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“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

is 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 105 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

104 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 (< 103

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/µm (50 MeV/amu
56Fe 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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