with that of a water medium without gold. While this model represented
a significant improvement on the estimate of the physical dose increase due to GNPs, the

model lacked the geometrical complexity of a real cell.

The use of GNPs to produce changes in physical dose distributions in radiotherapy has
been investigated for many years. This research has brought targeted GNP therapy a
step closer to clinical use. However, cellular mechanisms by which this dose enhancement
effect occurs in cells is generally not understood. In order to gain the maximum benefit
from GNPs in radiotherapy, the physical, chemical and biological processes involved in

the irradiation of cells containing gold should be investigated in more detail.

To achieve this, the cell model developed in chapter 5 was used to simulate two GNP
geometries and determine the physical DER in each case. This is the first computa-

tional model used to investigate radiosensitisation by GNPs using realistic cell geometry,
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elemental composition and multiple cellular targets.

6.2 Method

6.2.1 Cell Modeling

The 3D randomised cell model developed in chapter 5 was used to model and simulate the
interaction of kilovoltage photons with two gold cluster geometries within cells. Using the
code developed in chapter 5, a tumour consisting of a non-overlapping cell distribution
was grown. The cell distribution consisted of 850 individual randomised cells producing

a cubic tumour with a side length of approximately 0.40 mm.

The tumour was then imported into Geant4 (version 4.9.5 patch 1). Each cell was placed
at the position with orientation and size specified by the tumour growth code. Each of the
cells was then populated by its internal cell geometries (cytoplasm, membrane, endoplas-
mic reticulum, nucleus and nucleolus). The radii values calculated by the Matlab™ code
specify the outer radius for the membrane and cytoplasm. The regions within the cell
were then scaled relative to the membrane radius. Each elliptical cell had a randomised
semi-major axis length of between 9 and 13 pm. The membrane was 10 nm thick, the
reticulum 5 pm, the nucleus 3 pm and the nucleolus 2 pm in radius. The approximate

shape and dimensions of the cells and their structure can be seen in figure 6.3.

6.2.2 Simulation Scenarios

In this part of the project, the existing cell model was modified to include GNPs of
various sizes and positions resulting from individualised delivery methods. The geometry
of the first simulation case was based on [68] in which GNPs were delivered in an aqueous
solution into the cells resulting in a GNP cluster of 400 nm radius forming in the cytoplasm
(figure 6.4). In order to account for the randomised location of the GNPs in the cytoplasm,
four different simulations were run where the gold cluster was placed at four randomised

positions within the cells relative to the centre of the cell. Since the cells were of random



Chapter 6. Investigation of the Effect of Gold Nanoparticles 90

FIGURE 6.3: Illustration of cell cross-section with two types of simulation geometries.

(a) 400 nm gold cluster located randomly in the cytoplasm and (b) A thin (300 nm)

layer of gold (yellow) is attached to the nucleus. Membrane: blue, Cytoplasm: light
green, Reticulum: cyan: Nucleus: red, Nucleolus: green. GNPs: yellow.

size and rotation relative to the particle source, the random nature of the gold cluster
position was adequately approximated. The results from the four independent simulations

were then concatenated before processing.

The geometry of the second simulation was based on [77] in which many gold clusters
form within the cell with the majority of the clusters attaching to the nucleus. This
geometry was approximated by adding a uniform 300 nm thick layer of gold around the
nucleus. The two geometries are compared in figure 6.3. The parameters used in the
control simulation, the 400 nm gold cluster and the 300 nm gold layer represent the
extremes of possible gold geometries (from a single cluster in the cytoplasm to complete

attachment to the nucleus) while still maintaining cell viability.
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6.2.3 Physics List

In this chapter, the use of the Livermore and Geant4-DNA physics processes have been
compared to investigate the dose deposition in all cellular regions. While the Livermore
physics list is capable of simulating the dose distribution in cells down to energies of 250
eV, corresponding to an electron range cut of 25 nm for electrons, it is not capable of
simulating microdosimetric track structures and therefore unable to predict DNA strand
breaks. Using the Geant4-DNA processes in the nucleus and nucleolus regions of the cell
the individual ionisation damages of the incident radiation to the DNA of the cell could

be modelled.

The low energy physics processes in Geant4 from the Livermore and Penelope models are
generally used when the production threshold of secondaries is required to be less than
the 1 keV cut-off of the standard electromagnetic physics list. Monte Carlo packages such
as EGS, FLUKA, Geant4 and MCNP all simulate dose distributions using a condensed
history method of particle transport. These methods are sufficient for calculating the
dose distributions on a macroscopic scale where the discrete energy losses are orders of
magnitude larger than the electron binding energies (>1 keV). Low energy processes
such as the Livermore or Penelope models are capable of simulating hard collisions in
which secondary particles are generated down to 250 eV. The Geant4-DNA processes use
analytical and semi-empirical cross sections which cover the energy range of 0.026 eV

(thermalisation of electrons) to 10 keV for electrons.

In the first instance, only the Livermore physics list was used in the current work to
irradiate the cells with a secondary energy cut-off of 250 eV. The results were then
compared with those of a second physics list which used a combination of Livermore
physics in addition to the Geant4-DNA physics processes in the nucleus and nucleolus.
The use of the Geant4-DNA physics list is essential for nanodosimetry work as it is the
only Geant4 physics list capable of simulating step-by-step radiation track structure on a
nanometre scale. This is necessary for simulating the production of DNA double strand

breaks.
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The first physics list was implemented simply using a Geant4 modular physics list ref-
erencing the standard G4EmLivermorePhysics class. In the case of the DNA /Livermore
combined physics list, a region (G4Region) was defined around the nucleus and nucleo-
lus of each cell in order to apply different physical processes to different cell organelles.
High precision ionisation/excitation track structure is very important in the nucleus and
nucleolus due to the nature of cell death through DNA and RNA damage respectively.
Conversely, cell death by damage to the cytoplasm, membrane and reticulum results
from different physiochemical processes which do not depend strongly on the clustering
of ionisation events. It was therefore decided to apply the Livermore physics model in
the membrane, cytoplasm and reticulum in order to simulate the effect of organelle spe-
cific materials (water medium is the only supported material in the Geant4-DNA physics
models). The Livermore processes were also applied to the GNP regions for two reasons.
Firstly, the Geant4-DNA physics processes only support water material which means the
particle interactions within the gold medium would not be physically realistic. Secondly,
the track structure of electrons and photons within the gold medium is not of concern or
of any relevance to the damage of the cells. What is important is the accurate simula-
tion of the production and transport of secondary electrons from the GNPs into the cell

structures. This can be achieved using the Livermore physics data.

The 0.4 x 0.4 x 0.4 mm® tumour volume containing 850 cells (figure 6.5) was placed
in a secondary water medium with appropriate dimensions to ensure both electronic
equilibrium and to eliminate boundary errors (figures 6.7 and 6.8). This geometry was
located in a 1 x 1 x 1 cm?® world volume. The cells were then irradiated by an 80 kVp
photon source originating from a planar surface with dimensions 1.0 mm x 1.0 mm. It
was determined by analysing the standard error of the output data that 10° primary
particles were required to produce an uncertainty of 1% in the total dose deposited in the

cytoplasm.

Processing time differed between physics lists. The Livermore only physics list simula-
tion required approximately one day to complete while the DNA+Livermore physics list
simulation required up to 5 days (with 24 Gb of available RAM and 4 instances of the
code running on four 3.5 GHz processors). It is therefore important to choose simulation

parameters which will result in the highest amount of cell damage in the shortest time.
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FIGURE 6.4: Visualisation from Geant4 showing two cells with biological structures
and GNP clusters (yellow).

FIGURE 6.5: (a) Illustration of the geometrical irradiation set-up. The tumor con-
taining 850 cells (red) are surrounded by a water suspension medium which is then
irradiated by a 1 mm? 80 kVp planar radiation field.
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Since the target tumour volume is very small, 80 kVp radiation has a very small prob-
ability of interacting with the cells. As a result, it is necessary to fire high numbers of
primary particles to produce enough statistics or to increase the interaction probability
by “growing” more cells. In this work, we chose a smaller number of cells (850 cells) (sim-
ulation time is strongly dependent on the number of cells in the simulation) with a larger
number of primary particles (10°) to achieve the same standard error in the absorbed
dose values. The variance in the absorbed dose measurements is inversely proportional to
the number of primary particles N simulated in Geant4. By plotting the standard error
in the mean (SEM) against the number of particles, the number of particles required to

achieve sufficient precision in the dose deposited was predicted (figure 6.6).
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FIGURE 6.6: Simulation statistical uncertainity (SEM) vs. number of primary particles.

The output data from Geant4d was recorded using a modified “stepping action” class. As
the primary particles are transported through the cell geometry a variety of output data
is written to a text file for analysis at a later time. The data that is recorded includes: the
cell in which an interaction occurs, the region of the cell where the interaction occurred,
specific Cartesian coordinates of the interaction event, physical process of the interaction
(e.g. ionisation, photoelectric) and the energy deposited per interaction. The energy

deposit data is used to determine the dose deposited in each cell. The simulation output
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FIGURE 6.7: Number of ionisations recorded in target volume vs. size of radiation
field.

data was analysed in order to determine the dose enhancement ratio (DER) of the two
GNP geometries. In the current work, the DER is defined as the ratio of the absorbed
dose deposited in the cells with and without the gold geometry for the same number of

primary particles:

DER = D With GNP (61)

D Without GNP

The absorbed dose deposited was calculated using a Matlab™ script and the statisti-
cal analysis was performed using the statistical analysis package “Graphpad Prism 5”
(Graphpad, CA, USA). A 1 way ANOVA and Tukey-Kramer [78] multiple comparison
test was used to determine the significance in the change in absorbed dose between the

control and two GNP scenarios at a 95% confidence level.

6.2.4 Energy Dependence

The energy dependence of the GNP DER was calculated by simulating the dose deposited
with two photon energy spectra. The dose distributions generated by the original 80 kVp
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FIGURE 6.8: Number of ionisations recorded in target volume vs. size of world volume
around the cells.

photon spectrum was compared with the results using a 6 MV photon spectrum produced
by a Varian 6/100 linear accelerator (spectrum from beam modelling values at the Royal
Adelaide Hospital). Identical simulation parameters were used in each case (number of
cells, dimensions of water volume, number of primary particles). An identical build-up
region of 1 mm was used in each case to enable direct comparison. The build-up region
for both the 80 kVp and 6 MV beams were chosen to be identical to minimise the biasing
effect of other variables on the calculated physical DER values (ratio of doses with and

without the GNP for each energy spectrum).

6.2.5 Auger Electron Dose Contribution

To identify other possible causes of GNP cell radio sensitisation, the interactions of Auger

electrons were modelled in Geant4.

The contributions from Auger electrons were calculated from two simulations. The
Livermore physics list was used with identical parameters to the previously mentioned

Geant4 simulations. The atomic de-excitation processes (including fluorescence, Auger
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and PIXE) were activated in one simulation and not the other. While the total absorbed
dose in the target volume remains the same, activation of Auger atomic de-excitation pro-
cesses enables the Auger electrons to traverse outside the GNP and deposit their energy

in the cell thus altering the dose distribution.

In order to confirm whether the Auger atomic de-excitation processes were functioning
correctly in the simulation, we reduced the simulation geometry to a single 1 pm radius
gold sphere surrounded by a 3 x 3 x 3 pm? water medium. A scoring mesh was added
to measure the dose distribution both in and around the gold sphere and water volume

in order to identify the contribution from Auger electrons.

6.3 Results and Discussion

6.3.1 Challenges Overcome and Optimisation During Code Test-

ing

The most crucial component of this section of work was the development of a physics
list for Geant4 which utilised two independent physics models for specific regions of the
cell geometry. The primary mechanism of radiation induced cell death is DNA double
strand break damage caused by clustering of individual ionisation and photoelectric events
on the DNA double helix. It was therefore imperative that ionisation track structures
be modelled fully and accurately. This can only be achieved using the Geant4-DNA
processes. In chapter 4, the importance of using realistic elemental compositions in
each of the cell regions to obtain accurate results has been demonstrated. However, the
Geant4-DNA processes only support a liquid water medium. Due to this limitation of
Geant4, we were forced to use a water medium with a scaled density instead to represent
the nucleus and nucleolus of the cell. Since double strand breaks are of no concern in
the other regions of the cell (as there is no DNA to damage) we were able to implement
realistic elemental compositions for these regions with appropriate densities. One of the
most complicated tasks in the current work was merging the two physics processes into

a single physics list.
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The first issue encountered affected the tracking of delta electrons as they transitioned
from the nucleus to cytoplasm. The specific fault occurred when a primary photon
liberated a delta electron from the nucleus. This electron was tracked correctly with
appropriate energy losses. However, when the electron transitioned into the cytoplasm,
the electron appeared to have no available physical processes associated with it. This
was indicated by the electron traversing the cytoplasm and membrane of the cell without
interaction or energy loss. This problem occurred frequently in the simulations when the
energy of the delta electron transitioned to the cytoplasm with energy below 250 eV.
Since the lower bound for the Livermore physics cross sections is 250 eV, Geant4d was
unable to determine how to track delta electrons in this circumstance. This problem was
discovered to be the result of using a single set of energy cut-off values for the entire
cell geometry. This problem was solved by defining a set of low energy cut-off values
for the nucleus and nucleolus where the Geant4-DNA processes were in use, and a set of
higher energy cut-off values for the remainder of the cell where the Livermore processes
were active. Cut-off values of 1 nm and 1 pm were used for the nucleus/nucleolus and

cytoplasm/membrane/reticulum regions respectively.

The second issue encountered was the inability to randomly place the gold spheres within
the cytoplasm. When a random number generator was used to define the position param-
eter of the gold spheres, it was discovered that the position of the gold spheres changed
with each iterative step of the particles. This would have clearly given inaccurate results.
A work-around was developed to resolve this issue. Four simulations were run each with
%‘ of the total number of primary particles. In each of the four simulations, the position of
the gold was placed at four different positions within the cell. The random orientation of
the cells coupled with the different positions of the gold within the cell, gave sufficiently

randomised gold geometries.

The final problem encountered while running the gold nanoparticle simulations was the
problem of simulation time management. Shortly after building a working physics list, it
was discovered that particles were being tracked with high precision un-necessarily in the
water medium in which the cells were located. The problem was isolated to the nucleus
region definition. Since the nucleus is composed of water in the simulation where the

high precision Geant4-DNA processes are activated, Geant4 mistakenly activated the high
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precision model in the water medium surrounding the cells. In some cases, this resulted
in simulation times of up to 18 hours per particle. A workaround was created by re-
defining a water medium with the same properties of the nucleus material but a different
name. Geant4 then interpreted the water medium around the cells as a second region
independent of the nucleus and thus enabled the lower precision and quicker Livermore
physics processes to be activated in this region. When low energy protons (<2 MeV) were
simulated, the processing time decreased from 18 hours per particle to approximately 45

seconds per particle.

6.3.2 Absorbed Dose Measurements

In the first instance, the standard Livermore physics list was used for the Geant4 simula-
tions. The dose deposited in each cell was analysed. Firstly, the total dose deposited in
each of the cellular regions during the control simulation (no gold) and the gold cluster
case (400 nm) was analysed. The results in figure 6.9 show no statistically significant
(p<0.05) change in the absorbed dose in any of the cell regions. This is most likely
due to small dimensions of the gold relative to the cell in this geometry and the lack of
proximity to any of the neighbouring cell regions. The modelled 400 nm cluster may also
experience high self-absorption of photo and Auger electrons resulting in lower absorbed

doses in the surrounding medium.

In the second simulation geometry where the gold accumulates in clusters on the surface
of the nucleus, a large increase in the energy deposited is observed in all regions of the
cell except the membrane. Since the gold is located on the surface of the nucleus, this
suggests that the gold particles produce a dose enhancement effect resulting from low
energy photo-electrons propagating from the gold into the nucleus region of the cell.
A statistically significant increase (p<0.05) in deposited energy is seen in all regions.
This indicates that the additional photo-electrons produced by the gold cluster on the
centralised nucleus propagate to all other regions of the cell and therefore increase the
dose in these regions. The primary effect in this geometrical case is additional ionisation
damage to the DNA of the cell thus producing a much larger physical and biological DER

than the 400 nm cytoplasm cluster. This is also a result of the much larger surface area to
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FIGURE 6.9: The total energy deposited per photon in the cytoplasm (C), membrane

(M), endoplasmic reticulum (R), nucleus (NDNA) and nucleolus (NRNA) of the cells

in the control (no gold) scenario, the 400 nm gold cluster and the 300 nm gold layer.
Livermore only physics list.

volume ratio of the gold layer which results in reduced self-absorption of photoelectrons

in the gold.

The results for the Livermore/DNA hybrid physics list are displayed in figure 6.10 and
table 6.1. When the control and 400 nm randomised cluster simulation results are com-
pared, we see a consistent result with the Livermore only physics list. Using both physics

lists, we see no statistically significant change in the absorbed dose.

When the results of the control simulation with the 300 nm layered gold scenario are
compared, a significant change in dose is observed in the nucleus and nucleolus. Since
the gold is located adjacent to the nucleus, the majority of secondary electrons cannot
traverse the cell to the membrane. Thus, we observe only a small dose enhancement effect
in membrane. In the remaining cell regions of the cytoplasm and endoplasmic reticulum,
an increase in the absorbed dose is seen when the gold geometry is changed to the 300

nm layer of gold representing the attachment of GNP clusters to the nucleus.
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FIGURE 6.10: The total energy deposited per photon in the cytoplasm (C), membrane

(M), endoplasmic reticulum (R), nucleus (NDNA) and nucleolus (NRNA) of the cells

in the control (no gold) scenario, the 400 nm gold cluster and the 300 nm gold layer.
Livermore/DNA hybrid physics list.

Small non-significant differences exist between the results when either the standalone
Livermore physics list or Livermore/DNA physics list is used. We observe a large and
consistent localised increase in the absorbed dose adjacent to the position of the layer
of gold and smaller increases elsewhere in the cell. At kilo-voltage energies, the photons
liberate low energy photo-electrons which deposit their energy within several microns
of their point of liberation. The position of the membrane relative to the gold clusters
protects it from the additional damages produced by the presence of the GNPs. Both
the Livermore only and the Livermore/DNA hybrid physics lists produce very similar
absorbed dose values in all regions of the cell. This means, that while the Geant4-DNA
processes simulate the track structure of the electrons using a much more precise method
(with a larger number of track steps), the overall deposited dose remains the same. These
results indicate that the interaction cross sections for the Livermore and Geant4-DNA
processes are consistent at these energies. Since the absorbed dose in the nucleus and

nucleolus when using the Livermore physics processes is comparable to the dose deposited
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FIGURE 6.11: The dose deposited (mGy) per photon in all cells (by region) in the
control simulation (no gold) and the GNP simulation (300 nm gold layer attached to
nucleus) for 6 MV photon beam.

in these regions using the DNA physics list, the density scaled water media used to
represent the elemental compositions of the nucleus and nucleolus are a good analogue
for the realistic nucleus elemental composition used with the Livermore physics list. It
was therefore expected that in chapter 8, where the cell survival fraction was calculated
by simulating the formation of lesions formed by the clustering of ionisation events, the

Geant4-DNA physics list produced accurate results.

6.3.3 Energy Dependence of GNP Dose Enhancement Effect

Figure 6.11 shows the dose deposited in all cells (grouped by cellular region) using two
different energy spectra. The physical dose enhancement ratios for each spectrum are
recorded in table 6.1. It is evident that the physical dose enhancement effect produced
by GNPs is approximately an order of magnitude larger when and 80 kVp spectrum is

used compared to a 6 MV energy spectrum.



Chapter 6. Investigation of the Effect of Gold Nanoparticles 103

TABLE 6.1: Dose enhancement ratios for 300 nm layer gold relative to control simu-

lations (Dyith Au /Dwithout Au) (£ 20) for 80 kVp and 6 MV photon beams. Total is

the sum of dose to all cell regions. Physics list used was the DNA /Livermore combined
model.

’ H Cytoplasm \ Membrane \ Reticulum | Nucleus \ Nucleolus H Total

80kVp || 6.98£0.3 | 1.66£0.2 | 25.3+2.2 | 55.7+0.8 | 329£3.7 | 145+ 1.4
6 MV | 1.32+£0.05| 091+0.1 | 1.66£0.2 | 256+£0.1 | 2.36+0.3 || 1.23£0.2

The largest DER values are seen in the nucleus and nucleolus region due to the proximity
of the GNPs to these regions. These results justify the assumption that the primary
dose enhancement effect of GNPs is the result of an increased photo-electric cross section

produced by a localised increase in the atomic number generated by the GNP’s.

6.3.4 Auger Electron Dose Contribution

Figures 6.12 and 6.13 show a two dimensional plot of the absorbed dose in and around a
GNP of diameter 1 pm. Even as the spatial resolution of the dose distribution is increased,
the contribution from the Auger electrons is not immediately apparent. A 1D line profile
was generated by integrating the dose over the length of the GNP. Figure 6.14 shows the
absorbed dose vs the distance from the centre of the gold sphere. It is evident in figure 6.14
that when Auger atomic de-excitation processes are activated, the absorbed dose inside
the GNP decreases and the absorbed dose outside the GNP increases. This indicates
that some Auger electrons have sufficient energy to propagate outside the nanoparticle
and deposit their energy in the surrounding regions of the cell. Based on figure 6.14 it
appears when 80 kVp photons are used, the maximum range that the Auger electrons
can propagate outside the gold sphere is 500 nm. This indicates that the Auger electrons
cannot influence the absorbed dose in other regions of the cell due to their distance from
the GNP. Targeted Auger electron therapy with GNPs would therefore be most effective
when the source of Auger electrons is located within the nucleus and attached to the

DNA.

It can therefore be concluded that the primary dose enhancement effect of GNPs from
80 kVp photons originates from the Z3 dependence of the photoelectric cross sections in

gold leading to additional high energy photoelectrons being produced.
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FIGURE 6.12: The dose distribution around a single 1 pm gold sphere immersed in a
3 x 3 x 3 pm? water medium (Auger processes on). Radiation source is a planar 3 X
3 pm?, 80 kVp photon source. 50 nm spatial resolution 2 x 107 particles.
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FIGURE 6.13: The dose distribution around a single 1 pm gold sphere immersed in a
3 x 3 x 3 pm?® water medium (Auger processes off). Radiation source is a planar 3 x
3 um?, 80 kVp photon source. 50 nm spatial resolution 2 x 107 particles.
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FIGURE 6.14: Line profile of absorbed dose averaged over the dimension of the gold

sphere. Auger processes off (blue) and Auger processes on (red). Energy Deposited

(MeV) vs distance across the gold sphere. (50 nm spatial resolution). (a) and (b) are

the same graph shown on different scales to emphasise the reduction in dose at (a) the
centre of the GNP and (b) the increase in dose outside the GNP .
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6.3.5 Validity of Geant4 Models

The Geant4-DNA model was developed to be a microdosimetry model for simulating
electron, proton, alpha particle and heavy ion track structure. While the quality of the
model has been verified to energies as low as 1 keV [79], there is little experimental
data to confirm the validity of the model below this energy. The accuracy of this model
relies upon theoretical models such as the Emfietzoglou, Born [80] and Champion [81]
models for excitation, ionisation and elastic processes respectively. The data produced
by Geant4 using these models has not been fully experimentally verified. However, it has
been demonstrated [79] that the ionisation stopping powers and cross sections for elastic
scattering of electrons, match with experimental data to energies below 250 eV. While
this may produce track structure results with limited accuracy, the total calculated dose

deposited in each cell will be of acceptable statistical uncertainty.

There is very limited published data comparing the low energy models in Geant4 (includ-
ing Livermore and Penelope) and the Geant4-DNA model for dose calculations. This is
due to the Geant4-DNA model being primarily used for track structure simulations while
the Livermore and Penelope models are more typically applied to integrated energy de-
positions. The low energy Livermore processes for photons and electron interactions are
generally accepted to be valid down to energies of 250 eV [82] (although data is available
to 100 eV with reduced accuracy). In this chapter, the dose deposition of photons (and
delta electrons) in individual cells was calculated using a Livermore only and a combined
Livermore/Geant4-DNA model. Each physics list produced very similar results. While
this does not validate the Geant4-DNA processes down to 250 eV, it does provide evidence
that the Geant4-DNA processes can be used to calculate dose distributions to energies
as low as 250 eV. The physical models and their validity are discussed in greater detail
in chapter 9.

6.4 Conclusions

In conclusion, a novel geometric cellular microdosimetry model has been developed which

can be used to simulate a variety of radiation therapies. As new experimental data
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becomes available, the accuracy of the Geant4 physics models can be verified and new
models may be developed. Due to the modular structure of Geant4, these models can

then be implemented into the existing cell model over time.

The two most common GNP clustering geometries (clustering of GNP in the cytoplasm
and GNP clusters attaching to the cell nucleus) have been modelled using a randomised
3D cell irradiation model. It has been confirmed that these GNPs produce a localised dose
enhancement effect most significantly in the nucleus (DER=55). The absorbed dose in
the cell membrane is not strongly affected by the presence of GNP in the cell. This is due
to the lack of proximity of the gold to this region and the maximum penetrative ability
of secondary electrons at the selected energies of this work. It has been confirmed that
the Livermore and Geant4-DNA processes produce statistically identical absorbed dose
values in the nucleus and nucleolus of the cell when the realistic elemental composition
used with the Livermore processes is substituted for a scaled water medium required by

Geant4-DNA.

The energy dependence of the physical dose enhancement effect has been investigated with
two distinct photon energy spectra: 80 kVp and 6 MV. The results of the simulation
indicate that the dose enhancement effect is at least an order of magnitude larger at
80 kVp compared with 6 MV due to the dominance of the photoelectric processes at

kilovoltage energies.

The contribution from Auger electrons to the dose enhancement effect of GNPs has been
investigated. We have concluded that when 80 kVp photons are used as the radiation
source, the Auger electrons produced in the gold medium do not have sufficient energy
to traverse a sufficient distance to influence the absorbed dose in surrounding cell regions
(maximum range 250-500 nm). We therefore conclude, when using 80 kVp photons, the
primary dose enhancement effect originates from additional high energy photo-electrons

liberated in the gold medium.

The possible inaccuracies in the data produced by Geant4-DNA processes have been
discussed. Although the accuracy of the track structures simulated by this model are
still in question, we are certain that the Geant4-DNA model is capable of simulating

dose distributions in the individual cells of this model with a reasonable level of accuracy.
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This is indicated by the high level of correlation between the results produced with the
Livermore model and the Geant4-DNA model.

To directly compare the dose enhancement effect of GNPs with the available experimental
results published in the literature, cell survival data rather than dose values will need to
be calculated. A cell survival model has been developed based on [21] in chapter 8 which
utilises the high precision track structure of the Geant4-DNA physics list to predict cell
death based on DNA double strand breaks and damage to cell organelles.

The cell growth and irradiation model developed in this thesis has demonstrated its
applicability for simulating novel radiation treatment modalities. Using this model, the
potential of GNPs in enhancing radiotherapy treatments has been demonstrated. The
largest dose enhancement effect in the cell occurs in the nucleus of the cell where the
frequencies of double strand breaks are increased as a result. If GNPs are used clinically
in radiotherapy, they have the potential to produce a greater normal tissue sparing effect

as a smaller dose will be required to produce the same biological endpoint in the tumour.



Chapter 7

Gold Nanoparticle Imaging at the

Australian Synchrotron Centre

As a parallel project to the development of the Geant4 cellular model, experiments were
performed to image cells with implanted gold nanoparticles using synchrotron radiation
at the Australian synchrotron centre (ASC) in order to identify and confirm the position

of GNPs inside a cell.

7.1 Synchrotron Radiation

Synchrotron radiation is produced when ultra-relativistic electrons are deflected in their
path by a magnetic field. The power of the radiation emitted is proportional to the square
of the acceleration of the particle. Magnetic fields cannot be used to change the speed of
an electron. In a synchrotron accelerator, bending magnets are used to curve the path
of electrons. Undulators and wigglers are used to create sinusoidal oscillations of the

electrons along their primary linear trajectories.

The radiation emitted from the electrons as they travel in a circular path is emitted in the
direction of motion in the lab frame. The power of this radiation is increased by adding

undulators and wiggler magnets. These magnets are designed to cause the electrons to
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undergo rapid sinusoidal oscillations. These intense oscillations cause electromagnetic

radiation to be produced in the direction of the electrons trajectory.

Wiggler magnets are designed to increase the intensity of the radiation. The intensity is
proportional to the number of oscillations that the electron undergoes in the magnetic
field. Undulator magnets produce less intense electron oscillations. These magnets are
tuned to the transverse motion and linear trajectory of the electrons so that the electro-
magnetic waves undergo constructive interference. This enables the optimal wavelength

of the EM radiation to be tuned by changing the gap between component magnets.

The radiation produced by a synchrotron has a characteristic linear polarisation (relative
to the orbital plane) and generates a continuous electromagnetic spectrum which ranges
from microwaves to x-rays [84]. The type of experiment will determine what part of the
EM spectrum is used in a dedicated beamline. For example, infra-red radiation will be
used by the infra-red microspectroscopy beamline whereas x-rays are used by several other
beam lines including the x-ray fluorescence microscopy beamline. The remaining parts of
the spectrum are filtered. The design of the synchrotron enables multiple beam lines and
experiments to be run simultaneously without needing to shut down the primary storage

ring where electrons are seeded.

7.2 Australian Synchrotron Centre Facility

In the Australian synchrotron, electrons are first produced by an electron gun by thermionic
emission from a heated tungsten cathode [85]. An AC voltage signal is applied which
means the electron generation is pulsed. The electrons are then accelerated to an energy
of 90 keV. The electrons then move into a linear accelerator (figure 7.1). The electron
beam is accelerated to an energy of 100 MeV by the linear accelerator. The electrons
then move into the “booster” which is an electron synchrotron with a circumference of
130 metres which then accelerates the electrons from 100 MeV to 3 GeV. The magnetic
field strength is 1.3 Tesla. The accelerated electrons are transferred to the storage ring
which is capable of maintaining a 200 mA current with a beam lifetime of over 20 hours.

The storage ring is 216 metres in circumference. The storage ring consists of 14 identical
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sectors. Each sector consists of a 4.4 m straight section followed by an 11 m arc. Each
arc consists of two dipole bending magnets where synchrotron radiation is produced. The
total power requirements for the ASC is estimated at 4 MW with total energy at 25 GWh
per year. The beam current is maintained at 200 mA by seeding the storage ring with
electrons every 8 minutes. Although the beam life-time is about 25 hours, most exper-
iments on the beamline require a pulsed constant output rather than a beam intensity

that has continuous output but decreases exponentially with time over 25 hours.

The purpose of the experiment performed in the current work was to investigate the
uptake and internal distribution of GNPs in EMT-6 breast cancer cells. The beamline
that was used in the current work was the x-ray fluorescence micro probe (XFM) which
utilises the x-rays produced by the synchrotron for imaging of fluorescent materials on
micro and nanoscopic scales. The range of x-ray energies used is between 4 and 25 keV
[85]. Once the radiation is produced at the bending magnet for the XFM beamline, it is
filtered and focussed before reaching the sample and detector. There are two radiation
shutters, the mono shutter and the sample shutter. The mono-shutter blocks all radiation
prior to entering the beam line and the sample shutter blocks all radiation before entering
the sample hutch. The radiation travels through a thermal absorber to block IR radiation,
a double crystal mono-chromator and a multi-layer chromator which enables the x-ray

energy to be precisely tuned to the desired monochromatic energy. The energy resolution

ABE _
5

is 10~*. The beam then passes through a beam defining aperture which enables the
particle flux to be precisely controlled so that the sample is not over or under exposed to
the x-rays. Finally, the radiation is focused by a horizontal and vertical focusing mirror
before reaching the detector and sample. Currently, there are two detectors used on
the XFM beamline. The “Maia” detector is a fast, micrometre resolution fluorescence
detector capable of measuring the fluorescence of materials with an atomic number larger
than that of calcium. It was developed by the CSIRO and has only recently become
commercially available. The second detector is called “Vortex” which is a slower yet

higher resolution detector (100 nm) capable of detecting the fluorescence of materials

with a much lower atomic number of 12 (Magnesium).

The primary use of the x-ray fluorescence micro-probe was to investigate the uptake and

clustering of GNPs with a size of approximately 1 nm per particle inside the EMT6
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TABLE 7.1: Properties of the XMF beamline.

Source In-vacuum undulator, n = 90, 22 mm period
Energy Range 4.1 - 25 keV

Optimal Energy | 5- 12 keV

Beam Resolution || AE/E =101

cells. The x-ray fluorescence micro probe is one of the beam lines at the Australian
synchrotron centre. The synchrotron radiation produced is channelled into the micro-
probe beam line where the x-rays are focused and made monochromatic by a double
crystal monochromator. Only a small fraction of the original x-rays produced by the

synchrotron reach the sample.

The micro-probe is capable of imaging the fluorescence of a sample medium with a res-
olution of 2 pm. Due to the limited resolution of the micro-probe detector, is it only
capable of detecting the fluorescence of materials with an atomic number greater than
20 (Calcium). This makes it suitable for measuring the uptake of GNPs in mammalian

cells.

When x-rays (of appropriate energy) are fired at a material, they are absorbed by the
target material resulting in fluorescence (e.g. production of x-ray photons with an energy
spectrum unique to each material in the sample [85]). By comparing a known spectrum
for each elements with the energy spectrum for a given sample, the concentration of each
element can be determined. The XFM beam-line is designed to scan a sample pixel by
pixel and generate an energy spectrum for each of those pixels. The data file produced
can either be displayed as an image file showing the distribution of each element in the
sample or exported to a file containing the concentration of a given element (in ng/cm?)
in each pixel. The XFM beam line is capable of measuring the fluorescence of each pixel
at a rate much faster than any other facility. It is therefore capable of imaging samples
with sizes of the order of several centimetres with resolutions of 2 pm in under 3 hours.
The “Maia” has a dwell time between 0.5 milliseconds and 50 milliseconds [85]. It is
sensitive to photons above 3.3 keV. It is capable of observing the K-lines of elements

heavier than calcium and L-lines of elements heavier than Sb (Z=51).
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Storage Ring

Booster Ring

Beam Lines

FIGURE 7.1: A structual diagram of the Australian Synchrotron Centre showing major
components including: the linear accelerator (LINAC), the booster ring and the storage
ring.

TABLE 7.2: Beam properties of the XMF beamline at 10 keV.

Focussing Method | No Focussing | KB Mirrors | Zone Plate
Spot Size 0.6 mm x 1 mm | 5 pm 100 nm
Flux (photons/s) 1012 4 x 10" 1010

Flux Density (photons/s/pm?) || 1.6 x 10° 1.5 x 10 | 1.0 x 10

7.3 Methods

In the current work, EMT-6 mouse breast cancer cells were infused with GNPs with
dimensions approximately 1 nm and irradiated them with a 6 MV photon beam from a
Varian 6/100 linear accelerator [86]. A total of 12 samples were imaged using the XFM
beamline. The samples were a combination of cells which were: infused with gold, iodine
stained, anti-body stained and cells irradiated with the 6 MV photon beam. The average
dimension of an EMT-6 cells was approximately 45 - 50 pm.
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The scan shown in figure 7.3 was acquired with the Maia detector over three hours. Each

pixel has dimensions of 2 pm x 2 pm and the total area of the image is 3 mm x 1.5 mm.

7.4 Results

Clusters of GNPs were observed distributed throughout the sample (figure 7.3). Analysis
of this sample showed a mean gold mass of between 0.76 — 1 picogram per cell (figure 7.4).
Based on these values and assuming that the gold is concentrated in a single spherical
volume, the geometry of the Geant4 simulation should consist of gold spheres with an
average radius of 220 nm. These results are similar to the particle size used in the Geant4
simulations described in the previous chapter. While the GNPs are of the same order of
magnitude, the size of the gold in the Geant4 simulations could potentially be decreased

by 50%.

If the gold is distributed in multiple clusters around the nucleus, we can approximate this
with a thin spherical shell of gold surrounding the nucleus. Based on the measured amount
of gold and a nucleus radius of 3 pm, the thickness of the gold should approximately 0.46
nm (1/20 the thickness of the membrane). The assumption of a 3 pm radius for the
cell nucleus was an assumption based on typical mammalian cell lines and may not be

justified for the cell lines used in these experiments.

Since the Maia detector is not sensitive to phosphorous we were not able to correlate the
position of the gold with the positions of the cells. In order to match the gold with the

position of the cell a high powered optical microscope was used.

Once we had determined what region of the cell samples we wanted to image (using
the XFM microprobe) we began using the nanoprobe detector to image the samples
with much higher resolution. The detector used for these experiments was the Vortex
detector. It has a dwell time between 0.2 and 2 seconds per pixel (much slower than the
Maia detector). It is sensitive to photons with energies above 1.1 keV. It is capable of
detecting the K, L and M lines of all elements heavier than Magnesium (Z=12). DNA is

rich in phosphorous (Z=15) enabling excellent contrast to be obtained between the cell
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FIGURE 7.3: EMT6 cells containing GNPs, iodine stained, apaptosis stained and un-
irradiated. The cells were imaged using the Maia detector at the ASC. The intensity
of the pixel in the image is proportional to the concentration of gold in the sample.

nucleus and the GNPs clustered around it. Based on the scans performed using the XFM
nanoprobe, it appears that the GNPs cluster in multiple small clusters throughout the
cytoplasm rather than binding to the nucleus. This is most likely the combination of the
properties of the EMT-6 cell line and the delivery method used to infuse the cells with
GNPs. The model in chapter 6 was based on human keratinocyte cells which may have

different GNP distribution to EMT-6 cells.

We also used the XFM beam-line to image the lymph node of a mouse (figure 7.9).
The lymph node was approximately 3 - 4 mm wide and was extracted from the mouse
after receiving a GNP solution [86]. The GNPs from the tumour were transported to
the lymph node through the lymph vessels where they were finally distributed inside the
lymph node. Large quantities of gold, zinc and manganese were observed in different

parts of the lymph node.

7.5 Conclusions

The distribution of GNPs within EMT-6 mice cells has been measured at the Australian
Synchrotron Centre using the XFM beamline. It was determined that the mean amount
of gold in each cell was approximately 1 picogram. This mass was of the same order of

magnitude used in the Geant4 simulations of chapter 6. The scans performed using the
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Frequency

Mass per cell (pg)

FIGURE 7.4: Mass of gold per cell (pg) vs frequency of cells [86].

FiGURE 7.5: Cell cluster containing gold nanoparticles scanned with the nanoprobe.
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FIGURE 7.6: EMT6 cells at 20 x optical magnification.

FIGURE 7.7: EMT6 cells targeted using the nanoprobe.
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F1GURE 7.8: Overlay of optical and XFM images showing the distribution of GNPs in
two different EMT6 cells.

high resolution nanoprobe revealed that the GNPs cluster in small (roughly spherical)
volumes throughout the cytoplasm of the EMT-6 cells.

Based on these measurements, it was concluded that the concentration and distribution
of gold used in the simulations of chapter 6 is approximately the same as what is observed

clinically.
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FiGure 7.9: XFM image of a mouse lymph node containing gold nanoparticles us-
ing microprobe. Blue represents regions of low gold concentration and yellow/white
represents regions of high gold concentration.



Chapter 8

Radiation Induced Cell Death Model

In this chapter the repair mechanisms of DNA DSBs in cells were modelled. The code
developed in chapters 6 and 7 predicts the physical interactions of radiation but does not
predict the biological outcome. The two lesion kinetic model was used in this chapter as

the basis for the development of an extended stochastic cell survival model.

Cell kinetics form the basis of these radiobiological models and as such this topic will be

reviewed.

8.1 Cell Kinetics

A cell that is able to proliferate indefinitely and form a large colony of cells from a single
cell is said to be clonogenic. Most types of tumour cells have infinite replicative potential
and can grow indefinitely in a cell culture. For cells growing in a culture, the loss of
ability to replicate is called reproductive death. After a cell has been irradiated, cells
may still maintain structural integrity and be able to produce proteins, synthesize new
DNA and may even have the ability to undergo mitosis once or twice. However, if a cell

has lost the ability to reproduce indefinitely, it is considered dead.

Sufficiently high doses of radiation (>100 Gy) cause the breakdown of all cellular func-

tions. However, doses as low as 2 Gy may cause loss of reproductive ability [87].
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DSB repair, cell death, cell cycle checkpoint arrest are mechanism by which the cell
responds to radiation induced DNA damage [88]. The purpose of these processes is
to prevent chromosome instability. In radiotherapy, the loss of reproductive ability of
clonogenic cells following exposure to ionising radiation typically determines the outcome

of the treatment [41].

Loss of proliferative potential of a cell can occur through multiple processes: quiescence,

senescence, terminal differentiation and cell death (apoptosis, autophagy, necrosis).

In 1956, Puck [89] demonstrated that most clonogenic cells die through mitosis (mitotic
catastrophe) after being exposed to ionisation radiation. The cell may not undergo apop-
tosis until several divisions have taken place. The number of divisions that take place
depend on the radiation dose the cell received. Even after a dose of 2 Gy, the cell may
undergo 2-3 cell divisions before apoptosis. The time scale for this process may be of
the order of several days. Some cells may die by inter-phase death which is a more rapid

process than mitotic apoptosis and occurs without cell division.

The key mechanisms of radiation induced cell death are: apoptosis, autophagy and necro-
sis [90]. These death pathways prevent the formation of potentially carcinogenic muta-
tions. Apoptosis is an active cell death process where by the cell “decides” to commit
suicide. During apoptosis, several processes occur: cell and nuclear shrinkage, nuclear
fragmentation and formation of apoptotic bodies. The formation of apoptotic bodies is

a process preventing the spread of toxic cellular contents of dying cells.

Autophagy is a cannibalistic mechanism that involves cell degradation of unnecessary
or dysfunctional cellular components through the actions of lysosomes [91]. During this
process, damaged or recyclable cellular components are isolated within autophagosomes,
which are then fused with lysosomes and degraded or recycled. In the case of radiation

exposure, this is a defensive reaction that leads to programmed cell death.

Cells that die due to necrosis do not follow the apoptotic signal transduction pathway.
Necrosis can occur through various processes including nutrient deprivation and exposure

to toxins. Radiation induced necrosis is a rapid process which involves the loss of the
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structural integrity of the cell. Necrosis is associated with loss of membrane integrity,

deregulated ion homeostasis and swelling of the cell.

Before apoptotic processes begin in a cell, the cell will often detect the radiation damage
and arrest the cell cycle. Cells have checkpoints where the DNA sequence is checked for
damages before proceeding to the next stage. This process is designed to ensure that
chromosomes are replicated correctly and the genome maintains its integrity. Radiation
of the cell causes the cells to arrest at these checkpoints. In the G; phase, cell cycle arrest
is regulated by the p53 tumour suppressor protein [41]. The role of this protein is the
conservation of the stability of the genome of the cell by preventing mutation. The p53
protein plays a vital role in the prevention of cancer by mediating apoptosis, maintaining
genomic stability and the inhibition of angiogenesis. Actions of the pb3 protein include:
activation of DNA repair proteins when DNA damage is detected, arrest of the cell cycle
between the G1/S phases to allow time for DNA repair proteins to repair the damage
and can also initiate apoptosis if the DNA damage cannot be repaired. The cell cycle can

also be arrested during G, and M phases.

Radiation damage to DNA can be repaired by several processes:

1. Recombination: A nearby radical and the DNA radical can undergo an ionic

reaction to regenerate the original DNA.

2. Restitution: Chemical restoration of the DNA without the assistance of an en-
zyme. This type of reaction is called reduction and is performed with the assistance
of a reducing agent that reacts with the radicals. The most common intracellular
reducing agent is called glutathione (GSH). It is a naturally occurring antioxi-
dant synthesised in the body which prevents damage to important cellular compo-
nents caused by reactive oxygen species including free radicals and peroxides. The
sulfhydryl group on glutathione can donate a free hydrogen molecule to the DNA

radical which restores the DNA and produces a stable sulphur radical.

3. Repair: There are several cellular enzymes that have the ability to recognise and
repair DNA strand breaks. The time scale of repair is of the order of minutes to

hours depending on the complexity of the DNA strand break.
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FiGurkE 8.1: Homologous recombination.

There are several key mechanisms in which DNA strand breaks are repaired. These
methods are base excision repair (BER), nucleotide excision repair (NER), DNA mis-
match repair and DSB repair. DNA DSBs can be repaired by either homologous (figure

8.1) recombination or non-homologous end joining (figure 8.2).

Base excision repair is important for the repair of most single strand breaks and base
damages [92]. The repair half-time for this process is approximately 5 minutes depending
on cell type. Its primary function is the removal of damaged bases that could lead to
mutations by misrepairing or lead to breaks in DNA during replication. BER is initiated
by DNA glycosylases which recognises and removes specific damage or inappropriate bases
leading to the formation of an abasic site (i.e. a section of DNA that does not contain
a base). The single strand break is then repaired by synthesising and replacing a new

nucleotide.
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Fi1Gure 8.2: Non-homologous end joining.

DNA mismatch repair occurs when an incorrect nucleotide base is present in a particular
sequence of the DNA [93]. In normal spiral DNA, bases form pairs between the two
strands: adenine with thymine and cytosine with guanine. DNA mismatch repair is a
system for recognising erroneous sequences of base pairs in the DNA. If a single base is
missing or the wrong base is present in the DNA, the base simply needs to be replaced
in accordance to the base present on the opposite strand. This process is typically very

rapid and has a small probability of error.

Double strand breaks are repaired either by homologous recombination or non-homologous
end joining processes.Homologous recombination occurs in cases where bases on opposite
stands of DNA have been damaged or deleted and therefore DNA mismatch repair cannot
occur [94]. Damages of this complexity require a similar or identical sequence of DNA
which is used as a template for repair. If the cell is in the S or Gy phase, the cell uses a
sister chromatid as a template to repair the DNA. If the cell is in the M phase, it uses a

second chromosome as a template. This process does not occur during G; phase.

The major mechanism of DSB repair is non-homologous end joining [94]. This process
can be active in any stage of the cell cycle. This process differs from homologous recom-
bination in that it does not require a homologous template. In this process, the broken
ends of the DNA are ligated directly without the need for a template. This process is
usually successful in repairing DNA DSBs. However, if the DNA has been exposed to a

form of high LET radiation, multiple DSBs may form in close proximity. In this case,
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there is a chance that other nearby damaged DNA molecules may be joined resulting in

severe chromosomal rearrangements.

8.2 Summary of Two-Lesion Kinetic Model

The TLK model was designed to combine the biochemical repair processes of DNA DSBs
and radiation induced cell death. It was suggested by Stewart [21] that a successful
radiation induced cell death model should “be capable of predicting a wide range of
exposure conditions using a single set of model parameters”. The model assumes that
more than one type of DSB exists. Another property of the TLK model is the ability
of the DSBs to interact in a pair wise fashion to form irreversible lethal and non-lethal

damages.

The TLK [21] model (as well as LPL and RMR models discussed in chapter 1) includes
first order non-saturable repair processes meaning that the number of enzymes available
for the repair of DNA is equal to or greater than the number of DSBs. It has been
suggested [95] that the cellular repair processes associated with damage from 250 kV x-
rays to V79 cells may saturate at doses as low as 2.4 ¢Gy or as high as 30-90 Gy [96]. All
three models assume that DNA repair is the result of biochemical enzymatic processes.
The TLK model extends this assumption to suggest that the repair probability of DSBs
depends on the severity of the lesion. In all three models, the specific biological repair
processes are not included in the model but are instead hidden in a “lumped parameter”

approach.

Stewart pointed out that as the complexity of a DNA repair model increases, the number
of freely adjustable parameters inevitably increases. Such a model may unfortunately

become a parameter tuning and curve fitting exercise that does not reflect the reality of

DNA repair.

The radiobiological parameters used in the TLK model are A\, 3, Y and n. The A\; and

A9 are the repair probabilities of simple and complex DSBs by linear repair mechanisms.
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These can be conveniently expressed in terms of simple and complex DSB repair half

times Tpsp (the time required for 50% of the lesions to be repaired).

In(2)

TDSB

ApsB = (8.1)
The ;1 and (8, parameters are the probabilities of incorrectly repairing simple and complex
DSBs respectively. Y is the number of base pairs per cell and ¥ pgp is the expected number
of DSBs initially created by the radiation per nucleotide per Gy. The n parameter is the
rate of formation of lethal damages formed by pair wise interactions of DSB through
end joining processes. Pairwise interaction of DSB occurs when two DSB breakages from
distinct DNA helices interact (and attempt to repair incorrectly) to form lethal or non-

lethal mutations.

These key parameters appear in the four first-order non-linear differential equations of

the TLK model:

i = 2DOY S = MLi(t) = nLi(8)[La(t) + La(t)] (8.2)
df;t(t) = 2D(t)Y'Sy — Ao La(t) — nLa(t)[L1(t) + La(t)] (8.3)

L and L, are the expected numbers of simple and complex DSBs respectively at time
t. They depend on factors such as the absorbed dose rate, binary misrepair probabilities

and other biological parameters.

L; and L, are the average accumulated numbers of lethal lesions and non-lethal muta-
tions respectively in the cell at time . L_f and L,, depend on L; and L, at time ¢ and

therefore need to be solved numerically (in the general case):

dzjt(t) = 51)\131 (t) + 52)\232@) 4+ 0.25 % n[fl (t) + ZQ(t)]Q (8.4)




Chapter 8. Radiation Induced Cell Death Model 128

dz;;“) = (1= B)ML1 () + (1 = Ba) Mo La(t) + 0.75 x n[L1(t) + La(t)]? (8.5)

In the TLK model, a simple DSB is considered to be a section of DNA between 10 and
20 base pairs in length containing a break in each strand of the DNA. A complex DSB is
considered to be a simple DSB with additional elementary damages such as base damage,
strand breaks or base deletion within the same section of DNA. This formalism has been

used for the basis of the cell death model in the current work.

The TLK model was solved numerically in [21] using Gear’s backward differential algo-
rithm for an arbitrarily complex dose rate function D. The biological parameters were
calculated for the TLK model using a trial and error method which attempted to find a
solution set of optimal parameters which fit experimental data for V79 cells. The quality
of the fit was established by calculating a positively weighted sum of the error or “fig-
ure of merit” parameter. Optimal parameters for the TLK model were found and were

consistent with experimental data.

The TLK model was calibrated and optimised in [22] using a set of experimental cell
survival data for Chinese hamster (V79) cells for a single dose and split dose irradiations.
After finding many local solutions to the parameter set, the TLK model was shown
to be in good agreement with experimental data. Discrepancies between experimental
and model predicted data was said to be the result of additional biological factors and

processes not being included in the model.

The introduction of two types of DSB in the TLK model enabled a locally optimal set of
simulation parameters to be found that was both consistent with biological parameters
and accurately predicted cell survival data for V79 cells. Small discrepancies between
experimental and model-predicted data suggest that there is still one or more missing
biological repair processes not considered in the TLK model. It was suggested that
enzymatic repair of DNA DSBs may saturate at high doses where the number of DSB in
each cell is larger than the number of available enzymes to repair them. The importance
of binary repair processes was expressed for high linear energy transfer (LET) radiation

as there will be more spatially correlated DSB damages. Stewart also suggested that the
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repair characteristics of the individual damages in a cell are most likely independent (or
almost independent) of the particle LET. This means for example, that while low and
high energy protons have different density ionisation tracks, the repair processes in the

model should be equally valid for all LETs.

Utilising the analytical formulation of cell repair from TLK, its functionality will be
extended to a cell by cell analysis in the current work. The model parameters presented
in [21] have been used as a starting point for calibration of the model developed in the

current work.

8.3 Methods

In the current work, the previously developed tumour growth and irradiation model of
chapter 5 was extended to include a stochastic ionisation damage clustering and DNA

lesion repair model.

8.3.1 Radiation Transport Simulation

In order to accurately predict the formation and distribution of DSBs in a cell, simulation
of accurate radiation track structures is essential. The Geant4-DNA processes constitute
a high precision model designed to track the individual interactions of a particle as it
traverses a water medium. Using Geant4-DNA, the formation of DNA DSBs in the
nucleus of the cell was modelled. To improve the efficiency of the simulations, damage to
the remaining regions of the cell (cytoplasm, membrane, and endoplasmic reticulum) was
simulated using the less computationally expensive low energy Livermore physics model
as described in chapter 6. Since the cytoplasm, membrane and reticulum do not contain
any DNA, the cell death mechanisms in these regions are very different. High precision
track structure is therefore not necessary in these regions as there are no significant targets
of nanoscopic scales. The Livermore physics processes enable the overall dose to other

regions of the cell to be calculated. The probability of cell death due to damage to regions
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FIGURE 8.3: Diagram showing the structure of the integrated radiobiological model
developed in the current work.

other than the nucleus will be considered to be proportional to the total dose deposited

in these regions rather than the complexity of the ionisation track structure.

The radiation damage simulation developed using Geant4 in chapter 5 generates several
output files during the simulation. These files contain large quantities of data including
the position of every ionisation event produced in the nucleus and nucleolus, the energy
deposited by every ionisation event and the cell number that was damaged. The data
files produced for the nucleus and nucleolus are significantly larger than those produced

in the cytoplasm as the position of every ionisation event is recorded.



Chapter 8. Radiation Induced Cell Death Model 131

8.3.2 Clustering Algorithm

The first stage in predicting the radiobiological processes was to design Matlab™ code
to read in the damage from Geant4 and sort the damages into each cell. Each line of
this data contains the cell number, the position of the ionisation event, the mass of the
particular cell region and the energy deposited by the particle at each step. The Matlab™
code sorts the damage by cell and then places the damage in a 1 x n cell array, where n

is the number of cells in the tumour.

Once the data has been sorted and stored in Matlab™ the clustering of ionisation events
into DSBs is performed. The definition of a DSB according to [21] is “two or more
ionisation events located on the DNA double helix within a distance of 20 base pairs” (20
base pairs (bp) correspond to a distance of 6.8 A). Using this definition for a DSB, an
original ionisation clustering algorithm was developed in the current work to predict the
formation of DSBs in the nucleus of the cell. Stewart allowed for the possibility of several
types of DSB in the TLK model, containing a variable number of ionisation events in each
cluster. Each type of DSB is believed to have independent enzymatic repair processes.
In the current work, DSB clusters containing three or more ionisation events (complex

DSB) are considered to have the same repair processes as a complex DSB.

The clustering algorithm was developed under the assumption that radiation deposits
energy in discrete steps which form primary and secondary tracks of ionisation events.
The density of the ionisation events in these tracks is proportional to the linear energy

transfer of the radiation type.
The algorithm operates using the following steps (flowchart in figure 8.4 and code in
appendix C):

1. Start at the beginning of an ionisation track.

2. Calculate if the next ionisation in the track is within 10 bp of the first.

3. If they are within 10 bp of each other, check to see if the third ionisation event in
the track is within 10 bp of the first. If the first is located more than 10 bp from

the third, the damage is treated as a simple DSB and recorded in the damage array.
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FIGURE 8.4: Diagram showing the structure of the ionisation clustering algorithm
developed in the current work.

4. The code continues along the track, checking whether the ionisation events are
separated by less than 10 bp and that the total diameter of the cluster is less than
10 bp.

5. Every time the distance exceeds 10 bp, the number of ionisations in that cluster is

stored to a table and a new cluster starts.
6. This process is repeated for every ionisation event in the recorded tracks.
The limitation of this algorithm occurs in the case of the crossover of two particle tracks.

If two particle tracks overlap, the ionisation events at the cross over point are clustered

individually instead of forming a DSB of increased complexity. Closer inspection of the
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track structure in each cell revealed that the crossover of two ionisation tracks in a single
cell nucleus is a very rare occurrence for doses between 1 — 5 Gy and as a result, the
impact of this limitation is negligible. For the purposes of the current research, the

assumptions made in the clustering algorithm are justified.

To account for the likelihood of an ionisation event in the nucleus interacting with DNA,
the percentage of volume occupied by the DNA within the nucleus was required. Since the
base pairs of the DNA in the nucleus are not modelled explicitly, a volumetric correction
factor was added to calculate the probability that two or more ionisation events located
in close proximity form a DNA DSB. With current computer technologies it would be

computationally impractical to model each of the billions of base pairs that form the

DNA double helix in each cell.

In many mathematical and computational models of the DNA double helix, DNA is
assumed to be a cylinder of constant radius. Human (and most other mammal) genomes
contain in the order of a billion base pairs. Each base is separated by 3.4 A (0.34 nm).
A genome sequence with a mean length of 4.682 x 10° bp for V79 cells is assumed in the

current work (based on [21]).

The approximate radius of the DNA double helix is 1 nm. As a result, the volume of the
DNA cylinder occupies approximately 5 pm?.

V79 cells (a cell line used commonly in radiobiological research) have a nucleus diameter
of 7 pm (also containing a 5 pm radius nucleolus which does not contain DNA). As a result
the DNA occupies only 0.547 % of the total volume of the nucleus. In order to achieve
accurate cell survival results, the spectrum of DSB values obtained using the clustering
of ionisation method must be multiplied by the probability that a random cluster of 2
ionisation events within 20 bp will hit the DNA target. This probability is the fraction
of volume occupied by the DNA in the nucleus (e.g. 5.47 x 1073). Since there is a great
deal of uncertainty in the literature regarding the actual genome length of V79 cells, each
cell in the model was allocated a random genome length from a Gaussian distribution
with a mean of 3.3 Gbp and standard deviation 1.5 Gbp (based on values published in
the literature [97]).
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The damage clustering algorithm produces a damage spectrum for each cell containing
the number of DSBs of each type. Once the DSB damage spectrum has been calculated
for each cell, the likelihood of a particular cell surviving the radiation exposure can be

calculated using a Monte Carlo implementation of the TLK model.

8.3.3 Cell Survival Algorithm

The TLK model described in [21] functions under the assumption that there are two
types of enzymatic repair processes for the two types of DNA DSBs. Simple and complex
DSBs are repaired using two independent methods each taking different amounts of time
to repair. The probability of a given DSB being repaired depends on the DSB lesion
repair half-time (i.e. the time required for half of the DSBs of a given type to repair).
This half-time is cell line dependent but radiation type independent.

The formulation of the TLK model used in this chapter describes the kinetics of each
cell within the tumour. The Geant4 model enables the damage to each individual cell
in the tumour to be modelled and calculated. The differential equations 8.2 and 8.3
describe the repair rate of simple and complex DSBs as an average for the tumour. These
equations are assumed to be equally valid in describing the rate of repair of DSBs in a
single cell. These analytical formulas will be used to represent the repair kinetics of each

of the individual cells in the tumor by making simple substitutions:

Ly; < L_h Ly < L_2> Li; < L_f7 Ly < L,

dL;,;(t) = 2D(t)Y' Sy — MLy i(t) — Ly i ()L (t) + Los(t)] (8.6)
sz,;(t) = 2D(1)Y Sy — Ao Lo i(t) — Lo s(£)[Lys(t) + Las(t)] (8.7)

These equations can be solved numerically using the Euler method for solving differential

equations (providing a sufficiently small time interval At is chosen):
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r dLl,i

L. . 8.8
1,3 dt ( )
, Lii(t+ At) — Ly(t)
L.~ —= : .
1,3 At (8 9)
Lii(t+ At) = Ly () + Ly ;At (8.10)

Ly and L,, depend on L; and L, at time ¢. Using the Euler method, the values of L;
and L at time ¢ can be used to calculate Ly and L,,. For a sufficiently small time step
At, the values of Ly, Ly, Ly and L, can be solved by iterating through time from ¢t = 0

to t =T where T is the amount of time given to the cells to repair.

Using the Geant4 code developed previously, the boundary conditions for this model are:

L1 ;(0) = Initial number of simple DSB after irradiation
Ly ;(0) = Initial number of complex DSB after irradiation
L;i(0)=0
Limi(0) =0

This model has been implemented in Matlab™ and used to solve the equation for the

accumulated number of lethal damages in each cell in the tumour.

The final step in generating a cell survival curve using the extended TLK model is to
calculate the probability of survival for a cell with Ly, lethal damages. Assuming a
Poisson distribution for the number of lethal lesions per cell, we can write the survival

probability as [18]:

S; = e Lra(D) (8.11)
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FIGURE 8.5: Diagram showing the structure of the cell death algorithm.

where T is the amount of time after irradiation that is given to cells to repair. For each
cell in the tumour, S, is calculated, (i.e. the probability that a given cell will survive after

being irradiated in the Geant4 simulation). This code is listed in appendix D.

A pseudo-random number generator is used to determine whether a given cell survives
by sampling the probability distribution. This process is repeated for each cell in the
distribution and the total number of cells that survived is calculated (flowchart in figure

8.5).
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8.3.4 Model Calibration

To calibrate the developed stochastic model, a suitable publication containing experi-
mental data was identified. Since chemical damages induced by radiation have not been
modelled in Geant4, it was likely that if x-ray radiation was used in the simulation, the
results would over-estimate the cell survival fraction, as a large fraction of the damage
caused by x-ray radiation is due to chemical interactions (chapter 10). It was decided that
low energy proton radiation should be used for parameter calibration as the majority of
biological damage from low energy proton radiation is due primarily to direct ionisation

processes.

The irradiation stage of this code requires a significant amount of time to run and is highly
dependent on the number of cells in the tumour. Since low energy proton radiation is
a high LET form of radiation, the number of primary and secondary interactions that
need to be tracked in Geant4 is much higher than that of x-ray radiation. Therefore the

simulation time for proton radiation simulations is higher than that of x-ray radiation.

The publication that was chosen to calibrate the model was by Folkard et. al. 1989 [95].
This paper was chosen for several reasons. Firstly, the experimental set-up was described
in great detail making it easier to replicate the conditions in Geant4. The geometry of
the V79 cells including the size of the cell and its nucleus had been measured. The cell
geometry that was used was a mono-layer of cells instead of a 3D volume which would
decrease the amount of simulation time required. The energy spectra had also been
measured at the cell layer which was replicated in the simulation. Finally, a clear cell
survival curve for three low energy proton spectra were presented enabling experimental

and computational results to be compared accurately.

In the experiment, low energy protons were produced by a Gray laboratory 4 MV Van de
Graaff accelerator. The beam emerged from a 25 mm diameter by 50 pm thick polyimide
window followed by a gold scattering foil. The physical V79 cell geometry used in our
Geant4 simulations was identical to that reported in the publication (in terms of cell and
nucleus size). The cells are depicted as an unattached cell with a mean diameter of 18

pm and a nucleus with mean diameter 15 pm. Data relating to the properties of the
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TABLE 8.1: Summary of simulation cell parameters.

Cell Type H Value for V79
Mean Cell Radius 8.5 pm
Mean Nucleus Radius 7.0 pm
Mean Nucleolus Radius 5.0 pm

Simple DSB Repair Half-Time 4.0 minutes

Complex DSB Repair Half-Time || 12.0 hours

Cell Cycle Time 15.0 hours

Tumour Geometry 918 cells (mono-layer) 0.6 mm x 0.6 mm

TABLE 8.2: Summary of simulation radiation parameters.

Radiation Property H Simulation Value

Radiation Type Proton

Number of Particles | 55,000 per Gy

Energy Spectra Gaussian. Mean 0.76 MeV and 1.9 MeV, FWHM: 0.25 MeV
Source Type Planar 0.7 x 0.7 mm?, unidirectional

membrane, reticulum or nucleolus are not provided in [95]. The membrane was assumed

to be 10 nm thick (chapter 5).

The energy spectra were measured at the position of the cells in [95]. After the 4 MV
proton beam propagated through the apparatus and reached the cells, the energy spectra
were Gaussian distributions with a mean energy of 0.76 MeV and 1.9 MeV and a full
width at half-maximum of approximately 0.25 MeV. These spectra were modelled in the
Geant4 simulations of the current work. The V79 cells were irradiated in air and the
survival fraction at 1 Gy dose intervals were calculated after irradiation. A total dose of
5 Gy was delivered to the cells in 1 Gy intervals. A summary of all model parameters

used in the current work are listed in tables 8.1, 8.2 and 8.3.

The uncertainties in the biological parameters such as linear and pairwise repair times
were accounted for by randomly allocating parameter values from a Gaussian distribution
to each cell. The mean and standard deviation for these distributions were calculated
from the range of values provided in [21] for V79 cells. The uncertainty in the cell survival
measurements were then calculated by running several simulations and calculating the

mean and standard deviation of the results.
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TABLE 8.3: Summary of clustering parameters.

Radiation Property H Simulation Value
Distance between DNA bases || 3.4 A (0.34 nm)
Radius of DNA Helix 10.0 A (1 nm)

8.3.5 Parameter Sensitivity Analysis

The process of calculating a globally optimal parameter set for V79 cells began with an
investigation of the effect of changing each parameter individually on the cell survival
output. The models input parameters were changed individually between the extreme
physically and biologically realistic values while keeping the others constant. A parameter
sensitivity analysis was performed for the model parameters: A;, A2 (simple and complex
DSB repair probabilities per unit time), 1, 52 (probability of simple and complex DSB
being repaired incorrectly), n (binary interaction probability) and £ (genome length). The
changes observed in the simulated cell survival curve by a relative change to one of these

parameters determined the order in which the parameters were optimised.

To verify the functionality of the model developed in this chapter, the simulation pa-
rameters were calibrated with the two sets of experimental measurements. The quality
of the fit was determined by calculating the sum of the squared differences between the
experimental and simulated cell survival data points. The parameter which altered the
output value most significantly was varied first between a range of physical extrema.
The optimal value for the first parameter was defined to be the value that minimised
the residual function. Once the first parameter was optimised, the remaining parameters

were optimised using the same method as the first.

8.4 Results

8.4.1 Clustering Algorithm

Figure 8.6 shows the results of the clustering algorithm when used to analyse the DNA

damage of a cell exposed to three types of radiation: protons, alpha particles and carbon
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ions. A single cell was exposed to a single ion with energy 10 MeV /amu. The ionisation
damage was then exported from Geant4 and imported into the clustering algorithm devel-
oped in the current work. The results indicate that the complexity of the DNA damages
increases with increasing ion atomic number. Protons (of this energy) are capable of pro-
ducing complex double strand breaks (CDSBs) containing at most 3 ionisation damages.
Carbon ions of the same energy per nucleon are capable of producing lesions containing 6
or more ionisation events which are significantly more difficult to repair. This mechanism
is responsible for the higher relative biological effectiveness seen for heavy ions compared

to low LET radiation.

The time required to calculate the damage spectrum is strongly dependant on the total
number of ionisation events. To calculate the damage spectrum of a single 10 MeV /amu
carbon ion, the processing time is approximately 15 seconds. For a proton, the processing

time is less than half a second.

8.4.2 Model Calibration

The parameters implemented in the current work were calibrated to fit the cell survival
data after irradiation with two different proton energies. The cell survival curves for each
subset of parameters in the physically and biologically plausible range of values were
calculated (using a sufficiently small step size). Each cell survival curve was compared
with the experimental values and a globally optimised set of parameters was deduced.
The set of optimal parameters for V79 cells in the current model were determined to
be: Ay = 10 + 0.5 SDSB/hour/cell (4.15 minute repair half time), As = 0.0565 + 0.0001
SDSB/hour/cell (12 hour repair half time), n = 0.00005 4+ 5 x 1077, 8; = 0 (simple DSBs
almost always repair correctly) and S = 0.00090 + 0.0001 (9 in every 10,000 CDSB repair

incorrectly).

Cell survival curves produced by the developed cell death model are seen in figure 8.7.
The figure shows the percentage of cells that survived the low energy proton radiation
exposure as a function of the radiation dose received by the cells. The experimental results

are presented in the same figure for comparison. There is a large amount of uncertainty in
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F1GURE 8.6: Number of recorded DNA damages of increasing complexity in a cell
exposed to proton, alpha particles and carbon ions of energy 10 MeV /amu. Calculated
using the ionisation clustering algorithm.

the parameters used to generate the data in figure 8.7. The largest of these is the amount
of volume occupied by the DNA in the cell whose value varies by as much as a factor
of 2. Other significant sources of uncertainty include the repair probabilities for simple
and complex DSB which may also vary by as much as a factor of 3. Despite these initial
uncertainties, the simulation results show excellent agreement with the experimental data.
The effect of these uncertainties on the quality of the model calibration was investigated

by performing a parameter sensitivity analysis.

8.4.3 Parameter Sensitivity Analysis

From figures 8.8 - 8.13 it is apparent that the parameters that affect the cell survival
curves most significantly are [y, n and &. The genome length £ has the largest degree

of uncertainty of all the parameters used in this model. To integrate this uncertainty
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Experimental and simulated cell survival curves for V79
Cells irradiated with 0.76 MeV and 1.9 MeV protons.
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FIGURE 8.7: A comparison of simulated cell survival curves (generated in the current
work) vs. experimental values [96] for V79 cells irradiated with 0.76 MeV and 1.9 MeV
proton radiation.

into the model, each cell was allocated a random genome length in the range published
in the literature. The average genome length used in the model was 3.7 Gbp. The n
parameter which accounts for the binary recombination interaction of DSBs is a very
difficult parameter to determine experimentally. In the current work, the initial value for
n was set to the value determined in [21] and then optimised to fit the data. Similarly, the
initial values for the A\ and § parameters were taken from [21] and then optimised in the
current work. The large degree of uncertainty in the initial model parameters is reflected
in figure 8.7 by the size of the error bars. As more precise values for the model parameters

are obtained, the accuracy of the values predicted by the simulation will improve.
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FIGURE 8.8: Parameter sensitivity analysis for the A\; parameter (probability of SDSB
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Survival percentage of cells irradiated with 0.76 MeV
protons for various values of the [3; parameter.
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FIGURE 8.10: Parameter sensitivity analysis for the ; parameter (probability of in-
correctly repairing a SDSB given that it was repaired).
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protons for various values of the (3, parameter.
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Survival percentage of cells irradiated with 0.76 MeV
protons for various values of the n parameter.
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8.5 Discussion and Future Work

A stochastic Monte Carlo cell death model based on the two lesion kinetic model has
been developed in the current work. The Geant4 MC toolkit was used to simulate the
ionisation track structure of protons and then export this data to a file for analysis. A
clustering algorithm was developed to group spatially correlated ionisation events from
Geant4 into DNA damages. These DNA damages were then repaired according to the
TLK model.

The model has been calibrated for low energy (< 2 MeV) proton irradiation of V79 cells.
Predicted values for cell survival of V79 cells for doses of proton radiation between 1-5
Gy show good agreement (less than 10% difference in cell survival) in this preliminary
model. Discrepancies between simulation and experimental values may be caused by
issues with the radiation transport calculation e.g. the Geant4 cross sections at very
low energies or the clustering analysis e.g. lack of detail in the inter-track clustering
model. However, discrepancies are more likely due to a lack of the biological processes
of radiation induced cell death being modelled. The largest difference between simulated
and experimental data occurs when 0.76 MeV protons are used at low doses (high LET,
low dose region). This may be the result of damages by chemical species not being

modelled in this investigation.

In chapter 10, this model was improved by incorporating a mainstream clustering al-
gorithm (k-means) to more accurately and efficiently predict DSB clusters and more
accurately model the inter- and intra-track clustering of ionisation events. Other possi-
bilities include incorporating bystander effect models to predict low dose radiation effects,
incorporating cell damage by chemical species into the model as data becomes available
and studying the contribution of other irradiated organelles such as the cytoplasm and

membrane.



Chapter 9

Investigation of the Validity of

Geant4 Cross Sections

Until this point, the accuracy of the Geant4 physical models and cross sectional data and
its impact on the uncertainty of the simulation results has not been considered. In this
chapter, this was evaluated by comparing Geant4 and experimental cross section data.
This data was also compared with a second MC package called RITRACKS which was
also used to investigate the impact of chemical damages on cell survival (chapter 10). A
brief introduction of the structure and capabilities of RITRACKS is presented followed
by a review of the physical models used in both Geant4 and RITRACKS.

9.1 Introduction to RITRACKS

RITRACKS [98] is a Monte Carlo particle tracking software designed to simulate the
interactions of cosmic radiation in a space environment. It was developed by lanik Plante
of the NASA Johnson Space Centre in 2011. It is capable of simulating all the interactions

of cosmic radiation and electrons in liquid water.

One advantage of RITRACKS over Geant4, is its ability to simulate the production of

radiolytic species originating from the primary ion radiation. The user friendly nature of

RITRACKS (figures 9.1 - 9.4) compared with Geant4 makes it limited in its ability to
147
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FIGURE 9.1: The RITRACKS graphical user interface (GUI).

be customised. As a result, RITRACKS currently only supports cubical and cylindrical

water volumes (with adjustable dimensions).

9.2 RITRACKS Physics Models

9.2.1 Electron Ionisation

Ionisation cross sections for electrons are calculated in RITRACKS using two distinct

models covering two different energy ranges. The Rudd model [99] is used for electron

energies between 1 eV and 50 keV and Seltzer’s model [100, 101] for energies over 50 keV.

Rudd [99] derived a semi-empirical equation for the differential cross section for electron

ionisation based on the Mott equation. The Pauli principle states that the secondary

electrons in ionisation interactions are indistinguishable from the primary electrons which

leads to:
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; i(1 i(2
dgion — dO—Z((m) + dO—Zc(m) (91)
dw dw dw
dot (1 1 1 1
inl1) —Fi(0) 3 3 3/2 3/2 (9:2)
dw I; (14+w)?  (t—w)® (1+w)¥2(t—w)¥
dot (2 Si 1 1 1
Uzon( ) — JFg(t) + — (93)
dw I; 1+w)? (t—-w)? (14+w(t—w)

Where t = T'/I; and w = W/I;, T is the energy of the primary electron, W is the energy of

the ejected electron, I; is the binding energy of the electron in the 7" molecular orbital,

S; = 4ma’N;(R/1;)?, ag is the Bohr radius, R is the Rydberg constant and Nj is the

number of electrons in the orbital [102]:

(9.4)
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TABLE 9.1: Semi-empirical parameters used for Rudd’s ionisation model in [102].

Parameter ‘ Liquid ‘ Inner Shells

Ay 0.94 1.31
As 1.13 0.37
By 2.30 0.00
By 22.0 0.00
In(t)
E(it)=A 9.5
(1) = Ay 2 (95)

Where A;, Ay, By, By are constants determined through fitting of experimental data.

Above 50 keV, RITRACKS uses Seltzer’s formula for the differential cross section of
electron ionisation [100, 101]. This formula is used to calculate the cross section for the
i'" orbital of the water molecule for a secondary electron with energy W and an incident

electron with kinetic energy 7. It is the sum of the close collision and distant collision

contributions:
dol,, do. = do
dw — dw * aw (9:6)
doi_ 1+ 1 +1(7')2 21 +1 1 Lol x
dw —|E2 (T-W)?2 T2 7+1 (T+12B(T-W) '
21rimc? N, T 0.7)

B T'+ B+ U

G; = E;Z {% + ﬁ} {tanl Vi + %} (9.8)

The distal collision term is expressed as:

do,
dw

— NI(E)obhy(E) (9.9)
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TABLE 9.2: Semi-empirical parameters used for Seltzer’s ionisation model in [102]. N;
is the number of electrons per orbital, B; is the ionisation energy of the orbital, U; is
the mean kinetic energy of the target electron in the orbital and (r); is the expected
value of the radius of the i orbital of the water molecule [102]. Orbital digrams shown

in figure 9.5.
i | Orbital [ N; | B; (eV) | U (eV) | (r);
L] ' | 2] 1150 30 ]0.833
2| P%ay | 2| 1175 40 | 0.867
3] 'y | 2] 1351 50 | 0.901
40 Zfa; | 2| 16.0 60 | 0.906
50 'ay | 2] 5397 | 700 |0.129

Where o4, (E) is the photoelectric cross section for the it molecular orbital of water for
a photon with incident energy F = W + B;, 7 is the kinetic energy of the electron in units
of electron rest mass, U; is the mean kinetic energy of the target electron in the orbital,

B is the binding energy and y = W/U,.

9.2.2 Electron Excitation

The electron excitation differential cross section in water is calculated in RITRACKS
using two different models. The two models cover the energy range from < 100 eV and
> 100 eV respectively. The cross sections in the higher energy range are calculated using

the model of Kutcher and Green [104]:

©er _ )W (W) In {

e = (9.10)

4T ]
Qmin

Where T is the energy of the incident electron, p(W) is the differential cross section for
charged particles on free electrons at rest, (),,,;, is the minimum energy that is transferred

in an interaction [102]:

Qmin = 2T (1_§T_ 1—?> (9.11)

o) = O AT (ﬁ) (9.12)
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FIGURE 9.5: The five occupied and lowest three unocupied molecular obitals of an
isolated water molecule. Calculated using the restricted Hartree-Fock wave function
[103].

Where ag is the Bohr radius, €y is the vacuum permittivity, R is the Rydberg constant.

In the energy range where the electron energy is close to the excitation energy of the
molecule the above model is not valid. For electrons of energy less than 100 eV, Kaplan
and Sukhonosov [105] and Cobut [106] developed the following model for calculating the

electron excitation differential cross section:

e — (W)W (W) [“@T] (0.13)

where a(t) = 4 — 3exp[—(W — Wy,)/aul, v = 4B,/ In(2), Enn = 7.34 €V is the

minimum energy transfer by excitation.
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9.2.3 Proton lIonisation

The ionisation differential cross section for protons and heavy ions are calculated in
RITRACKS using a semi-empirical equation. The equation was proposed by Rudd [99]
for the differential cross section of each molecular orbital of liquid water by protons

(equation 9.14).

A relativistic correction has been applied to the semi-empirical cross sections for proton
ionisation and excitation in water molecules to extend the cross sections to 10 GeV/amu.

The non-relativistic formula is:

do,, S Fi(v) + wFy(v)
do LI+ w1+ explalw—we)/0) 914)

where 7 is the index of the orbital, I; is the binding energy of the electron in the target,
w = W/I;, W is the energy of the secondary electron and E,, is the energy of the incident
proton. F; and F5 consist of a series of values fitted from experimental data. The
molecular orbits considered in the model are the b1, *ay, by, 2a; and 'ay. T = E,(m/M,)
is the kinetic energy of an electron of mass m which would have the same velocity as a

proton of mass M, and v = /T'/I; is a scaled velocity of the incident particle.

This semi-empirical model is valid only in the classical energy range. In [107], the classical

model was extended to the relativistic energy range by making the substitution:

2
9 mc 1
vi=—" |l ———— 9.15
21; (1+ T /mc?)? (9.15)
For track structure simulations of protons and heavy ions, the first order plane wave Born
approximation is used. To obtain the interaction cross sections for heavy ions, the cross

section for protons (of the same velocity v as the heavy ion) are scaled by the square of

the charge Z of the ion [107, 108]:

daion (U) _ 22 daproton (U)
dw aw

(9.16)
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Equation 9.17 can be used to calculate the kinetic energy of an ion which has the same
velocity as a proton with kinetic energy 7. This formulation is true for both relativistic

non-relativistic ions:

M
Eion = MT (917)

P
In some cases, heavy ions at low energies may have a reduced effective charge due to
the attachment of electrons. In order to accurately calculate the cross sections for both
ionisation and excitation in a water medium, the “reduced”charge must be calculated.

Booth and Grant [109] derived an equation for the effective charge of an ion:

Z*
— =1- exp(—1.316x + 0.112z% — 0.06502°) (9.18)

where x = 10032 %/3.

This correction term becomes significant at approximately 0.2 MeV for protons [107].

9.3 Geant4-DNA Physics Models

Geant4 implements many of the same models as RITRACKS for calculating the differ-
ential cross sections of protons, electrons, alpha particles and heavy ions. All possible
physical interactions are taken into account such as: ionisation, excitation, charge transfer

and elastic scattering [110].

Similarly to RITRACKS, Geant4 calculates inelastic cross sections using the plane wave
first Born approximation [80, 111]. At very low energies, the cross sections for electrons
has to be corrected. For protons and alpha particles in water, the theoretical predictive
models were replaced by semi-empirical models. While the proton cross sections are avail-
able for energies between 100 eV and 100 MeV, the cross sections have not been verified

experimentally below 1 keV. Electron interactions can be simulated from thermalisation



Chapter 9. Investigation of the Validity of Geant4 Cross Sections 156

energy (0.025 eV) to relativistic energies of 1 MeV. Alpha particle interactions can be
simulated in the range of 1 keV - 400 MeV.

The Born double differential inverse mean free path is given by [110]:

dz"éﬁfi’ 9 _ miqu m[—1/€e(E, q)6[q — q_(E,7)|0q.(E,7) — ql6[r — E]  (9.19)

The first Born approximation relates the energy and momentum transfers to the energy

loss function Im[—1/¢(E, q)].

Where « is the Bohr radius, 7 is the particle kinetic energy, T' = (m/M)7 is the kinetic
energy of an electron travelling with the same velocity of the considered particle, m is
the electron mass, M is the particle mass, 6 is the heavy side step function and ¢ =
€1 + i€9 is the complex dielectric response function of the material in which the particle

is propagating and [110]:

¢ = V2M (T +vV7T—E) (9.20)

When the speed of the incident particle approaches the speed of the electrons orbiting the
water molecule in the medium (< 1 keV for electrons and < 300 keV for protons) the first
Born approximation is no longer valid. Proton ionisation cross sections were corrected
using the Rudd ionisation model and Miller and Green model for excitation processes

[110]. Electron cross sections were corrected using a Coulomb field correction proposed

in ICRU 37 [112].

Electrons with energy below 8 eV do not have sufficient energy to ionise a water molecule.
However, these electrons still have sufficient energy to undergo vibrational and rotational
excitations of the water medium until the electron finally reaches thermalisation. At the
current time, there are no theoretical models which accurately describe this process. For

Geant4-DNA, experimental cross sections for ice targets published by [113] are utilised
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for electron excitation by performing a phase-scaling correction. This correction enabled

the cross sections to be used for a liquid water medium [110].

Alpha particle (and other heavy ion) cross sections are calculated in Geant4-DNA us-
ing the same method implemented in RITRACKS (scaling proton cross sections by the
squared charge of the ion). Similarly, cross sections for ions with bound electrons (at low

energies) are corrected using the same method as RITRACKS (Z,. method)

In Geant4-DNA, the inelastic (ionisation) cross sections are calculated using five ionisation
and five excitation states for water. Both RITRACKS and Geant4 consider particle
interactions in a water medium only due to limited amounts of experimental data for
verification and semi-empirical model development. However, water is considered to be
the primary component of cells and therefore both these models are thought to replicate

the physical interactions in cells with reasonable accuracy.

Ionisation cross sections are calculated in Geant4-DNA using the Rudd ionisation model
and excitations calculated using the Miller and Green model [114]. Differential cross
sections for carbon ions are calculated in Geant4-DNA using an “in house” model. The

energy range covered by this model is 1 MeV /amu - 10 GeV/amu.

9.4 Methods

In this section, the published cross sections for Geant4-DNA are compared with published
experimental data and RITRACKS models in order to estimate the energy range for
protons and electrons in which we can confidently assume that our simulation predictions

are accurate.

The physical interactions of significant interest in this thesis are: proton ionisations,
electron ionisations and electron excitation processes. These processes dominate the
energy loss mechanisms of protons and contribute most significantly to the biological

damage of cells.



Chapter 9. Investigation of the Validity of Geant4 Cross Sections 158

A literature review was performed to obtain several independent experimental and ana-
lytical data sets for the interaction cross sections of protons and electrons. This data was

compared with the cross sections published for Geant4-DNA and RITRACKS.

The ionisation tracks of protons and electrons in water using Geant4 and RITRACKS
were then compared. A small cubic water volume with dimensions 7 pm X 7 ym x 7
nm was used as a target for radiation interactions in both simulation tool kits. A single
proton was fired at the water volume and the total number of primary and secondary
ionisation events in the water volume was recorded (figure 9.6). The simulation was run
multiple times and the values averaged in order to obtain the statistical uncertainty. The
energy of the incident proton was then varied between 1072 and 10> MeV and the total
number of ionisations were recorded. This simple simulation utilises all the proton and
electron cross sections and models characterised earlier. If the models and cross sections
are the same, then the predicted number of ionisation events using both toolkits should

be statistically identical.

In chapter 8, the biological implications of exposure of V79 cells to proton radiation was
predicted using Geant4-DNA. One of the key assumptions in making said predictions was
the equivalence of water and the intra-nuclear composition of cells. A recent publication
by the Geant4-DNA collaboration [81] presented an update to the existing Geant4-DNA
model by including cross sections for adenine, a primary constituent of DNA. The effect
of utilising chemically realistic materials for the composition of DNA on the ionisation
track structure of protons was also investigated. The ionisation cross sections for protons

in water and adenine were compared.

9.5 Results

In figure 9.7, the total interaction cross section for proton ionisation interactions is shown
in the energy range of 1 keV to 10 MeV. The calculated cross sections for Geant4-DNA
and RITRACKS are compared with experimental data collected since the mid 1980s. As
expected, there is excellent agreement between Geant4-DNA and RITRACKS predictions

as each tool kit uses similar implementations of the same model (the Rudd ionisation
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Vacuum Water

Single Proton

7 pm

FIGURE 9.6: The simulation geometry used to compare the physics models in Geant4-
DNA and RITRACKS.

model). There is also excellent agreement between computational and experimental data

for energies above 1 keV.

Figure 9.8 compares the total ionisation cross section for electron ionisation between
energies of 10 eV and 10 keV. There is still excellent agreement between the two toolkits
above energies of 1 keV. However, the models used to predict electron interactions differ
between the two toolkits resulting in a significant difference in cross sections at very low
energies (factor of 200 difference at 13 eV). It appears that Geant4-DNA predicted data
is generally in better agreement with experimental data over the entire applicable energy

range.

Electronic excitation processes in Geant4d-DNA and RITRACKS are different implemen-
tations of the same model (the Green formula [108]). The two different simulations
(RITRACKS and Geant4-DNA) produce significantly different interaction cross sections
for all energies (an order of magnitude difference). In addition to the experimental data
in figure 9.9, the predicted data from two additional Monte Carlo codes (PARTRAC and
NOREC) are plotted on the same axes. While it appears that all four Monte Carlo codes
use the same model (indicated by the identical shape of the curve) each semi-empirical

model has been calibrated using a different set of parameters.

Figure 9.10 shows the total number of ionisation events produced by the passage of a
single proton vs. the energy of the incident proton. There is reasonable agreement

between RITRACKS and Geant4 for proton energies above 0.25 MeV. Below 0.25 MeV,
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Tonisation cross section (cm?) vs proton energy (eV)
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FIGURE 9.7: Total ionisation cross section for protons in the energy range of 1 keV to
10 MeV.
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Excitation cross section (cm?) vs electron energy (eV)
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FIGURE 9.9: Total excitation cross section for electrons in the energy range of 1 eV to
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FIGURE 9.10: Total number of ionisation events recorded in a 7 pm X 7 pm X 7 pm
water box from the passage of a single proton using Geant4 and RITRACKS.
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there is a large discrepancy between the total number of ionisation events recorded using
each simulation toolkit. Although cross sections for ionisation are larger in Geant4-DNA,
the excitation processes dominate at low energies. The current version of RITRACKS

(v3.2) has been modified to limit incident protons to energies above 0.1 MeV.

9.6 Proton Ionisation in a Realistic DNA Material

vs. Water

Figure 9.11 compares the interaction cross sections for a simple water medium and adenine
in the energy range of 1 keV to 1 MeV. At very low energies (~ 1 keV) there is a difference
of a factor of five in the total cross section for water and adenine. This significantly higher
cross section would result in an increased probability of DSBs in DNA when exposed to
low energy protons. However, in the previous chapter it was demonstrated that less
than 1% of the total volume of the nucleus of a cell is composed of DNA. To correct for
this in the clustering algorithm, a scaling factor was applied to the number of clustered
ionisation events to calculate the correct number of DNA DSBs. DNA is composed of
four different nucleobases: adenine, guanine, thymine and cytosine. If we assume roughly
equal fractions of each base in DNA, then each comprises less than 0.25% by volume in the
nucleus. To more accurately calculate the cross section in the nucleus, the cross sections
of water and ATGC would have to be scaled by their fractional composition (i.e. 99%
water, 1% realistic DNA). The track structure of a proton in the cell nucleus is therefore

not likely to differ significantly from a proton in water.

Future models implementing a complete DNA geometry should however include realistic

base pair materials in order to improve the accuracy of the predicted DNA DSB damage.

9.7 Discussion and Conclusion

A comparison between the physics models for proton and electron interactions used in

RITRACKS and Geant4-DNA has been performed. Proton and heavy ion interaction
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Tonisation cross section (cm?) vs proton energy (eV) for Water and Adenine
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FIGURE 9.11: Total ionisation cross section for protons in the energy range of 1 keV
to 1 MeV for adenine and water [81].

cross sections are implemented with the same semi-empirical models in both Geant4 and
RITRACKS. This is reflected by the agreement in the data predicted using Geant4 and
RITRACKS.

A preliminary investigation has been performed to compare the predicted interaction cross
sections of the two Monte Carlo toolkits Geant4-DNA and RITRACKS. In the energy
range above 1 keV, there is excellent agreement between all Monte Carlo packages and
experimental data. Below 1 keV, there are several mathematical models which attempt
to predict the interaction cross section for excitation and ionisation processes. Both
RITRACKS and Geant4 use semi-empirical models to predict these cross sections. The
accuracy of the predictions made by these models depends on accurate experimental
measurements. Below 1 keV, it is very difficult to perform accurate measurements of the
required parameters and as a result there are very large discrepancies in the simulated
data. With the current Monte Carlo models, any predictions made in this energy range

should be considered with caution.

It has been demonstrated that in the energy range applicable to the work performed in
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this thesis (0.5 MeV - 10 MeV), there is excellent agreement between theoretical, semi-
empirical and simulated data. Therefore, the accuracy of the predictions made in chapter
8 pertaining to cellular survival after low energy proton radiation can be considered to

be high (less than 7% uncertainty in this energy range).

More research is required to acquire accurate experimental data (i.e. cross sections)
for particle interactions in the low energy range (< 500 keV for protons) so that more

accurate semi-empirical models can be developed.



Chapter 10

Prediction of Indirect Radiation

Damage

It has been well established (through clinical evidence and studies [115]) that approxi-
mately 80% of x-ray induced biological damage is the result of indirect DNA damage.
Since Geant4 is presently incapable of simulating the physio-chemical interactions associ-
ated with indirect DNA damage, in this chapter the MC software RITRACKS was used
to investigate these processes. In chapter 8, the biological damage of low energy proton
radiation was investigated using Geant4. Using RITRACKS, the DNA damage resulting

from the direct and indirect DNA damage of heavy ions was investigated.

10.1 Indirect DNA Damage

Radiation damage of organic matter is a multi-stage process occurring on different time
scales. Throughout the previous chapters of this thesis, the process of radiation damage
has been treated as a series of physical interactions only. In reality, radiation damage
occurs through a complex series of physical, chemical and biological processes. In typical
x-ray radiotherapy treatments, the primary cause of radiation induced cell death in both

healthy and tumour cells is chemical damage.

165
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FIGURE 10.1: Radical formation.

The first stage of radiation induced cell damage is the physical interactions of a particle
of ionising radiation within the cell medium. The initial event is the transfer of energy
(typically between 7 and 100 eV) from the ionising particle to the medium in the form
of multiple ionisations or excitation of molecules. Transfer of energy to the biological
medium usually involves ionisation of a water molecule but can also involve direct ioni-
sation of other molecules such as DNA. As the ionising particle traverses the medium, it
ionises and excites the medium and creates multiple chemical species in the local vicinity
of the particle track (figure 10.1 and 10.2). Direct ionisation of water produces a radical

ion and a free sub-excitation electron (energy less than 7.4 eV) [116].

H,0 2% HyOt + e~ (10.1)

Energy transfer can produce a water molecule in an excited state.

H,0 2% H,0* (10.2)

The time scale for the creation of these species is on the order of 107!¢ seconds. Successive
ionisation and excitation processes by the ionising particle occur on time scales of the
order of 1071 seconds. Within 10~'* seconds after exposure, electronically excited species
have dissociated and energy has been transferred to vibrational modes (thermal). At

approximately the same time, reactions between the three initial species and molecules
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FIGURE 10.2: Ion formation.

within the medium begin to occur. These reactions produce chemical radicals which
further damage the DNA within the cells (figure 10.3). Radicals refer to an atom or
molecule that contains an unpaired electron. Radicals are highly chemically reactive.
The radicals produced in such reactions begin to diffuse throughout the cell on time
scales of approximately 107! seconds. The most highly reactive radicals are captured by
other molecules within 107 seconds. The free electrons produced in the initial reactions
are captured by nearby water molecules through dipolar interactions becoming solvated
and is referred to as an aqueous electron or a solvated electron. A solvated electron is a
free electron in a solution. The radical ion of water can dissociate to produce a hydroxyl

radical and a hydrogen ion [116]:

H,O* — H* + OH (10.3)

A solvated electron can react with the free hydrogen atom to form a new radical:

e +H" > H (10.4)

The excited water molecule can dissipate excess energy through molecular bond breakage
to produce hydroxyl and hydrogen radicals. It requires approximately 5 eV to break the

O-H bond in the water molecule:
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H,0* — OH + H (10.5)

Thus, the three initial species HyO*, HyO" and e~ undergo a physiochemical reaction to
form the chemically reactive species HO, H and e,q. OH is a powerful oxidising agent
which is highly chemically reactive. Oxidation is the process where electrons are trans-
ferred to the oxidising agent which becomes reduced. Once the physiochemical interac-
tions between the ionising particles and the water molecules have been completed (after
107'2) seconds, the chemical species are still located in close proximity to the original
excited and ionised water molecules. These species now undergo dispersion processes and
migrate randomly around their initial positions. Various pairs of radicals and ions may
move close enough to react with each other. Several possible reactions that may take

place include:

OH' + OH' — Hy0, (10.6)

OH' + e, — OH™ (10.7)

Most of these reactions progress towards a state where chemically reactive radical species
are removed from the system. After approximately 10~% seconds all of the reactive species
have diffused far enough away from the reaction site that further reactions are unlikely.
If the measured diffusion constant for a given species is D, then on average, it will move

a small distance s in a time ¢ such that [116]:

— =D (10.8)
The reaction radius R (table 10.1) is a measure of the reactivity of the individual species.
If a reactive species diffuses closer to the target than its reactive radius then it will react.

The diffusion formula and the recombination reactions described above allow Monte Carlo

simulations of the production, dispersion and reaction of radical species to be performed.
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TABLE 10.1: Reaction radius [117].

| Species | D (107° em® s7!) | R (4) |

OH 2 24
€aq 5 2.1
H;O0" 8 0.30
H 8 0.42

TABLE 10.2: G values (number per 100 eV) for various species at 1077 seconds for
protons of several energies and alpha particles of the same velocities (table 13.4 in

[117].)
H Protons | Alpha Particles ‘

Species || 1 MeV | 2 MeV | 5 MeV | 10 MeV | 4 MeV | 8 MeV | 20 MeV | 40 MeV
OH 1.05 1.44 2.00 2.49 0.35 0.66 1.15 1.54
H;0* 3.53 3.70 3.90 4.11 3.29 3.41 3.55 3.70
€aq 0.19 0.40 0.83 1.19 0.02 0.08 0.25 0.46
H 1.37 1.53 1.66 1.81 0.79 1.03 1.33 1.57
H, 1.22 1.13 1.02 0.93 1.41 1.32 1.19 1.10
H,0O, 1.48 1.37 1.27 1.18 1.64 1.54 1.41 1.33
Fe3t 8.69 9.97 12.01 13.86 6.07 7.06 8.72 10.31

Using Monte Carlo simulations, the total number of various chemical species can be
integrated with time. It is common to calculate the number of a particular species
produced per 100 eV of energy lost by ionising radiation and its secondaries when it
comes to rest in water. This value is called the G value [116]. By 107¢ seconds, the
chemical interactions have essentially ceased. By this time, the G value has obtained a

static equilibrium value (table 10.2).

The linear energy transfer of the alpha particle is four times as high as that of a proton.
The linear energy transfer of a particle decreases with increasing energy, as a result the
initial density of reactants is lower and therefore more survive without recombining. The
alpha particle LET is higher and therefore the density of the ionisation track is higher.
As a result the G value is lower because the recombination rate of radicals is higher
(more radicals are in close proximity to each other, i.e. within the reactive radius). All
types of directly ionising radiation (electrons, protons and alpha particles) all produce
the same species in the track region (107! s). These physiochemical species are H,O*,
HyO%, e~. The chemical and biological differences (which occur on longer time scales)

due to different types of radiation are the results of differences in the spatial distribution
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of ionisation events along the track.

Radiation can also interact with the DNA of a cell directly rather than the medium sur-
rounding it. While the physical interactions of ionising radiation with water and DNA
remain the same, the types of radical species that can be produced are quite different.
The biological radicals that are produced undergo similar reactions to those of water rad-
icals. Due to the geometry and position of the DNA target within a cell, radiation can
damage DNA through two different processes: direct and indirect action. Direct damage
is the result of energy deposition directly to the DNA molecule. The damage response is
approximately linear to the energy deposited. Radiation can also indirectly damage the
DNA by ionising the medium around the molecule. Since these radicals must travel (dif-
fuse) towards the DNA target, the damage response can be difficult to predict. Chemical
scavengers can be used to preferentially interact with the radicals instead of the DNA.
These molecules act as antioxidants which inhibit the oxidation of other molecules which
would otherwise lead to the production of free radicals. Scavengers (such as Amifostine)
have the ability to block the indirect effects of radiation. Historical measurements with
scavengers specific to reactive species have shown that the hydroxyl radical (OH") is pri-
marily responsible for radiation damage to DNA. For high LET radiation, direct radiation
damage is the predominant mechanism of radiation induced DNA damage. In the case
of x-rays, the indirect damage to the DNA accounts for approximately 75% of the total
DNA damage.

Damage fixation of DNA strand breaks is an important concept in radiobiology. Molecular
oxygen Os is a powerful oxidising agent. When radiation interacts with a DNA molecule

it produces DNA radicals:

DNA" + Oy — DNA-O-O (DNA hydroperoxy radical) (10.9)

DNA-O-O" + H; — DNA-O-OH (DNA hydroperoxide) (10.10)
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O O
H CHj; H CH3
L N o N o
/ + OH / — OH
O N H O N H
H H
Thymine OH Radical Thymine Glycol

FIGURE 10.3: The chemical reaction between an OH radical (produced by ionising
radiation) and thymine (one of the bases of DNA). This is an example of indirect DNA
damage.

If oxygen then reacts with the DNA radicals before it has had sufficient time to repair,
the damage becomes more difficult if not impossible to repair. If the damage has un-
dergone oxygen fixation it cannot be repaired by chemical restitution processes. It was
previously discussed in chapter 8, that in the absence of indirect radiation damages, clus-
tered ionisation damage is the primary cause of radiation induced DNA damage and cell
death. Clustered DNA damage is more difficult, if not impossible for cells to repair and
is thought to be the underlying reason why high LET particles such alpha particles are

more damaging to cells than low LET radiation such as photons and electrons.

In previous chapters it has been demonstrated that Geant4 can be used to simulate
the direct ionisation damage of radiation to cells and use this information to predict
the fraction of cells that will survive. However, Geant4 does not currently include a
physics list capable of predicting the formation or tracking of radiolytic species (under
development). Geant4 is therefore likely to underestimate the radiation damage to the

cells.

The Monte Carlo track structure code RITRACKS simulates the interactions of ionising

radiation with water using the following steps:

1. Simulate the traversal and interactions of the primary particle with the medium
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TABLE 10.3: Indirect action from radiation of different LET and energy [115].

Radiation E (MeV/amu) | LET (keV/pm) | Indirect Action (%)
X-Rays - 9.4 76 £ 5
Carbon Ions 144 20 65 £ 2
Iron Ions 416 200 50 £+ 21
Iron Ions 29 1298 39 + 4
Iron Ions 16 2106 32 + 2

(including ionisation, excitation, vibrational excitation and charge exchange pro-

cesses).

2. Generation of secondary electrons liberated from the medium by the primary radi-

ation. Simulation of the traversal and interactions of the secondary electrons.
3. Generation of radiolytic species.

4. Diffusion of chemically reactive species using a random walk (condensed history

transport).

5. Recombination events of any pairs of radicals that travel within the “reactive”

radius of each other.

The contributions from indirect DNA damage have been measured by [115] and [119]. Ex-
perimentally, this contribution is measured by measuring cell survival with the addition
of an OH radical scavenger. After irradiation, the radiolytic species will react chemi-
cally with the DNA causing DSB. The addition of an OH radical scavenger results in
the radiolytic species binding preferentially to the scavenger rather than the DNA. This
decreases the contribution from indirect damage to the cell. In [115], the OH radical scav-
enger dimethylsulfoxide (DMSO) was used to suppress the indirect radiation action. The
survival fraction of the cells post-irradiation was measured for increasing concentrations
of DMSO. Their results were then extrapolated in the limit where the concentration of
DMSO approaches infinity (i.e. the indirect radiation action was completely suppressed).
From these results, the total contribution from indirect radiation damage was estimated

for several types of radiation including; x-rays, carbon ions and iron ions (table 10.3).
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F1GURE 10.4: The ionisation track structure of a low energy proton - Red: Primary
proton ionisations, Green: Secondary electron ionisations, Blue: OH radical species.

10.2 Objectives

In this chapter, a preliminary investigation was performed to measure the contributions
from indirect DNA damage on the survival of V79 cells after irradiation by heavy ion
radiation. Since RITRACKS has the capability of simulating the production of radiolytic
species, it was used to perform this investigation. In the previous chapter it was shown
that the physical cross sections were in excellent agreement above energies of 100 keV.
Using RITRACKS, we have attempted to verify the data published in [115] for the con-
tributions from indirect DNA damage for carbon and iron ions at clinical energies (16 -

416 MeV /amu).

10.3 Methods

RITRACKS does not have the capability of importing a customised geometry for irra-
diation (chapter 5). At the present time, RITRACKS can simulate track structure in
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two different geometries; a cylindrical and cubic water volume with adjustable dimen-
sions. To approximate the cellular geometry developed previously in Geant4, a cubic
water volume was used with dimensions approximately equal to those of V79 cells. As
previously discussed (in chapter 8) the nucleus of the cell contains a sub-region called
the nucleolus which does not contain any DNA targets. RITRACKS does not permit a
secondary volume representing the nucleolus to be created. To overcome this limitation,
the analysis stage of the code filters out all data points which lie within the region where

the nucleolus would be located.

An improved version of the original ionisation clustering algorithm (developed in chapter
8) has been developed for analysis in this chapter. The Matlab™ statistics toolbox contains
several hierarchical clustering algorithms which were used in the development of the
improved clustering algorithm. RITRACKS, similarly to Geant4 exports the position
and energy deposited by each ionisation event produced by the primary and secondary
particles (i.e. proton and secondary electron radiation). Previously, the ionisation events
(simulated by Geant4) were spatially clustered into DNA DSBs in order to predict the
survival probability of each cell in the tumour. The same method was performed using
RITRACKS. In addition, the radiolytic species predicted by RITRACKS were clustered
to produce additional DSB.

The clustering method included in Matlab™ has several advantages over the custom al-
gorithm developed in chapter 8. The clustering algorithm is almost entirely vectorised
meaning that there are very few for’ or 'while’ loops in the code. This greatly improves
the speed at which the ionisation events are clustered. Secondly, intertrack ionisation
events can combine to form more complex DSB rather than form multiple smaller DSBs
(which is not physically correct and was a limitation of the previous algorithm). The ma-
jor disadvantage of this algorithm is the memory requirements. As a result this method
can only be used for simple track structure geometries. In order to cluster the ionisation
events into spatially correlated groups, a distance matrix needs to be computed. This
operation converts a (n X 3 matrix) into a (n X n matrix) where each element is the

Euclidean distance between each of the n ionisation events.

If the rows of the matrix A represent the Cartesian coordinates of the ionisation events:
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A= X;(0) (10.11)

where j = 1,2 or 3 and i = 1....n where n is the number of recorded ionisation events.

Then the distance matrix M is given by:

My = /(X1(i) = X1(5))? + (Xa(i) — X2(4))? + (X3(1) — X5(5))? (10.12)

In a typical radiation track structure simulation, a single proton will produce at least 10*
ionisation events in a cell. In addition, the position of each radiolytic species will need to
be recorded. The value of n is typically of the order of 10* to 10° for a single cell. Therefore
M; ; will have dimensions in excess of 10* x 10* = 10® elements. Each element uses
double precision variables to store the position of each ionisation and the distance between
ionisations. The memory requirements are therefore extremely large. To perform such
calculations, a 64 bit operating system with a 64 bit version of Matlab™ was used. The
32 bit version has inherent memory limitations which prevents matrices of the required
dimensions from being created. The maximum array size permitted by our computer
system using Matlab™ 64 bit was 81 Gb which is more than sufficient to hold matrices of
the required size. The functions included in Matlab™ also include a ’savememory’ option
which reduces the memory required to perform the clustering operation by calculating
distances between ionisations one at a time rather than calculating M; ;. This process,

while consuming less memory is significantly slower than calculating the distance matrix.

The “cluserdata” function included in the Matlab™ statistics toolbox was used to cluster
ionisation events separated by less than the DNA segment length (defined to be 3.4
nm in chapter 8). Ionisation events and radiolytic species are clustered into DSB by
defining ionisation ’centroids’. The centroid is the unweighted ’centre of mass’ of the
ionisation events. This serves as the geometric mean position of a group of ionisation
events. lonisation clusters are defined to be a group containing at least two ionisations

such that all ionisations are located within 3.4 nm of the position of the centroid.
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While ionising radiation produces many different radiolytic species, most of which are
capable of causing indirect damage to DNA, experimental data [115] has shown that it
is primarily the OH radical that causes the majority of indirect DNA damage. For the
purposes of this chapter, we have considered that only OH radicals contribute to the

indirect DNA damage and excluded all other radiolytic species.

When OH radicals are formed by ionising radiation, they may either react with the DNA
molecule to produce indirect DNA damage or harmlessly react with other nearby radicals
to produce less reactive species. A complete radiochemical model should consider the
proximity of each radical and calculate the number of OH radicals that react only with
DNA. Radiolytic chemistry is a subject of great complexity and beyond the scope of this
research. For the purposes of this chapter, we have assumed that 15% of the OH radicals
will react with DNA molecules and the remaining radicals will chemically react harmlessly
with each other. This assumption was based on the results of [120]. Razskazovskiy [121]
reported a similar efficiency for direct ionisation events. Given that a direct ionisation is
in proximity to the DNA molecule, there is a 30% probability that a single strand break
will be produced [122].

These assumptions were implemented into our code by randomly sampling 15% of the
OH radicals that were formed by the ionising radiation and deleting the remaining 85%

before clustering. A similar procedure was used for ionisation events (30% sampling).

However, in chapter 8, it was determined that DNA occupies less than 1% of the volume
of nucleus. A volumetric correction factor was derived to account for the probability that
a ionisation cluster was located in proximity to the DNA molecule. The same factor was

used in the current work (5.47 x 107%) to scale the total number of DNA DSB.

A 3 pum x 3 pm x 3 pm water volume was irradiated in RITRACKS by single carbon
and iron ions with energies listed in [115] (table 10.3). These ions were chosen due to
the availability of the experimental data for comparison in [115]. The position of every
ion ionisation, electron ionisation and OH radical was exported for clustering. To ob-
tain a mean and standard deviation for the measured contributions, multiple simulations

with identical geometry but different random number seeds were used. Each element of
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FIGURE 10.5: Tllustration showing the mechanism of the hierarchal clustering algorithm

which groups sptially correlated ionisation events into DSB. The requirements for a

cluster of ionisation events to be classified as a DSB is at least 2 ionisation events
within 3.4 nm of the centre of the cluster centroid (unweighted centre of mass).

the DNA DSB spectrum was averaged over all simulations and the standard deviation

calculated.

Using the aforementioned clustering algorithm, the number of simple and complex dou-

ble strand breaks was calculated with and without the contributions of OH radicals to

estimate the effect of the indirect DNA damage.
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TABLE 10.4: Indirect action contribution (%) - Simulated and experimental results
averaged over 10 simulations.

Radiation E (MeV/amu) | LET (keV/pm) | Exp. (%) | Sim. (%)
Carbon Ions 144 20 65 £ 2 61 + 23
Iron Ions 416 200 50 + 21 53 £ 10
Iron Tons 29 1298 39 + 4 35+ 3
Iron Ions 16 2106 32 + 2 37+ 5

10.4 Results

Table 10.4 and figure 10.6 compare the predictions made by RITRACKS and experimen-
tal values from [115] for the contribution from indirect ionisation damage to radiation
induced cell death. There is large amount of uncertainty in both the experimental and
simulated values. The uncertainty in the simulated data is the result of the relatively
small number of ionisations produced at low LETSs. As a result the sample size is smaller
and therefore higher uncertainty at low LET. Due to the processing time required to
cluster the ionisation events, only a small number of simulations were performed (n=10).
An ANOVA analysis was performed on the two sets of data. The first variables that
were tested for equality were the mean indirect contributions of experimental vs. simu-
lated data. At a 95% confidence, there was no difference between the values predicted by

RITRACKS and the experimental values published in [115].

The effect of particle LET on indirect DNA damage was tested at a 95% confidence level.
There was a extremely significant effect of LET on indirect DNA damage (p<0.0001).

10.5 Conclusion

The work in this chapter has been performed to demonstrate the applicability of the
damage clustering and cell death algorithm to indirect radiation damage. It has been
demonstrated that the contribution from indirect DNA damage is significant (> 30%) for
particle LETs as large as 2100 keV /um and increases with decreasing LET. The contri-

bution of indirect DNA damage appears to decrease exponentially with increasing LET.
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FicUre 10.6: Contribution from indirect DNA damage for radiation of increasing
LET. Comparison of experimental and simulated values.

In chapter 8, it was assumed that protons damaged cells primarily through direct ioni-
sation processes. The results of this chapter suggest that the assumption was incorrect.
The correlation between experimental and simulated data in chapter 8 indicates that the
contribution from indirect damages (not simulated) has been integrated into the model
during the calibration process. While this is not likely to impact radiobiological predic-
tions under most clinical settings, under rare circumstances the model will give inaccurate
results. For example, if the effect of free radical scavengers (e.g. Amifostine) were to be
investigated in the cell model, the direct and indirect damages would first need to be

separated. At the current time, Geant4 is not capable of performing this task.

With the release of Geant4 version 10.0 (2014), it will be possible to simulate the contri-

bution of free radical species to DNA damage in future work.



Chapter 11

Conclusions and Future Work

11.1 Conclusion

The primary focus of the current work has been to develop a computational model to
study the effects of radiation at a microscopic and nanoscopic level. The key reason for
this was to overcome the inherent limitations of macroscopic models (such as LQ) which
hide many of the fundamental physical, chemical and biological interactions in a lumped
parameter mathematical model. This prevents the model from accurately predicting the
behaviour of systems which have a diverse range of microscopic parameters. For example,
a specific cell line has known alpha and beta values for use in the linear quadratic model.
The LQ model has been shown to accurately predict the cell survival for that cell line.
If a microscopic change was made to the system of cells (such as introduction of gold
nanopar