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Abstract 

 

Background 

MR-Linacs provide a unique opportunity for MRI contrast agents to be 

investigated, not only for the ability to enhance contrast, but for their potential 

radiosensitising properties to improve radiotherapy treatments. Metal-based 

nanoparticle contrast agents have a preferential uptake into tumours, allowing for a 

more targeted approach, and therefore the potential for contrast agents to perform 

as theranostic agents, both for diagnostic and therapeutic purposes. 

 

Methods 

Dosimetry was performed to account for the impact of a magnetic field on 

the dose delivered, using a bespoke setup combining a 6 MV linac and static magnetic 

field at NPL, which was used to correct for the number of monitor units needed to 

provide a certain dose to cancer cells in vitro. The radiosensitising impact of both 

conventional and nanoparticle contrast agents was determined primarily through 

clonogenic survival assays and DNA damage immunofluorescence assays, at both 225 

kVp and 6 MV energies, with and without the presence of a 1.5 T static magnetic 

field. The contrast enhancement was determined for several different CT and MRI 

scanners before being compared with patient brain scans to determine clinical 

relevance of concentrations used in vitro, and combinations of clinical and radiomics 

features were evaluated using Kaplan-Meier Curves and Hazard Ratios to design a 

predictive model of overall survival for brain metastases patients treated with SRS. 

SPIONs were then tested in an in vivo mouse model with H460 xenograft tumours to 

detect any decrease in the rate of tumour growth caused by radiosensitisation. 
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Results 

Dosimetry measurements validated Alanine, Gafchromic Film and ionisation 

chambers to be reliable dosimeters in the presence of a magnetic field. SPIONs were 

found to have the lowest contrast enhancement, particularly at higher 

concentrations, yet at clinically relevant concentrations they were comparable to 

AGuIX. Variability was found between 2 different MRI scanners, which is likely due to 

differences in protocols, caused by varying T1 and T2 relaxation times. In vitro 

experimentation revealed that SPIONs significantly increased DNA damage to 5 

cancer cell lines as well as a significant decrease in clonogenic cell survival in 3 cell 

lines, which was then determined to be independent of the levels of uptake into the 

cells, shown via ICP-MS. Finally, an in vivo study with H460 cells treated with 12 Gy 

radiation and 1 mM SPIONs found a significant decrease in the rate of tumour 

growth, validating the previous in vitro studies. 

 

Conclusions 

This Thesis reports, for the first time, a radiosensitisation from SPIONs in vivo. 

3 potential MRI contrast agents were investigated in vitro as potential theranostic 

agents with the aim of improving both the accuracy of radiotherapy, through greater 

tumour delineation, and an enhanced dose to tumours through preferential uptake 

and radiosensitisation. Alongside this, a proof-of-concept model has been 

established for predicting overall survival in SRS patients with brain metastases, using 

a combination of clinical and radiomics features. This Thesis forms the basis for 

further in vitro and in vivo experimentation alongside clinical evidence so that the 

optimum treatment options with an MR-Linac can be delivered for every cancer 

patient. 

 

 

 

 

This Thesis was funded through an MRC Case Award (MR/P01593X/1) and the 
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Radiotherapy is a major curative treatment for cancer and is delivered to 

patients in a highly conformal and targeted way, with complex treatment planning 

systems and dose deliveries allowing more tumour control and increased survival. 

Research into the use of metal-based nanoparticles has highlighted the possibility of 

improving radiotherapy even further, by increasing the radiosensitivity of the 

tumour, and increasing the targeting in order to preserve healthy tissue. With 

ongoing research developing MRI combined with radiotherapy, MR-Linacs, a key 

question is whether it is possible to utilise MRI contrast agents as radiosensitisers for 

radiotherapy? Is it possible that MRI contrast agents can be used both diagnostically 

and therapeutically? This thesis aims to fully investigate the field of magnetic fields 

combined with nanoparticles in radiotherapy, in the search for the optimal 

radiotherapy treatment.  
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1.1. Cancer 

 

 

1.1.1. Incidence 

 

Cancer in the UK occurs in more than 350,000 people per year, with 4 cancers 

counting towards more than 50 % of cases; breast, prostate, lung and bowel, 

according to Cancer Research UK (1). This corresponds to 28 % of all deaths in the 

UK, as of 2017 (2), with 1 in 2 people expected to develop cancer in their lifetime (3). 

Worldwide, there were 17 million cancer cases in 2018, with 9.6 million deaths (4). 

 

With 4 in 10 cancers in the UK thought to be preventable, there are certain 

risk factors that make cancer more likely, including smoking, obesity, over-exposure 

to sunlight and alcohol, amongst many others (3). Smoking continues to be the 

largest contributor to preventable cancer deaths, with 33 % of cancer cases 

worldwide being linked to smoking (5). Despite this, the percentage of people 

surviving certain cancers is increasing due to ever-improving treatments. For breast 

cancer in particular, mortality rates have decreased by 39 % since the 1970s, with 76 

% surviving for 10 years or more in the UK (6). With cancer rates on the rise across 

the world, it is more important now than ever to increase survival for this deadly 

disease. 

 

1.1.2. Hallmarks of Cancer 

 

In 2000, a landmark review was published by Hanahan and Weinberg that 

would define how cancer biology is imagined, and this was followed by a further 

review in 2011 (7,8). Cancer is characterised by an uncontrolled cell division, and 

initially, 6 physiological changes were identified as being the cause of cancer, with 

further hallmarks added in the second review. It was stated that each physiological 

change breaches the ‘anti-cancer defence mechanisms’ (7). The 6 original hallmarks 
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were; the ability to evade apoptosis, an insensitivity to anti-growth signals, a self-

sufficiency in growth signalling, sustained angiogenesis, a limitless replicative 

potential, and the capacity to invade surrounding tissue and metastasis (7). The 

further hallmarks included genomic instability, a deregulated metabolism, continued 

evasion of the immune system, and inflammation (8), with all of the hallmarks shown 

in Figure 1.1. 

 

 
 

Figure 1.1: The Hallmarks of Cancer. 

Diagram showing the hallmarks of cancer which represent the changes occurring in 

healthy cells that cause cancer to occur, demonstrated initially in 2000 by Hanahan 

and Weinberg, with further hallmarks added in a review in 2011 (7,8), which are used 

for targeting different mechanisms. 

 

The purpose of describing the hallmarks of cancer is so that research can be 

undertaken targeting each of these hallmarks, with the intention that new 

treatments may be able to prevent or treat cancers.  
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1.1.3. Treatment Options 

 

The treatment options for patients will differ depending on a number of 

variables, including the type of cancer, facilities available, and the stage of the cancer. 

The 3 main treatments that form the basis of treatment for most patients are 

surgery, chemotherapy and radiotherapy, accounting for 45 %, 28 % and 27 % of 

cancer patients in England respectively in 2013-14 (9). Surgery is carried out with the 

intention of removing as much of the tumour as possible, and is, of course, primarily 

used for solid tumours (10). It may also be the intention to shrink the tumour first 

with other treatments to allow for easier removal of the tumour through surgery 

(11). Radiotherapy, most commonly external beam radiotherapy (EBRT), is also used 

primarily for solid tumours also, and aims to use highly targeted beams of radiation 

to kill the cancer cells whilst avoiding the healthy tissue with the intention of 

eradicating the tumour (12). Chemotherapy aims to use drugs that specifically target 

cancer cells, and are introduced into the blood stream, killing the rapidly dividing 

cells, and is used for cancers that spread throughout the body as it is a systemic 

treatment (13). 

 

Cancer treatments are developing all the time, and advancements in science 

mean there is now a range of other treatments available, including hormone 

treatments, immunotherapy, stem cell therapy and gene therapy, amongst others 

(14). It is important to mention also that the treatment options may also be decided 

based on whether it is intended to be curative or palliative.  

 

 

 

 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 36 

1.2. Radiation 

 

 

1.2.1. Discovery and Initial Theories 

 

Radiation was first discovered in the form of X-rays, by Wilhelm Roentgen in 

1895 (15), with the first discovery of radioactivity coming from Antoine Becquerel 

who found rays being emitted by uranium in 1896 (16). This was the first time that 

the potential of radiation to cause damage was noted. 1896 was also the year that 

the first radiotherapy treatments were carried out, with Emil Grubbe treating breast 

cancer with X-Rays, before the effects of X-Rays were understood (17). Perhaps the 

most recognised pioneer of radiation, Marie Curie coined the term ‘radioactivity’ in 

1898 (18), for which she received the Nobel Prize with Pierre Curie and Antoine 

Becquerel in 1903. This began the revolution in scientific research regarding radiation 

effects. 

 

Radiotherapy as we know it, using Megavoltage (MV) energies, began with 

the first electron linear accelerator (linac) in 1948 (19). MV energies are needed to 

provide deeper penetration to reach tumours within the body and to reduce surface 

doses. With treatments in the modern day using highly conformal, complex beams it 

is easy to overlook the achievements that have led to this point, such as the 

introduction of beam shaping and intensity modulation.   

 

 

1.2.2. Types of Radiation 

 

Radiation is the transmission of energy through a medium, having been 

emitted from a source (20). For the purpose of radiation therapy, the two forms of 

radiation that are of importance are electromagnetic (EM) radiation and particle 

radiation. EM radiation includes X-Rays and $-rays amongst many others and particle 
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radiation includes %-particles, &-particles, high-energy protons and carbon ions (21). 

These types of radiation form the majority of radiation treatments.  

 

An important aspect to consider is whether or not the radiation is ionising. By 

this, it means whether or not the radiation has enough energy to ionise an atom, 

liberating an electron, causing covalent bonds to break and therefore allowing the 

potential for damage to cells and to DNA (deoxyribonucleic acid) (12). The main 

sources of ionising radiation include all of the radiations mentioned above, as well as 

higher energy ultraviolet (UV), high energy neutrons, and a few other heavy ion 

particles. Non-ionising radiation is radiation that does not have an energy high 

enough to overcome the work function of the atom ie. the energy required to remove 

an electron. These forms of radiation include radio waves, infrared and microwaves 

(21).  

 

Ionising radiations can be generated using a number of methods including 

linear accelerators (linacs), cyclotrons, and X-ray tubes. It can also be emitted 

naturally by radioactive substances. For example, cobalt-60 is used for $-radiation 

(22) and radium-223 is used clinically for its %-particle emission (23). The aim of 

radiotherapy is always to maximise tumour dose while minimising dose to healthy 

tissues, and there are radiotherapy treatments using all of the mentioned radiation 

types. The best treatment depends on a large number of factors which take into 

account both physics and oncology processes. For example, %-particles are highly 

ionising, only travelling a few centimetres in air, depending on their energy, and so 

are used for targeted radionuclide therapies where the radiation is emitted in the 

proximity of the target area, such as radium-223 which is taken up by bones to treat 

bone metastases (23). Whilst radionuclide therapies are a targeted approach that is 

specifically targeted to the tumour, they are also a systemic approach as they are 

delivered through the blood stream, having the potential to kill cancer cells that have 

spread throughout the body and are undetectable populations (24). Therefore, 

radionuclide therapies have similarities to both radiotherapy and chemotherapy. 

Alternatively, MV X-rays are used for EBRT due to their depth of penetration to reach 

solid tumours within the human body (21). 
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1.2.3. Interactions of Ionising Radiation 

 

 

1.2.3.1. Photons 

 

There are various ways in which ionising radiation interacts with atoms. This 

can be either directly or indirectly ionising, depending on whether the type of 

radiation is made up of charged particles (25). Directly ionising charged particles 

interact with tissues directly via the coulomb force as they are attracted or repelled 

by electrons, whereas indirectly ionising non-charged irradiation causes most 

damage to cells through secondary ionisations, as the radiation is absorbed by water 

molecules, though physical collisions with electrons are possible (26). Therefore, X-

Rays, $-rays and neutrons would be indirectly ionising as they carry no charge, 

whereas electrons, %-particles, &-particles and protons are directly ionising. The 

consequence of indirectly ionising radiation is that they cause the ionisation of 

electrons as their energy is absorbed, which then go on to cause further ionisations 

and further damage.  

 

The processes by which ionising radiation interacts with matter is largely 

dependent on the energy of the radiation, and the Z number of the absorbing 

material. The 3 most common interactions for photon irradiations are demonstrated 

in Figure 1.2, being the photoelectric effect (PE), Compton effect and pair production 

(27). At lower energies, the PE effect is dominant. The process involves an incident 

photon ionising a tightly bound electron. Then, an electron from an outer shell de-

excites to fill the gap left by ionised electron. In order to de-excite, the electron must 

release energy equal to the difference in the energy levels, either in the form of a 

characteristic X-ray, or as Auger electrons (21). As part of the photoelectric effect, 

the photon is completely absorbed, losing all of its energy in one interaction, with 

the secondary electrons going on to cause further ionisations. The absorption 

coefficient of the PE effect is proportional to Z3 (28). This process is utilised for low 
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energy kV radiotherapy treatments often used for skin cancers and tumours close to 

the surface. 

 

 
 

Figure 1.2: Photon Interactions with Matter. 

Diagram representing the relevant interaction with matter for ionising radiation 

dependant on the energy and Z number of the absorber (29). ' is the photoelectric 

absorption coefficient, ( is the Compton absorption coefficient and ) is the pair 

production absorption coefficient. 

 

At intermediate energies, corresponding to the MV energies commonly used 

in EBRT, the Compton effect is dominant. The incident photon interacts with a weakly 

bound electron, which absorbs a small amount of energy and is ionised (30). This 

causes the photon to be scattered, with a change in wavelength that corresponds to 

the angle of scatter. Due to only a small amount of the photon energy being absorbed 

in the interaction, an incident photon can go on to cause many interactions, creating 

many secondary electrons, with the potential to cause a lot of damage. Unlike the PE 

effect, the absorption coefficient is proportional just to Z, and so the Compton effect 

is less dependent on the Z number of the absorber than the PE effect (28). 
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Pair production occurs at the higher energies and is the process by which the 

incident photon creates an electron and a positron which conserves charge. The 

incident photon must have an energy greater than twice the rest mass energy of an 

electron to create the particles, and any remaining mass energy gives kinetic energy 

to the particles, which travel in opposite directions to conserve momentum (31). The 

positron will annihilate when colliding with an electron, releasing 2 corresponding 

photons. The absorption coefficient of pair production is also proportional to Z (28). 

 

1.2.3.2. Charged Particles 

 

The above processes are dominant for photon irradiations. However, the 

processes are different for charged particles. As they carry charge, they interact with 

all surrounding charged particles, mostly electrons, as they travel through tissue, 

losing energy at all times. This is known as collision losses, through trails of 

ionisations and excitations, classified as radiation tracks. It is related to the theory of 

stopping power which is determined by the density of the tissues, discussed in 

section 1.2.5 (25).  Interactions of electrons with the strong electric fields of an atom 

can also lead to Bremsstrahlung (or characteristic) X-rays being produced. As the 

electrons are accelerated, they collide with and eject bound atomic electrons. A 

higher energy electron then de-excites, releasing energy in the form of an X-ray, 

equal to the difference in energy levels, similar to the process occurring in the PE 

effect (25).  

 

1.2.3.3. Neutrons 

 

As well as photon and charged particle irradiations, radiotherapy is 

occasionally delivered using neutrons, known as fast neutron therapy. Neutrons are 

conventionally generated using a cyclotron but more recently with linacs, and often 

performed as Boron Neutron Capture Therapy (BNCT). Neutrons are indirectly 
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ionising, but have a high linear energy transfer (LET) or density of ionisations as well 

as a high relative biological effectiveness (RBE) (discussed in section 1.2.5) (32) They 

interact directly with the nucleus of atoms, ejecting protons which go on to cause 

further ionisations (12). In BNCT, a radioisotope of boron, B-10, is preferentially taken 

up by tumour cells. Then, upon incident radiation with low energy neutrons, B-10 

releases % particles, causing localised damage to the tumour (33). The range of the 

% particles is limited to the diameter of a single cell and so this treatment is highly 

localised (34).  

 

1.2.4. Phases of Radiation Damage 

 

There are 3 key phases in the damage caused to tissues by radiation; physical, 

chemical and biological (12). The physical phase is the first to occur and is the primary 

process by which the radiation travels through and interacts with tissues. It involves 

both ionisation and excitation, via the interactions discussed above in Section 1.2.3. 

The chemical phase of radiation damage is the process by which the 

ionisations of the physical phase cause breaks in the chemical bonds which lead to 

free radicals. Free radicals are atoms that have an unpaired electron in their outer 

shell. This makes them highly reactive, leading to the further breaking of chemical 

bonds in biological molecules with the intent of reaching charge equilibrium, causing 

damage (12,35). 

 

The biological phase mostly corresponds to the processes by how the cells 

react to the damage cause and follows on from the chemical phase. They are split 

into early and late effects The early effects are primarily either cell death, cell repair 

or cell misrepair (leading to mutations in the DNA). Late effects include effects such 

as fibrosis, inflammation, and carcinogenesis - cancers caused by the exposure to 

radiation (35). The time scales for each phase are represented in Figure 1.3 (12). 
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Figure 1.3: Representation of the time scale of the physical, chemical and 

biological phases of radiation damage (12). 

 

1.2.5. Dose  

 

Radiation dose is measured in Gray (Gy) with 1 Gy corresponding to 1 Joule 

of radiation energy absorbed into 1 kilogram of matter (36). The dose that a medium 

receives is dependent on the energy of the radiation, the intensity, exposure time, 

dose rate, type of radiation, the Z number of the absorber and the depth in the 

medium (25).  

 

Another important factor used to quantify the radiation quality from a 

radiobiological point of view is the Linear Energy Transfer (LET) of the radiation, 

measured in keV/μm. This can be described as the density of ionisations, or in 

relation to the stopping power, the rate at which the radiation energy is lost to the 

medium (37). Radiation that has a high LET deposits its energy over a short distance, 

causing much greater levels of DNA damage within a small area and with more 

complex DNA damage, discussed in more detail in Section 1.3, but with a shallow 

penetration (26). This is typical of %-particles which can travel just a few centimetres 

in air, depending on their energy. They are heavy particles and directly ionising, 

causing them to interact with more atoms. LET is inversely proportional to the kinetic 
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energy of the particles, with higher energies travelling further in tissues, lowering the 

LET. Heavy ions are also utilised for their high LET, which in radiobiology are 

considered to be ions heavier than protons, in particular, carbon ions (38,39). 

Contrastingly, radiation with a low LET deposits its energy over a long distance, such 

as X-rays which are indirectly ionising. Upon interaction, X-rays produce secondary 

electrons which are low mass in comparison to %-particles, and so interact less 

densely.  

 

One way to compare radiation types is by calculating the Relative Biological 

Effectiveness (RBE). Due to the different ways in which radiation types interact with 

matter, the biological effects are different for the same absorbed dose (40). 

Therefore, the RBE compares the biological effect for a given dose, using Equation 

1.1. The RBE is of importance, particularly in treatment planning, to understand the 

biological effects of the treatment, and the impact that a certain dose will have on 

effectiveness. The RBE is related to the concept of the iso-effective dose, which 

determines the dose for a treatment carried out in reference conditions (usually 

using low-LET X-rays) to produce the same biological effect as the actual treatment 

(41). X-rays have an RBE of 1 (used in this Thesis), whereas protons have an RBE of 2 

and alpha particles 20, with the RBE increasing with increasing LET due to the 

increased density of ionisations causing a higher level of damage. 

 

																																				+,- = 	!"#$	('$($'$)*$	'+,-+.-"))!"#$	(.$#.	'+,-+.-"))                                                   [1.1] 
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1.3. DNA Damage 

 

The main impact of ionising radiation, both in terms of causing cancer, but 

also in treating cancer, is in its ability to cause DNA damage. In many situations, this 

damage is repairable, whereas occasionally the damage may be significant enough 

that the cell dies. Most worrying, of course, is the possibility that the DNA damage is 

misrepaired, altering the functions of the cell, with the potential for uncontrolled cell 

division, leading to cancer (42). 

 

Single strand breaks (SSB) and DNA base damage are the most common forms 

of DNA damage. They are easily repairable, due to the corresponding base pair still 

being available. It is thought that 10,000 SSBs occur per day in each cell (43) as a 

consequence of oxidative metabolism. Double strand breaks (DSB), however, are the 

most lethal form of DNA damage, and it is the reason why radiotherapy aims to cause 

DSBs in the DNA. They are particularly lethal because they interrupt replication and 

transcription, and they can also cause chromosomal rearrangements (42). Other 

forms of DNA damage include crosslinking, base damage and damage to nucleotides. 

More complex damage, such as clustered DNA damage can also occur, particularly 

for high LET radiation, as the ionisations occur within a short distance (38). Clustered 

DNA is multiple lesions caused by a single track, within 2 helical turns of the DNA (44–

46). This proves difficult for cells to repair as it complicates the processes described 

in Section 1.3.2, increasing rates of cell death. 

 

1.3.1. Radiation Induced DNA Damage  

 

Radiation induced DNA damage can occur either directly or indirectly. The 

direct damage occurs through a direct interaction with the DNA, causing a range of 

damage types including strand breaks (26). Indirect damage occurs through chemical 

processes that results from the incident radiation, interacting with water to produce 

free radicals and reactive oxygen species (ROS) which lead to oxidative stress (47). 
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Hydroxyl free radicals are a major type of ROS that occur when the radiation interacts 

with water molecules, leaving highly reactive unpaired electrons, as described in 

Section 1.2.4 (26). Cells are 80 % water, and so this process is thought to account for 

70 % of DSBs (48). Overall, direct damage is thought to account for 30 – 40 % of DNA 

damage, with indirect damage accounting for 60 – 70 % (49,50). Other types of ROS 

include superoxide anions and hydrogen peroxide.  

 

1.3.2. DNA Damage Repair Pathways 

 

Cells have evolved a number of repair mechanisms for preventing persistent 

DNA damage, and maintaining genome stability, depending on the type of DNA 

damage. These include mismatch repair (MMR), homologous recombination (HR), 

non-homologous end-joining (NHEJ), base excision repair (BER), translesion synthesis 

(TLS) and nucleotide excision repair (NER) (42,51). Ionising radiation causes cell death 

primarily through DSBs, and so the 2 repair pathways that are most important in 

attempting to repair this damage are HR and NHEJ. 

 

1.3.2.1. Homologous Recombination 

 

HR repairs DSBs by using the identical DNA strands from sister chromatids to 

replicate the missing sections of the DNA (52). The process involves, firstly, the 

sections around the break being removed by helicases. This is called DNA end 

resection. At this point, there is an overhang on the 3’ strand (51,52). Next, strand 

invasion occurs with Rad51 attaching to the ends and aligning corresponding base 

pairs from a sister chromatid by DNA polymerase, allowing the reassembly of the 

DNA strands (49,53). At this point, the 2 Holliday junctions at the point where the 

strands cross over are cleaved, by either crossover or non-crossover, completing the 

repair of the DSB (52,54). HR can occur in S and G2 phase due to the availability of 

sister chromatids (12).  
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1.3.2.2. Non-Homologous End-Joining 

 

NHEJ occurs by removing any single strands on the ends of the break, usually 

less than 10 base pairs, and then re-joining the DNA (12,55). This means that this 

short, broken section of DNA is not replaced. Firstly, just as in HR, resection occurs, 

removing the broken ends of the DNA. Then, a Ku protein binds to the ends of the 

break, leaving the ends exposed. DNA protein kinase catalytic subunit (DNA PKcs) 

binds to the Ku protein, which is followed by Artemis, creating a DNA PK complex 

(55). This then removes the single strand ends of the DNA. At this point, the ends are 

ligated together by a complex consisting of ligase IV, X-ray repair complementing 

defective repair in Chinese cells 4 (XRCC4) and XRCC4-like factor (XLF) which attaches 

to the Ku protein. An alternative NHEJ occurs when there is no DNA-PK available (55). 

Unlike HR, NHEJ can take place at any stage of the cell cycle (56). 

 

1.3.3. Mechanisms of Cell Death  

 

The 3 main mechanisms by which cells can die following radiation damage 

are apoptosis, necrosis and mitotic catastrophe. The process by which a cell 

undergoes death is dependent on the various factors such as the cell type and the 

type of damage that had occurred. 

 

Apoptosis is a type of programmed cell death that is used by cells when 

damage is detected and is a vital method of removing damaged cells from the body 

(12). It was first described by Kerr et al. in 1972 (57). The first step of apoptosis is cell 

shrinkage, in which the chromatin condenses, followed by membrane blebbing (58). 

The DNA is then digested into small fragments known as nuclear fragmentation (59). 

The cell contents are also fragmented which are taken up by phagocytes (12). There 

are two apoptosis pathways, extrinsic and intrinsic, which is decided by the activation 

of caspases (12,60).  

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 47 

Necrosis is in some ways the opposite of apoptosis, in that it is considered to 

be an accidental death as opposed to programmed (12,61). The stages of necrosis 

include cell swelling, deformation of the cell membrane due to the swelling, 

breakdown of the organelles following formation of vacuoles, and then the release 

of enzymes which attack the cell (12). Necrosis is thought to be more significant at 

higher radiation doses (61). The loss of intracellular contents stimulates an immune 

response which may cause damage to other nearby cells, known as ‘danger signals’ 

(61–63).  

 

The third main mechanism of cell death due to radiation is mitotic 

catastrophe. This is thought to be the most prominent form of cell death from 

ionising radiation (64,65). This occurs after replication/mitosis and is due to 

mutations caused by DNA damage which in turn cause chromosomal damage (64), 

occurring between S and G2 phase (66,67). Cells that have mutated P53 genes are 

particularly susceptible (61,68). P53 is a tumour suppressor gene that regulates the 

cell cycle, that when mutated, is often the cause of cancers (69).  

 

There are other mechanisms of cell death, such as senescence and 

autophagy. Senescence is loss of ability of a cell to divide, usually associated with 

aging, but can also occur earlier due to cellular stress caused by ionisation (12,70). 

Autophagy is another programmed cell death which involves the cell digesting itself 

by forming a double-membrane that engulfs the cell (12,71). It usually occurs due to 

cell stress, primarily from nutrient deficiency. Ionising radiation is thought to induce 

autophagy due to stress from ROS (72). Understanding the mechanisms by which 

cells die as a response to ionising radiation is important to be able to research ways 

in which these cell death mechanisms can be targeted, to increase the efficacy of 

radiotherapy.  
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1.4. Radiotherapy  

 

Radiotherapy is thought to be utilised in at least 50 % of cancer cases, curing 

around 40 % of patients worldwide (66,73,74). The purpose of radiotherapy, broadly, 

is to cause as much DNA damage, and hence cell death, as possible to the tumour 

cells whilst preserving the healthy surrounding tissue.  

 

There are 3 main types of radiotherapy; external beam radiotherapy (EBRT), 

sealed source (brachytherapy) and unsealed source (radionuclide). The type of 

radiotherapy prescribed depends on the type of tumour, the location and size, 

amongst a number of other factors. EBRT is the most common type, in which 

radiation is transmitted through the patient from an outside source (usually a linac) 

to irradiate he tumour (21). It primarily uses X-ray photons with MV energies, but 

other treatments include the use of electrons and protons. Lower kV energies are 

used for shallow treatments, such as skin cancer, where the beam is not required to 

penetrate very far (75).  

 

Brachytherapy is a type of radiotherapy that places a radiation source within 

the body, close to the tumour (76). This can involve a number of different methods, 

including radioactive seeds implanted in the prostate of a cancer patient, usually 

iodine-125 (77), or for treatments of cervical cancer, known as high dose rate (HDR) 

brachytherapy and usually carried out using iridium-192 (78).  

Unsealed source therapy uses radiation sources that are delivered 

systemically and are targeted towards a tumour (25). This includes the use of 

radioactively labelled antibodies, or substances that are preferentially taken up into 

tumours, such as radium-223 therapies for bone metastases (79). A radioactive 

substance can also be labelled with a pharmaceutical that is targeted to the tumour, 

known as radiopharmaceuticals (80). Similar to brachytherapy, it is important that 

the radiation has a short range, so not to damage the surrounding healthy tissue, but 

also to protect people around the patients, especially if the radiation source has a 

long half-life.  
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1.4.1. Fractionation and Linear Quadratic Model 

 

Fractionation is when the total dose of radiotherapy is split up into smaller 

doses, known as fractions, delivered over a period of time. The purpose of 

fractionation is to decrease the damage caused to healthy surrounding tissues by 

giving it time to repair and to heal between fractions, ultimately reducing the side 

effects. This does not occur to the same extent in tumour cells as they do not repair 

DNA damage as effectively. This is best described by the therapeutic ratio, which 

describes the difference between the tumour control probability (TCP) and normal 

tissue damage (also defined as the normal tissue complication probability (NTCP)). 

The purpose of fractionation is to increase this ratio so that the tumour control is not 

limited by toxicity caused to healthy tissue. A schematic diagram illustrating this is 

shown in Figure 1.4. 

 

Figure 1.4: The therapeutic ratio between tumour control and normal tissue 

damage. 

Schematic diagram Adapted from Barnet et al. (81) 
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The most established way of quantifying cell survival after radiotherapy is by 

the Linear Quadratic (LQ) Model. It can be used to predict both the tumour control 

probability (TCP) and the normal tissue complication probability (NTCP) indicated in 

Figure 1.4, by predicting the fraction of cell survival after a certain dose of radiation. 

It was first described by Chadwick and Leenhouts in 1973, under the assumption that 

cell death is due to DSBs (82). The LQ model is given by Equation 1.2, where SF is the 

surviving fraction, D is the applied dose of radiation in Gy, and % and & are the linear 

and quadratic coefficients of cell death (83). They can also be used to fit experimental 

data from clonogenic survival assays. 

 

																																																	/0 = 	exp	(−%6 − &60	)                                                [1.2] 

 

Often, the radiosensitivity of cells is quantified using the %/& ratio, which 

describes the curve, with a higher %/& ratio describing a curve that decreases more 

sharply. The early part of the curve is dominated by the % coefficient which 

represents DNA damage caused by single-track events, where the damage is caused 

by one particle/photon. The later, steeper part of the curve is dominated by the & 

coefficient which represents double-track events, in which different radiation tracks 

contribute to the DNA damage (84). In Section 1.2.5, the impact of LET was discussed. 

When applying to the LQ model, radiation with a high LET also has a high %/& ratio, 

making the curve steeper and any increase in dose has a large decrease in cell 

survival, whilst a low LET radiation has the opposite effect. The effect of fractionation 

on the surviving fraction by the LQ model is shown in Figure 1.5. 
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Figure 1.5: Impact of fractionation on the surviving fraction using the LQ model. 

Adapted from Choi et el. (85) 

 

To compare different fractionation schedules, the concept known as the 

Biologically Effective Dose (BED) was formulated by JF Fowler in 1989 (86), which 

calculates the equivalent biological effects (12,87), given by Equation 1.3, where n is 

the number of fractions and d is the dose (Gy) per fraction. 

 

																																																					,-6 = 89	(1 + ,
1 23
)                                                     [1.3] 

 

Recently, research has been investigating the effects of hypofractionated 

treatments, in which higher doses of radiation are delivered over fewer fractions, for 

localised disease. One of the main benefits of this is making treatment easier for 

patients who will have to endure fewer fractions, but with some clinical trials 

suggesting similar outcomes to more traditional fractionation schedules this 

treatment could be economically beneficial also (88,89). This has been enabled by 
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improvements in recent years in the accuracy and targeting of radiotherapy, enabling 

the dose to be increased to the tumour per fraction without increasing normal tissue 

toxicity (25). Advanced delivery techniques to achieve this are discussed in Section 

1.4.3.2. Hypofractionation is likely to be of benefit for tissues with a low %/& ratios, 

such as prostate cells, that see higher levels of repair between fractions, so perhaps 

require fewer fractions to experience the normal tissue sparing effects, suggesting 

the therapeutic ratio can be obtained with fewer fractions (90).  

 

 

1.4.2. 5 R’s of Radiotherapy 

 

In 1975, ‘the 4 R’s of radiotherapy’ was published by Dr Rodney Withers 

(91,92), and then a further 5th R was suggested by Steel et al. in 1998 of 

‘Radiosensitivity’ (93). They intend to describe each of the mechanisms that 

contribute to overall survival in patients treated with radiotherapy, providing the 

rationale for dose fractionation (91). This is important in understanding how each of 

these contributions can be exploited to increase survival of cancer treatment. The 5 

R’s are Repair, Reassortment, Repopulation, Reoxygenation, and Radiosensitivity.  

 

 

1.4.2.1. Repair 

 

As discussed in section 1.3.2, there are DNA damage repair pathways in place 

to repair DSBs caused by ionising radiation, most commonly HR and NHEJ. It is known 

that healthy ‘normal’ cells are better equipped to repair this DNA damage than 

cancer cells (94), many of whom have mutations in the DNA repair and damage 

sensing pathway, and so, with fractionation, it is thought that the time in between 

fractions allows for healthy cells to recover, whilst more of the cancer cells would die 

(12). The time allowed for repairing of healthy cells also allows for the reduction of 
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side effects of radiotherapy, as the normal tissue has time to recover, reducing 

normal tissue toxicity (95).  

 

1.4.2.2. Reassortment 

 

Also known as ‘Redistribution’, it is known that, after a dose of ionising 

radiation, the cancer cells that survive will often be trapped in the most 

radioresistant part of the cell cycle, S phase, but after a time has elapsed in between 

fractions, they may have progressed to the more radiosensitive part of the cell cycle, 

G2 and M phase (92). Ionising radiation is also known to cause cells to arrest at cell 

cycle checkpoints, potentially allowing the next fraction of radiotherapy to be more 

effective (96). 

 

 

1.4.2.3. Repopulation 

 

Repopulation links with repair, in that healthy cells are more capable of 

repairing the DNA damage than cancer cells (94). Therefore, the time between 

fractions allows the healthy tissue surrounding the tumour to divide and repopulate, 

reducing normal cell toxicity. This increases the therapeutic ratio (12). However, 

repopulation of clonogenic tumour cells in between fractions means there are more 

cells to kill, which may prolong treatment and require more fractions of radiotherapy. 

Therefore a higher overall dose is needed for tumour control (35). 

 

1.4.2.4. Reoxygenation 

 

After irradiation with ionising radiation, it is known that hypoxic tumours 

become oxygenated. Oxygenated tumours are more radiosensitive due to the ability 
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of radiation to create ROS (97) and through the Oxygen Fixation Hypothesis, in which 

the presence of oxygen prevents the DNA damage from being repaired (98). 

Therefore, this makes the tumour more sensitive to the next fraction of radiotherapy, 

increasing the chance of tumour control and increases the therapeutic ratio (35). 

 

1.4.2.5. Radiosensitivity 

 

Intrinsic radiosensitivity varies a lot between different normal and cancer 

cells, with a range of genetic factors that contribute, related to repair, cell cycle 

control and proliferation. It is also important to understand the radiosensitivity of a 

tumour, or heterogeneity, as this ultimately determines the dose and the 

fractionation schedule that will provide an optimal outcome (99).  

 

 

1.4.3. External Beam Radiotherapy 

 

EBRT is the most commonly utilised form of radiotherapy, and is specifically 

used for solid, localised tumours, as described in Section 1.4. It primarily uses a linac 

to deliver the radiation, usually MV X-rays, directly to the tumour, and has a number 

of constituent parts. 

 

1.4.3.1. The Linear Accelerator 

 

The method by which the radiation beam is generated begins with the 

electron gun. This is a tungsten filament used as a cathode to carry out the 

thermionic emission of electrons (100). Essentially, this means that the tungsten is 

heated to the point where electrons are emitted from the outer shells of the atoms. 

These electrons are focused on an anode using an electrostatic field, which contains 
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a small hole that the electrons pass through. From there, the electrons pass through 

a waveguide, which uses radiofrequency (RF) waves to accelerate the electrons to 

almost the speed of light (101). These RF waves are pulsed in by a magnetron 

(102,103).  

 

Once the electrons have been accelerated, they travel through a series of 

bending magnets which focusses the beam so that all electrons are directed to a 

point (100,101).  The electrons are focussed onto a tungsten target, causing 

excitation and emission of Bremsstrahlung, or characteristic, X-rays at the correct 

energy (102,103). 

 

 The X-ray beam needs to be shaped in order to provide accurate 

radiotherapy, and so it first goes through a primary collimator which shapes the 

beam into a cone shape, which rotates (25). The isocentre is the point at which the 

X-ray beams intersect as the gantry rotates. A flattening filter then flattens the 

forward-peaked dose distribution of the beam to create a uniform distribution across 

the field (100). Modern linacs are now ‘flattening filter free (FFF)’ as the modulation 

of the beam removes the need for the flattening filter (25,104). At this point the 

beam goes through a monitor chamber which determines whether all of the 

constraints have been met in terms of the dose rate, beam uniformity and the total 

dose. If any of the conditions have not been met, the monitor chamber terminates 

the beam to ensure the safety of the patient (25,102,103).  

 

In order to shape the beam for more conformal treatments, multileaf 

collimators (MLC) are used, which are thin, finger-like collimators that can move in 

real time as the treatment is carried out, whilst the gantry is moving, in order to 

accurately conform to the shape of the tumour (25,105). When beam modulation is 

required, wedges are sometimes used, which varies the intensity of the beam across 

the field. After this point, the emerging X-rays will be highly targeted and conformal, 

to deliver the optimal radiotherapy for every patient (102). An image of a clinical linac 

is shown in Figure 1.6. 
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Figure 1.6: Image of Varian TrueBeam clinical linac.  

 

1.4.3.2. Advanced Delivery Techniques 

 

In recent decades, the introduction of new advanced delivery techniques has 

allowed radiotherapy to become highly accurate and conformal, increasing the 

quality of the radiotherapy, both in terms of increased tumour control, but also in 

reducing normal tissue toxicity by avoiding DNA damage to healthy cells.  

 

Intensity Modulated Radiotherapy (IMRT) is a delivery method in which the 

intensity of the beam is varied over the width of the field, substantially improving the 

tumour control probability (25). This is enabled through the use of 3D dose 

distributions. The purpose of this is to make the treatment more conformal to the 

shape of the tumour. Modulating the beam allows for more healthy tissue to be 
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spared, reducing normal tissue toxicity (106). IMRT requires the use of MLCs to 

modulate the beam, but also complex inverse treatment planning, discussed in 

Section 1.4.5. The advantages of IMRT have been widely published over many years. 

Portelance et al. found a significant decrease in dose delivered to pelvic OARs in the 

treatment for cervical cancer (107). Shi et al. performed a large retrospective study 

of long-term outcomes for 587 patients to determine that IMRT was a good choice 

of treatment for patients with oesophageal cancer both with and without surgery as 

a form of treatment (108). However, a limitation of IMRT is the length of time that 

the treatments take (109), with Thomas et al. reporting a mean treatment time of 28 

min 10 sec for the first fraction (109). 

 

Image-Guided Radiotherapy (IGRT) is a technique that uses imaging to ensure 

that the patient is lined up correctly on the treatment couch, and hence that the 

delivery of the radiation beam corresponds exactly to the treatment plan (110). 

Typically carried out using a cone-beam CT (CBCT), the patient would have images 

taken before treatment, which are compared to the original scans used for planning, 

and then either the patient or the treatment couch can be moved accordingly by the 

radiographers (111). This allows for a more accurate dose to the tumour and is 

particularly important for patients in which a large time has elapsed since the 

planning computed tomography (CT). Often cancer patients may lose weight and 

their anatomy changes, or the tumour changes in size over the course of the 

treatment (110). Fiducial markers are often used to line up the patient accurately and 

are inserted before the planning CT, to allow for a more accurate setup (112). 

Zelefsky et al. found a significant decrease in late urinary toxicity for a cohort of 

patients treated with IGRT for prostate cancer than for those treated with non-IGRT 

(111). They also found a statistically significant difference in the survival outcomes of 

high risk patients after 3 years, for IGRT treatment (111). Chung et al. found that IGRT 

allowed for reduced margins in treatment planning which significantly lowers the 

dose received by organs at risk (OAR) for prostate cancer treatments (113). Whilst 

IGRT is usually carried out by CBCT, there is ongoing research into IGRT with MRI. 

This will be discussed further in Section 1.9.  
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Volumetric modulated arc therapy (VMAT) is an advanced variation of IG-

IMRT, in which the linac head moves continuously around the patient, with the beam 

conforming to the tumour in real time, with often only one single rotation of the 

gantry, although this can sometimes be 2 or 3 rotations also (114). This is made 

possible by continuously moving MLCs, complex treatment planning software and 

accurate image guidance. The main benefits of this treatment include a shorter 

treatment time and a lower dose to surrounding tissues as the overall dose delivered 

is lowered (115). Kim et al. created treatment plans for patients with glottic cancer, 

for VMAT as well as 8-field IMRT, and found that, while the tumour coverage was 

similar, the dose to the nearby carotid artery was reduced by 6.8 %, and the 

treatment time was reduced by half (116). This was also reported by Davidson et al. 

who determined that VMAT significantly increased efficiency of delivery of treatment 

(117). 

 

Stereotactic Ablative Radiotherapy (SABR) or Stereotactic Radiosurgery (SRS) 

is the next level of treatment when it comes to conformity and hypofractionation. 

This requires patient immobilisation using fixed frames as well as other methods to 

ensure a highly accurate patient setup, the margins of treatment planning are 

reduced, and hypofractionation is carried out (118), with up to 20 Gy delivered in 

each fraction (119). It is considered to increase the BED (120). This requires VMAT 

planning, and the use of micro-MLCs to increase conformality, and is considered for 

patients by which damage to OARs would be considerable, such as in the brain (121). 

Lee et al. determined that SABR provides a good response for patients who have 

inoperable non-small-cell lung cancer (120). This was echoed by Goldsmith et al. who 

validated SABR for the treatment of inoperable pancreatic cancer. It is important to 

mention the safety aspect of delivering such high doses, and the need for accurate 

planning and delivery (118). 
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1.4.4. Impact of Dose Rate 

 

Currently, there is an abundance of research being carried out in regards to 

the impact of dose rate of radiotherapy treatments, with developments such as 

FLASH radiotherapy aiming to increase the therapeutic ratio with ultra-fast dose 

rates of greater than 40 Gy/s (122,123). It has been observed that the short time that 

the radiation is delivered in protects the normal tissue more effectively than 

conventional dose rates (124). It also removes the issue of tumour motion, as the 

radiation is delivered almost instantaneously. The rationale for FLASH radiotherapy 

is the hypothesis that the rapid use of oxygen that occurs at high dose rates causes 

many more secondary electrons, as well as killing hypoxic tumour cells more 

effectively than conventional dose rates (122). Bourhis et al. reported on the first 

patient treated with FLASH radiotherapy in which it was determined to be efficacious 

in both normal tissue sparing and the impact on the tumour, for a dose of 15 Gy (5.6 

MeV electrons) delivered in 90 ms (125).  

 

1.4.5. Treatment Planning and Margins 

 

The continuing development of more conformal and accurate radiotherapy 

treatments has called for parallel development of treatment planning. Treatment 

planning is the process by which the radiotherapy treatment is determined pre-

treatment, in terms of the dose distributions, avoiding organs at risk, defining 

intensity modulation etc (25). First, the clinician decides the dose that the tumour is 

prescribed, and it is then the role of the planner to determine the most efficacious 

way that this can be carried out, to limit the dose to healthy tissues (21).  

 

Various different margins are used in treatment planning, following 

guidelines of the percentage of the maximum dose that can be delivered at each 

margin. The gross tumour volume (GTV) describes the actual tumour volume, as 

outlined by a clinician. The clinical target volume (CTV) is the volume increased by a 
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given margin to allow for microscopic disease that may not be visible on the scans, 

and the planning target volume (PTV) is the volume with a further margin to allow 

for patient movement (126,127). The treatment planner has to ensure that the dose 

encapsulates these margins, which are implemented using ICRU 50 guidelines, with 

the aim of standardising radiotherapy treatments (128,129). ICRU 62 followed on 

from the ICRU 50 guidelines, adding in margins for ‘treated volume’ and ‘irradiated 

volume’. A diagram of these margins is shown in Figure 1.7. 

 

 

Figure 1.7: Planning margins presented by ICRU 50 and ICRU 62 (128). 

Schematic representing the gross target volume (GTV), clinical target volume (CTV) 

and planning target volume (PTV) from ICRU 50 and the Treated Volume and 

Irradiated Volume from ICRU 62. Adapted from Burnet et al. (130). 

 

The first treatment planning systems (TPS) allowed only forward planning. 

The process involves the treatment planner selecting a certain beam or beams, and 

then the planning system would calculate the dose distribution that this beam 

delivered to all tissues, including the tumour and the OARs (21). The weighting of the 
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beams are varied iteratively by the planner to get the optimal treatment plan. 

Alongside the development of IMRT and then VMAT treatments, TPSs were designed 

for inverse planning, in which the user informs the software of the dose required for 

the tissues, and the system calculates the beam configuration that best describes this 

dose distribution required (25). The process by which the TPS determines the beam 

configurations is called Virtual Simulation (25). 3D treatment planning involves the 

calculation of dose volume histograms (DVHs) which is a way of graphically 

representing the 3D dose distribution for a specified region, and are used as a check 

for the treatment planner to ensure that the dose is correct throughout the entire 

volume of the tumour (25) 

 

1.4.5.1. Imaging for Treatment Planning 

 

Treatment planning is usually carried out using patient scans from both CT 

and magnetic resonance imaging (MRI) that have been fused together (25) although 

CT alone can be used or in combination with positron emission tomography (PET) 

scans. The CT provides the tissue electron density which determines the attenuation 

coefficient of the X-rays, enabling the calculation of CT number, shown in Equation 

1.4, and measured in Hounsfield Units (HU), where < is the X-ray attenuation 

coefficient (131). These CT numbers are used by the TPS to calculate the dose that 

will be absorbed by the tissues to calculate the number of monitor units (MU) needed 

to provide the prescribed dose. An MRI scan has much better soft tissue contrast in 

comparison with CT, allowing tumours and OARs to be much more visible, for 

accurate contouring and determination of margins (132). This combination of CT and 

MRI allows better delineation of tumour and OARs which in turn allows the TPS to 

determine the optimal treatment plan. 

 

																						=>	8?@ABC = 	 4
(.-##5$)6	4(7+.$')

4(7+.$') 	× 	1000                             [1.4] 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 62 

With the development of the MR-Linac, as discussed in Section 1.9, there is 

more research being carried out regarding the development of MR-only planning. 

One benefit of this is the reduction in geometric error that may occur in fusing CT 

with MRI scans (133). With patients usually receiving both a CT and MRI scans, there 

may be significant time between scans, allowing for physical changes in the anatomy, 

further adding to these geometrical changes (134). The other advantage is that MRI 

scans can be optimised for the tissue in question by altering the spin sequence (132), 

and there is no added radiation dose that the patient would receive from a CT.  Of 

course, the main challenge of MRI-only planning is the loss of the electron density 

data that is needed to determining dose distributions. One method proposed to 

combat this is the use of a synthetic CT, in which tissues are classified using image 

segmentation, then given corresponding CT numbers  (135). Aouadi et al. used MRI-

only planning to retrospectively compare with conventional CT planning, and found 

that the synthetic CT was in good agreement (135). Also, Farjam et al. found excellent 

agreement in the number of HU assigned to tissues when comparing conventional 

CT planning with MRI-only planning, for 23 prostate cancer patients (136).  

 

1.4.5.2. Movement Corrections 

 

Patient movement is one of the main reasons for radiotherapy margins. It is 

responsible for extra, unnecessary radiation dose being delivered to nearby healthy 

tissues and OARs that can increase toxicity and also limit the dose that is able to be 

prescribed to the tumour (13). Numerous methods have been developed over the 

years to reduce patient motion, involving a range of techniques from simple arm 

restraints, to the immobilising masks used for head and neck treatments (13). There 

are various types of patient movement, including breathing, swallowing and 

peristaltic movement of bowels.  

 

A technique has been developed called gating, in which the movement of a 

patient is monitored. Usually used to detect breathing from lung or breast 
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treatments, it works by placing an infrared emitter on the chest, which is detected 

and monitored (137,138). This technique allows for the radiation beam to be cut off 

if the patient moves beyond a tolerated amount, to limit the dose to healthy tissues 

(139). Patients may also be asked to carry out a deep inspiration breath hold, in which 

they hold their breath for a short period in which the radiation is being delivered 

(137–139). This comes with its own challenges, in that patients with lung cancer often 

have a poor lung capacity and oxygen exchange so may have difficulty in holding their 

breath.  

 

 

1.4.5.3. Radiomics 

 

Radiomics is a new technique of image analysis that enables a very large 

number of features to be extracted from images that are then used to estimate 

clinical outcomes for patients (140,141). Features are quantitative descriptions of 

details within the image and are broadly categorised into shape features, first-order 

statistics features, second-order statistics features and higher-order statistics 

features, varying in complexity (140). In simple terms, it is comparable to genomics, 

but instead of looking for genes that suggest a certain outcome, the features of a 

patients’ scan are used, based on machine learning algorithms (142–144). It makes 

use of the vast amount of data that makes up an image, with the goal that the results 

could, in the future be prognostic or predictive and influence the radiotherapy 

treatment that a patient receives (145). Radiomics gives the ability to allow imaging 

to be quantitative, providing limits that can be used for decision making for clinicians. 
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1.5. Current Imaging Techniques in Radiotherapy 

 

Imaging is used in radiotherapy at all stages. Firstly, for treatment planning, 

as outlined in Section 1.4.5.1 and then for verifying patient setup on the treatment 

couch just prior to treatment. A range of different imaging techniques are utilised. 

 

1.5.1. CT 

 

CT is used pre-treatment at the planning stage. It works by emitting X-rays 

from an X-ray tube through the body to solid state detectors on the opposite side. 

These detectors determine how much of the emitted radiation has reached the 

detector, hence the amount of radiation absorbed by the patient (27). This gives 

information regarding the electron density of the tissue, which is used to calculate 

the CT number, given by Equation 1.4, which is then represented on a grey scale that 

makes up the images. The attenuation coefficient used to calculate the CT number is 

determined by Equation 1.5, derived from the Beer-Lambert Law, in which F(G) is the 

measured signal intensity, F(0) is the emitted intensity, and G is the distance 

travelled through the tissue (146). Therefore, a tissue with high electron density will 

appear bright on the image (representing a loss of signal ie. High absorption), such 

as bone, and less dense tissues appear darker, such as the air in the lungs (27). 

 

																																										F(G) = F(0)B648                                                         [1.5] 

 

CT scans have an array of detectors that rotate around the body, usually in a 

helical motion, that enables the scanner to make up a 3D image, from lots of slices, 

usually in the transverse plane (147). CT radiation effective doses usually range from 

0.3 – 20 mSv, depending on the procedure, which is low in comparison to the doses 

delivered in radiotherapy, however this is not insignificant (148).  
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It is important to note the difference in energy between X-rays used for CT 

scanning and the X-rays used for radiotherapy. CT scanners use kV energies, usually 

around 120 kV, compared with 6 MV for conventional radiotherapy. This is so that 

more of the X-rays are attenuated by the tissues to provide a better contrast between 

tissues. This links back to the idea of a Z dependence on X-ray attenuation 

coefficients discussed in Section 1.2.3. An image of a CT scanner is shown in Figure 

1.8.  

 

 

 

Figure 1.8: Image of Siemens CT Scanner. 

 

1.5.2. MRI 

 

Invented by Sir Peter Mansfield who received a Nobel Prize in 2003 (149), MRI 

is used in radiotherapy primarily to aid delineation during planning, however, with 

the development of the MR-Linac, discussed in Section 1.9, the use of MRI for patient 

setup is becoming more commonplace (150). The physics behind MRI scanning is 

complex and is designed to utilise the magnetic susceptibilities of tissues. There is a 

static magnetic field, most commonly 1.5 T, that aligns the atoms of the body to the 
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parallel spin state, shown in Figure 1.9 (151,152). On the application of a 

radiofrequency (RF) pulse, the atoms are flipped into the higher energy anti-parallel 

spin state, at the resonant frequency of hydrogen (151,153). In MRI, it is discussed in 

terms of planes; the hydrogen atoms are in the longitudinal plane, known as the net 

magnetisation vector (NMR), and then the NMR is flipped by the RF pulse to the 

transverse plane (152–154). The MR signal comes from the hydrogen atoms 

returning back to the longitudinal plane, inducing a signal in the RF coil, due to 

Faraday’s Law of Induction (154). 

 

 

 

 

Figure 1.9: Hydrogen atoms becoming aligned parallel to an applied magnetic 

field, B.  

 

There are many different spin sequences in MRI that exploit the magnetic 

properties of the tissues, but primarily the images are represented by the fat and 

water content within the different tissues. A T1-weighted scan exploits the fast 

recovery of fat molecules to return to the longitudinal plane, with fat appearing 

bright in the image. A T2-weighted scan utilises the slow decay of water molecules 

inducing a larger signal in the transverse plane, allowing water to appear brighter in 

the image (152,153). There are a range of other scan types available, however they 

are primarily based around these 2 concepts. The reason hydrogen is selected for 
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MRI scanning is because it is the most abundant element in the body, it has the 

largest Gyro Magnetic Ratio, or magnetic moment, and there is also large amounts 

of unbound hydrogen in both fat and water (154). The areas of the body that are best 

images on MRI are areas with different soft tissues present that need to be visualised, 

such as the brain or the abdominal region, that would appear similar on CT. 

 

There are 3 types of magnetic fields present in an MRI, the static field that 

magnetises the hydrogen atoms, the RF field which causes the transverse 

magnetisation, but also a third field known as the gradient field. The purpose of the 

gradient field is for slice selection (152). It varies the magnetic field strength along 

the length of the scanner, with the steepness of the gradient determining the slice 

thickness. Each RF pulse will contain a short range of frequencies, causing resonance 

at a small range of magnetic field strengths, allowing for the induced signal in the RF 

coil to occur just in a short section, or slice (152).  

 

There are a number of advantages of an MRI scanner, namely its better soft-

tissue contrast than CT. It is also non-ionising, so the patient does not receive the 

radiation dose that occurs with CT scanning. However, there are a number of 

disadvantages of MRI, in that the equipment is very expensive, the scanning time is 

long, and there are an abundance of safety procedures that are required for the high 

magnetic field strengths present (151,152,154). A picture of an MRI scanner is shown 

in Figure 1.10. 
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Figure 1.10: Image of Siemens MRI scanner. 

 

1.5.3. PET 

 

PET scanners can also be used as part of the treatment planning process and 

are often fused with CT scans to provide functional information. PET scanners work 

by detecting radiation emitted from radioactive sources, or radiopharmaceuticals, 

that have been ingested by the patient (80). The radiopharmaceuticals are designed 

to target certain functions, for example fluorodeoxyglucose (FDG) which is radio-

labelled with fluorine-18 is used to detect cancers (155). It is a simple sugar that is 

taken up in greater volumes by cells that have a high metabolism, such as cancer cells 

(156). These functional images are then fused with anatomical CT images to aid 

treatment planning and better delineate the tumours (155).  
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1.5.4. Patient Setup Verification 

 

When the patient is on the treatment couch, it is vital that the setup is 

accurate, and as close as possible to the treatment plan, particularly for more 

targeted hypofractionated treatments as, if the patient is not lined up correctly, a 

large dose could miss the target and instead irradiate the OARs. Firstly, patients are 

lined up using lasers and often small tattoos are used to place the patient at the 

correct position (157).  

 

Imaging is then used to directly compare the patient position with the 

planning scans, to ensure the accuracy of the treatment, for IGRT (110). CBCT scans 

are most commonly utilised for IGRT treatments, where a source emits radiation in 

a cone shape that travels through the patient and is detected using a flat panel 

detector (158). The X-ray beam rotates around the patient to create a 3D image and 

is usually mounted to the linac. As well as ensuring patient setup, it enables the 

detection of anatomical changes over the course of the treatment (158,159), for 

example if the patient has lost weight or the tumour has shrunk and anatomy has 

moved (160). Some prostate treatments require the patient to have a full bladder in 

order to push the OARs away from the irradiated volume, and this can introduce daily 

variability in anatomy (161). There are other methods of on-board imaging, such as 

the Electronic Portal Imaging Device (EPID), and more recently MRI, discussed in 

Section 1.9. 

 

1.6. Quality Assurance and Dosimetry 

 

Quality Assurance (QA) is vitally important in radiotherapy for ensuring 

accurate dose delivery. It is essential that the dose delivered by the linac is the same 

as what was prescribed, but also that the dose distributions and modulation are 

comparable to the patient scan (25). QA should be carried out at all stages of the 

treatment process, from the planning to treatment. With radiotherapy treatments 
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becoming more hypofractionated and conformal, it is becoming increasingly 

important that the relevant dosimetry and QA is performed (162). A number of QA 

tests are carried out, such as measurements of field uniformity, dose uniformity and 

MLC calibration, amongst many others (25).  

 

Reference dosimetry describes the process by which dosimeters, such as 

ionisation chambers, are calibrated against national standards. In a healthcare 

setting, regular calibrations of dosimeters are calibrated using a secondary standard. 

In the UK, this secondary standard is calibrated from a primary standard, a graphite 

calorimeter situated at the National Physical Laboratory (NPL), for which all 

ionisation chambers are derived (163). Ionisation chambers work by the radiation 

ionising the gas within the chamber, creating ion pairs which are attracted to 

oppositely charged anodes and cathodes. This change in charge induces a voltage 

signal proportional to the dose received (164). NPL also offers an alanine service, 

primarily for when the ionisation chambers cannot be sent, in which Electron 

Paramagnetic Resonance (EPR) spectroscopy is used to determine the amount of 

radiation absorbed by the polymer (165).  

Dosimetry measurements are conducted under reference conditions. These 

are conditions set out by the healthcare setting in which, under those conditions, a 

certain dose is to be expected (166). Conventionally, the reference conditions of a 

linac involve a prescribed 100 MU delivering a dose of 100 cGy at a depth of 5 mm in 

water, for a Source-to-Surface distance (SSD) of 100 cm and for a field size of 10 x 10 

cm. The reference conditions vary slightly between settings, but this method is used 

to ensure that the prescribed dose is the same as the delivered dose (167). Whilst 

reference condition measurements are able to characterise the dose output from the 

linac, the TPS performs calculations of the dose delivered to specific volumes in 

patients.  

 

There are a wide range of different types of dosimeters available, each with 

their own advantages and disadvantages. The most widely used dosimeters come 

under the broad categories of; ionisation chamber, thermoluminescent detectors 

(TLDs), diodes, chemical detectors (such as alanine), radiographic films, solid state 
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detectors, semiconductors, scintillation detectors and calorimeters, with other 

varieties available (164). For the purpose of this thesis, the dosimeters being tested 

are; the ionisation chamber, alanine, GAFchromicTM film, microDiamondTM and the 

DoseWireTM. These are discussed further in Chapters 2 and 3. 

 

 

1.6.1. Depth Dose Curve 

 

Although EBRT is most commonly carried out using X-ray photons, other 

forms of radiation are used also, including electrons, protons and occasionally heavy 

ions such as carbon ions. Due to differences in the mechanisms by which they 

interact with tissues, they have different dose profiles which are often presented as 

a depth dose curve, in which the relative maximum dose is laid out for an increasing 

depth within a tissue. An example of a depth dose curve for different radiation types 

is shown in Figure 1.11 (168).  
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Figure 1.11: Depth dose curve for a range of radiation types for EBRT. 

By Kaiser et al. (168). 

 

Proton beam therapy (PBT) has become more common in recent years for the 

obvious tissue sparing affects, from the peak radiation dose occurring at a specific 

depth, known as the Bragg peak (169,170). It is favourable because almost all of the 

radiation dose is delivered over a very small distance, ensuring that the radiotherapy 

is more targeted and causing less damage to the OARs (171). It is often used for 

childhood brain cancers, as the risk of secondary cancers from photon radiotherapy 

is high, with the Childhood Cancer Survivor Study reporting a 7.9 % cumulative 

incidence over 30 years (172,173), although studies investigating the clinical 

effectiveness of protons in comparison to photons are based off of non-randomised 

evidence (174). However, PBT is very expensive, both in terms of equipment and 

running costs (175). It is also important to consider the accuracy of the treatment, in 

that any error in patient setup can result in very large doses of radiation being 

delivered to surrounding healthy tissues.  
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1.7. MRI 

 

The physics behind the MRI scanner was discussed in Section 1.5.2, but it is 

important to evaluate other factors involving imaging with MRI, from the reported, 

and unexpected, DNA damage caused by various treatments, to the use of MRI 

contrast agents for contrast enhancement.  

 

1.7.1. DNA Damage due to MRI Scans 

 

The literature has suggested that MRI scans, particularly from scanners with 

cardiac MRI, in which fast twitching gradient fields are used, are capable of causing 

DNA damage, even though MRI is non-ionising, and considered by the National 

Health Service (NHS) to be a safe treatment (176). Fiechter et al. found a significant 

increase in DSBs in lymphocytes in a group of 20 patients after a 1.5 T cardiac MRI 

(177). This mirrors an investigation by Lancellotti et al. in which a group of 20 men 

showed a significant increase in lymphocyte DNA damage in a period between 2 days 

and a month after a cardiac MRI, however this damage had returned back to baseline 

at a 1 year follow up (178). There is conflicting evidence, however, with Critchley et 

al observing no significant increase in DNA damage for cardiac MRI scans, both in 

vitro and in vivo (179). 

 

With more research into MRIs being carried out at higher field strengths, such 

as 3 T and 7 T, there was concern that these higher field strengths could contribute 

to DNA damage, with Lee et al. seeing a significant increase in DNA damage from 3 T 

MRI scans in human lymphocytes (180). However, more recent studies have 

disagreed with this, suggesting that 3 T and even 7 T MRI does not contribute to DNA 

damage. Fasshauer et al. found no evidence for DSBs in peripheral mononuclear cells 

after 3 T cardiac MRI (181) and Fatahi et al. determined that repeated exposure to 

whole body 7 T MRI did not significantly increase DNA damage and that there was 
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no alteration to DNA repair kinetics (182). This follows on from work by Reddig et al. 

in which no DNA damage was seen for 7 T MRI in mononuclear blood cells (183). 

 

There are various reasons for why there is concern that MRI scanner may 

cause DNA damage. Firstly, the RF field applied causes RF fields within the body, 

generating heat that is thought to induce DNA damage (184,185). It is also thought 

that gradient fields, particularly in scans that use fast-twitching gradient fields, such 

as cardiac MRI, are able to stimulate peripheral nerves, producing a mild electric 

shock (177,184,185). 

 

1.7.2. MRI Contrast Agents 

 

Contrast agents are substances that are used to increase the signal received 

by a scanner from specific tissues, so they appear more clearly to the person 

analysing the scan. They are used frequently in MRI, particularly in brain MRI, where 

the soft tissues are very similar in terms of their magnetic susceptibility, and so if 

there is preferential uptake in certain tissues, it allows them to appear brighter on 

the images. There are numerous factors to understand in designing contrast agents, 

including their magnetic properties, safety and toxicity, and their biodistribution 

(186). 

 

The main property of an MRI contrast agent is that it is paramagnetic. 

Paramagnetic materials have unpaired electrons, giving them a net spin, which 

makes them attracted to strong magnetic fields (187). The magnetic moments of 

these contrast agents are much higher than the protons/hydrogen atoms, which 

increases the induced signal by reducing relaxation times (186) in both T1 and T2 

weighted scans. 
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1.7.2.1. Gadolinium Contrast Agents 

 

Gadolinium, usually Gd3+, is the most commonly used element in contrast 

agents for MRI and is used primarily because it is highly paramagnetic, due to its 7 

unpaired electrons (188). It is used as a positive T1 contrast agent as it substantially 

reduces T1 relaxation times (189). There are a number of commercially available 

gadolinium contrast agents, such as Dotarem®, Magnevist® and Gadovist®. 

Gadolinium ions alone are toxic, due to being similar in diameter to Ca2+ ions, 

creating competitive inhibition and impairing processes that require calcium ions 

(190).  For this reason, they are chelated to complexes/ligands for stability, and they 

fall under the categories of linear or macrocyclic, and ionic or non-ionic (191). This 

determines the structure of the compounds. Dotarem is macrocyclic and ionic, 

Magnevist is linear and ionic, and Gadovist is macrocyclic and non-ionic. Macrocyclic 

contrast agents are thought to be more stable than linear as they disassociate from 

the complex less often (192,193).  

 

It was once thought that gadolinium contrast agents were removed efficiently 

from the body and were largely non-toxic. However, studies have shown that this 

may not be the case, with contrast agents being detected in patients with normal 

renal function, long after MRI scans (194–201). Kanda et al. found a significant 

increase in detected gadolinium concentrations in the brain in post-mortems of 

patients with normal renal function that had received contrast enhanced MRI, using 

linear chelated contrast agents (194). This concurs with a study by McDonald et al. 

where gadolinium was detected by Inductively-Coupled Plasma Mass Spectrometry 

(ICP-MS) for patients who had received between 4-18 contrast enhanced MRI scans 

(196). In-vivo, Radbruch et al. saw a significant increase in gadolinium concentration 

in the brain of sheep injected with linear contrast agents, compared with macrocyclic 

(198) 

 

It has now become of increasing concern that gadolinium enhanced MRI 

scans may cause DNA damage to tissues, with Yildiz et al. finding a significant increase 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 76 

in lymphocyte DNA damage for patients receiving contrast enhanced MRIs, 

compared to when no contrast was used (202). McDonald et al. also saw this 

significant increase in DNA damage for cardiac MRIs in peripheral blood mononuclear 

cells, but only in the DNA damage repair marker 53BP1, not in γH2AX (203). Concern 

has also been raised for the use of gadolinium contrast agents for use in pediatric 

patients (204). 

 

As well as paramagnetic substances, such as gadolinium, superparamagnetic 

contrast agents are also used. Most notably iron oxide, superparamagnetic contrast 

agents can have magnetic moments that are 1000 times larger than paramagnetic 

agents, and so are primarily used as T2 contrast agents (189). Superparamagnetism 

occurs only in small particles of ferromagnetic materials (188), and are useful in that 

they lose their magnetism when the external magnetic field is no longer applied 

(205). The large increase in signal intensity means that lower concentrations may be 

needed to produce the same clinical benefit.  
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1.8. Nanoparticles 

 

Nanoparticles are defined as any particle below 100 nm in diameter (206). 

With research into a whole range of elements, there are multiple applications of 

nanoparticles in healthcare, from complex drug delivery to hyperthermia treatments 

(207). For the context of this thesis, the focus will be on metal-based nanoparticles, 

for their applications as contrast agents and also potential radiosensitisers.  

 

1.8.1. Nanoparticles as MRI Contrast Agents 

 

As mentioned in Section 1.7.2.1, superparamagnetic iron-oxide nanoparticles 

(SPIONs) are considered for primarily T2-weighted images for their ability to 

substantially reduce relaxation times. As well as iron oxide, gadolinium, which is used 

primarily as a conventional contrast agent, has been investigated for its contrast 

enhancement in nanoparticle form, with gadolinium chelated to various 

macromolecules (193). They are thought to be useful for their ability to be targeted, 

using various antibodies and proteins etc (193).  

 

A number of papers have attempted to quantify the contrast enhancement 

for varying concentrations of gadolinium (both conventional and nanoparticle) and 

iron oxide nanoparticles contrast agents in MRI using phantoms. Beginning with 

conventional gadolinium contrast agents, Nazarpoor et al. found that, for T1 

weighted scans, as the concentration of Magnevist increased, the contrast 

enhancement also increased, up until a point at which the contrast enhancement 

decreased with increasing concentration. This was described by complex equations 

that suggest, at low concentrations, the T1 terms dominated, and at large 

concentrations the T2 term dominated, reducing the signal (208). This infers that 

there is an optimal concentration at which the best contrast enhancement is found. 

Boehm-Sturm et al. saw an increase in contrast enhancement for increasing 

concentrations of 3 contrast agents; conventional gadolinium and 2 synthesised iron 
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particles, for T1 weighted scans, and 3 magnetic field strengths of 1.5 T, 3 T and 7 T 

(209). The gadolinium contrast enhancement was slightly higher than for the SPIONs, 

which may be due to SPIONs being a preferred contrast agent for T2-weighted 

images. The impact of contrast enhancement has also been shown in vivo, with 

AGuIX, a gadolinium nanoparticle, being seen to have superior contrast 

enhancement in rats with hepatic tumours in comparison to conventional gadolinium 

contrast agents, for a 9.4 T MRI (210). The reason for this is thought to be due to the 

structure of the nanoparticles causing more interaction with the protons, increasing 

the relaxivity (210). 

 

1.8.2. Nanoparticles as Radiosensitisers 

 

Radiosensitisers are materials that enhance the effect of radiation on tissues, 

usually for the purpose of increasing DNA damage in cancer treatments, and 

ultimately cell death (211). They may work by numerous mechanisms, such as 

inhibiting the cells’ ability to repair the DNA damage caused by ionising radiation, 

enhancing the radiation damage through the creation of ROS and free radicals, or in 

physically increasing the dose delivered to tissues (212–215). 

 

Nanoparticles are desirable as radiosensitisers due to their preferential 

uptake into tumours (216,217). This is due to a process called the Enhanced 

Permeability and Retention (EPR) effect, in which the leaky vasculature of the tumour 

allows the nanoparticles to be preferentially taken up where they would normally be 

too large for healthy cells (217). They are also larger than the renal excretion 

threshold, making it more difficult for the tumour to remove the nanoparticles once 

they have been absorbed (218). The mechanism by which the nanoparticles are taken 

into cells is dependant largely on the nanoparticle design, and can be either a passive 

uptake due to the EPR effect, or using active targeting (217). The preferential uptake 

into tumours makes them optimal for radiotherapy treatments in which the aim is to 

cause as much damage to the tumour whilst preserving healthy tissues.  
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Gold nanoparticles are by far the most investigated nanoparticles for 

radiosensitisation, with an abundance of research over recent years, and a review by 

Cui et al. asking the question ‘Will they ever make it to the clinic?’ (219). They have 

been proven as radiosensitisers both in vitro (213,220–227) and in vivo (216,226–

231). Chattopadhyay et al. saw a significant decrease in clonogenic cell survival for 

gold nanoparticles compared with irradiation alone (227), while Miladi et al. found 

that, when used in rats, the dose required to create the same DNA alteration is 

reduced by half when used in combination with gold nanoparticles (229). However, 

challenges remain in determining a number of variables, such as the optimal size, 

dose, and administration routes (219). 

 

The physical dose enhancement of nanoparticles has underpinned the 

rationale for the growth of research in this area, and is due to the fact that high Z 

number elements are highly absorbent of radiation, producing many more secondary 

electrons (a cascade of Auger electrons) which go on to cause much more localised 

DNA damage (232,233). This is related to the mass absorption coefficients which are 

dependent on the Z number (234). Research has been carried out to determine the 

physical dose enhancement, both through predictions using Monte Carlo modelling, 

and in vitro through the measurement of cell survival (233). Zhang et al. performed 

a Monte Carlo study to determine that gadolinium nanoparticles significantly 

increase the dose at 6 MV for concentrations higher than 5 mg/ml (235), and a much 

more extensive Monte Carlo study by Hwang et al. modelled the dose enhancement 

for 4 elements (gold, gadolinium, iodine and iron oxide) for a range of X-ray energies 

at a range of diameters, concentrations and X-ray energies (236). It was determined 

that the concentration of the nanoparticles were of more significance than the size, 

and a larger dose enhancement was seen at 4 and 6 MV energies, compared with 10 

and 15 MV (236). 

 

As well as the physical dose enhancement of nanoparticles, a large part of the 

radiosensitisation is down to their impact on the biological processes of the cell. 

When nanoparticles interact with ionising radiation, they have been shown to 
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increase production of ROS, inducing oxidative stress (212,214,220,237–240). This is 

thought to be due to the surface of the nanoparticles having charge, and are 

dependent on whether the nanoparticles have particular coatings that cause them 

to react with oxygen molecules (212,238), and the extent of this appears to be 

dependent on the nanoparticle size (241). ROS are responsible for producing highly 

reactive free radicals which go on to cause DNA damage, as discussed in Section 

1.3.1. It is thought that nanoparticles are responsible for interruptions to the cell 

cycle, by inducing apoptosis and causing G2 arrest (242), however there is a lack of 

reliable data, with Hanžić et al. finding no impact on cell cycle when combining X-ray 

irradiation with gold nanoparticles (243). There is also evidence that nanoparticles 

can reduce ROS production due to the scavenging effect of chemicals surrounding 

the nanoparticles (244,245). 

 

With the extensive research carried out in regards to nanoparticles as 

radiosensitisers, it is appropriate to begin to investigate which element is the most 

efficacious. Investigations on this topic were carried out by McMahon et al. who set 

out to determine the optimal element through Monte Carlo modelling of both the 

micro- and macro-scale of dose enhancement, to investigate both the physical dose 

enhancement as well as the biological effects on radiosensitisation (234).  The 

macroscale was defined as the physical dose enhancement assuming a homogenous 

distribution of the nanoparticles within a tissue, whereas the microscopic scale 

involved the modelling of the individual nanoparticles. The conclusion was made 

that, when including the biological factors of radiosensitisation, the elements 

germanium and gadolinium were the most beneficial. The take home message from 

this work is that the choice of element should not be solely based on the Z number 

of the element, as the biological impacts of nanoparticles are often much greater 

than the physical dose enhancement (234). 
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1.8.2.1. Gadolinium and Iron Oxide Nanoparticles 

 

Although there is research regarding many different nanoparticle elements, 

for this Thesis, the focus is on gadolinium and iron oxide, primarily for their combined 

capabilities as both MRI contrast agents and radiosensitisers.  

 

AGuIX (Activation and Guidance for Irradiation by X-ray) is a gadolinium 

nanoparticle that has received a lot of attention as a potential radiosensitiser, and is 

currently in 2 clinical trials; NanoRAD2 and NanoCOL, the first of which is a trial 

combining AGuIX with whole brain radiotherapy for brain metastases, and the latter 

is AGuIX in combination with chemotherapy and brachytherapy for the treatment of 

cervical cancer (246,247). It is a sub-5 nm nanoparticle that consists of a polysiloxane 

matrix that is surrounded by gadolinium chelates (248). They are useful as they are 

proven to provide good renal clearance to avoid prolonged toxicity to the patient 

(249), and their retention in the tumour has been shown to be substantially longer 

than Dotarem, a conventional gadolinium contrast agent (250). The efficacy of the 

radiosensitising effects of AGuIX has been verified by a number of in vitro studies 

including in mouse skin melanoma cells (251), human pancreatic cells (252), rat 

glioma cells (253), HeLa cells (254), and human glioblastoma (255) amongst many 

others. In terms of the mechanism of uptake into the cells, Detappe et al. found that 

AGuIX was primarily in the cytoplasm inside vesicles for pancreatic cells, suggesting 

that the nanoparticles may not need to reach the nucleus to have an impact on 

radiosensitisation (252). In vivo experiments have also shown AGuIX to be an 

excellent choice as a radiosensitiser, with Quatre et al. finding a significant increase 

in survival time for mice treated with radiotherapy combined with AGuIX on human 

head and neck cancer cells (256), compared with radiotherapy only. This increase in 

survival was also seen by Le Duc et al. in rats bearing 9L glioblastoma cells (250). 

 

SPIONs are less established in the literature for their properties in 

radiosensitisation. The previous focus appears to be around the use of SPIONs for 

hyperthermia treatments for cancer treatment due to their superparamagnetic 
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properties (257–261), as well as for targeted drug delivery and antibody-binding 

(205). However, it appears that SPIONs are now beginning to be recognised for their 

potential as radiosensitisers, with Kirakli et al. finding a dose-dependent, and also 

cell-line specific radiosensitisation for a range of cell lines exposed to 6 MV radiation 

(262), and Shetake et al. observing both a decrease in cell survival and increase in 

DNA damage for fibrosarcoma cells in vitro (263), as well as a number of other studies 

(264–266). Ahmad et al. found a significant increase in DNA damage, as well as a 

significant decrease in clonogenic survival for a study investigating gold, gadolinium 

and iron oxide nanoparticles in glioblastoma and breast cells (267). It is clear that 

there is a lack of in vivo data in regards to the radiosensitising effects of SPIONs, and 

much more work would need to be carried out to determine the optimum 

concentration and nanoparticle size before they could be moved to be of use in the 

clinic. 
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1.9. The MR-Linac 

 

The MR-Linac is a radiotherapy linear accelerator that is combined with an 

MRI scanner for image guidance, as opposed to a CBCT which is conventionally used. 

Currently, in the UK, MR-Linacs are being commissioned at the Christie Hospital, 

Manchester, and the Royal Marsden Hospital, London. There are 2 main 

manufacturers in the MR-Linac space, the first being the MR-Linac designed by Elekta 

(Sweden) – the Elekta Unity®. It has a 1.5 T magnetic field, with the magnetic field 

perpendicular to the radiation beam. This enables MRI images to be taken 

simultaneously with radiotherapy treatment (268). The ViewRay MRIdian® MR-Linac 

(US) is setup up also with the beam perpendicular to the magnetic field, but with a 

much lower magnetic field of 0.35 T, and is capable of ‘real time, on-table, adaptive 

radiotherapy - ROARTM’ (269). The other main difference between the two main MR-

Linacs is that the MRIdian  is designed either as a 6 MV linac, or a Co-60 source (270). 

They also have different magnet setups, with the Unity using a closed 

superconductor magnet and the MRIdian  using a split superconductor (270). 

ViewRay reports that this split magnet allows there to be no interruption of the 

radiation beam, with little attenuation (269,271). An image of the Elekta Unity MR-

Linac is shown in Figure 1.12. 
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Figure 1.12: The Elekta Unity® MR-Linac (268).   

 

1.9.1. Benefits of the MR-Linac 

 

The first potential benefit of the MR-Linac is in the improved soft tissue 

contrast of MRI compared with CBCT. Essentially, being able to better see the 

anatomy of the patient and the location of the tumour would allow the patient to be 

set up more accurately, reducing margins for treatment, which is beneficial for more 

targeted hypofractionated treatment and accurate delivery (272). It also removes the 

need for fiducial markers to be implanted (132,134). The second benefit of the MR-

Linac is in its use of MR-only planning, discussed in Section 1.4.5.1., with a main 

benefit being the reduction of geometrical errors from fusing images (132).  

 

One key potential of the MR-Linac is adaptive radiotherapy; of being able to 

adapt a patients’ plan over the course of their radiotherapy treatment to account for 

geometrical changes, and have the optimal treatment plan for every fraction (273). 
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The limitation of this process is in the extra time that is needed to perform adaptive 

radiotherapy (273), however it has been shown that on-line radiotherapy plans to 

adapt for interfraction motion can be processed in less than 2 minutes (274). In fact, 

a study by Alongi et al. in 25 patients with localised prostate cancer received adaptive 

radiotherapy in a median time 53 minutes per fraction (275). 

 

As well as adaptive radiotherapy achieving corrections for interfraction 

motion, the MR-Linac allows for the possibility of real-time tumour tracking of 

intrafraction motion over the course of the treatment (272). This uses a type of scan 

called cine MRI, in which a series of images is taken and played like a ‘movie’. De 

Muinck Keizer et al. took 29 patients who had received 3D cine MRI for prostate soft 

tissue tracking and validated this with previous fiducial marker tracking data (276). 

The biological impact of tumour tracking in terms of normal tissue control probability 

has been verified by Ward et al. (277). The capabilities of online tumour tracking and 

ultimately MR-gating, allows the potential for MR-Linacs to produce optimal 

treatment plans.  

 

1.9.2. The Electron Return Effect 

 

The Lorentz force, first described by Hendrik Antoon Lorentz in 1985, 

describes the process by which the trajectory of a charged particle is altered when 

travelling perpendicular to the direction of an applied magnetic field (278), given by 

Equation 1.6, where 0	HHH⃗  is the force applied to the particle, Q is the charge, J⃗ is the 

velocity and ,H⃗  is the magnetic field. The impact of this for the MR-Linac is that the 

secondary electrons emitted after interaction of the incident X-rays have their 

trajectories bent and they curl back on themselves (279,280), shown in Figure 1.13 

and known as the Electron Return Effect (ERE). This increases the dose to tissues 

particularly at the boundaries between air and other tissues and has been of 

particularly concern for its impact on skin and lung doses.  
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																																																									0	HHH⃗ = KJ⃗ 	× 	,H⃗                                                              [1.6] 

 

 

 

Figure 1.13: Demonstration of the Lorentz Force causing a change to the trajectory 

of secondary electrons due to the ERE.  

 

MR-Linac design has had to account for the ERE in almost every step. It varies 

the dose distributions that would normally be expected of photon radiotherapy, 

which has impacts at the planning stages to protect OARs and in terms of the 

dosimetry, to ensure the delivered dose of radiation is accurate to all tissues, as well 

as new QA protocols (281–283).  

 

The effect of the ERE on dose distributions has been modelled using Monte 

Carlo. Malkov et al. verified spiralling electrons using Monte Carlo for both 0.35 T 

and 1.5 T magnetic fields and evaluated its potential impact on skin toxicity (284). 

The model was in good agreement with experimental results, suggesting the 

accuracy of the Monte Carlo dose distributions. In contrast, Shortall el al. determined 
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that the Elekta Unity TPS was not sufficiently accurate in estimated doses around 

spherical air cavities using Monte Carlo simulations (285). This may be damaging for 

OARs that are located nearby unplanned air cavities, such as in the intestines (285).  

 

Due to the ERE, the planning process needs to be altered to account for new 

real-time dose distributions. Chen et al. used dosimetry to verify the TPS designed 

for Elekta MR-Linac, using a range of different dosimeters, and determined that the 

TPS accounted well for the effects of the ERE on dose distributions (286). Park et al. 

compared treatment plans for IMRT performed on the MR-Linac with VMAT lung 

SABR plans on a traditional linac. The MR-Linac plans were found to reduce the doses 

to OARs compared with the VMAT plans (287). 

 

1.9.3. Patient Treatments 

 

Reviewing the impact the MR-Linac has had on patient treatments, the first 4 

patients were treated for bone metastases using an IMRT plan with CT-MRI based 

planning and the purpose of choosing bone as the first treatment site was for their 

visibility on MRI (288). Accurate dose delivery was verified using portal imaging (288). 

The first partial breast irradiation treatment with the MR-Linac proved the accuracy 

of the system and determine that the ERE did not increase the risk of acute toxicity 

(289). Moving on from the first patients being treated, a retrospective study of the 

first 500 fractions carried out on a ViewRay MRIdian scanner in Istanbul has shown 

the feasibility of both tumour gating and on-table adaptive radiotherapy (290). 

 

1.9.4. Potential for MRI Contrast Agents as Radiosensitisers 

 

With MR-Linac treatments become more available around the world, it is 

important to look forward as to how this technology can be further improved. With 

the research into nanoparticles as contrast agents and also radiosensitisers discussed 
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in Sections 1.8.2 and 1.8.2, there is the potential for nanoparticles to be used both 

diagnostically and therapeutically. They allow for the potential for nanoparticles to 

increase the accuracy of radiotherapy through increasing the visibility of the tumours 

for adaptive radiotherapy, but also potentially increasing the levels of DNA damage 

and tumour control.  

 

In terms of gadolinium nanoparticles, AGuIX has been shown by Hu et al. to 

be useful as a theranostic agent, by demonstrating a significant decrease in 

clonogenic cell survival in vitro for HEPG2 liver cells, whilst also indicating the highest 

contrast enhancement for in vivo MRI in mice with HEPG2 tumours occurred 1 hr 

post-injection (291). Dufort et al. also validated both the contrast enhancement and 

radiosensitisation of AGuIX in 9L glioma tumours in rats (239). However, as the 

contrast enhancement and the radiosensitisation of these studies were 

demonstrated separately, it is not clear what effect the magnetic field may have on 

the radiosensitisation of the nanoparticles. The only study currently investigating the 

contrast enhancement and radiosensitisation simultaneously is by Byrne et al. in 

which a rat tumour model demonstrated the efficacy of AGuIX as a contrast agent 

for MRI and an improvement in tissue delineation, but also in its ability to increase 

survival (292). A technical report of this study were published by Liney et al. (293). 

However, the setup of this MR-Linac has the magnetic field parallel to the radiation 

beam, and so it is unclear to what extent the effect of the ERE differs for this 

orientation.  

 

In regards to SPIONs, there is a paucity of data regarding the combined effects 

of radiotherapy and MRI. Until now, there is limited research investigating the 

heating effects (thermotherapy) of alternating magnetic fields (not MRI) combined 

with radiotherapy (257,258,261,265), which may go some way to estimating the 

effects the may occur with the use of SPIONs with the MR-Linac. In fact, Jiang et al. 

investigated magnetic field induced hyperthermia combined with radiotherapy for 

gadolinium-doped SPIONs and saw an increased tumour response (258). In order to 

fully utilise the potential for SPIONs to be used both diagnostically and 
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therapeutically, extensive research is required in this area to establish SPIONs within 

radiotherapy treatments with MR-Linacs. 
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1.10. Aims and Hypotheses 

 

The ongoing development of MR-Linacs alongside increasing literature in 

regards to metal nanoparticles being useful as both MRI contrast agents and also 

radiosensitisers, has led to the hypothesis that combining metal nanoparticles, both 

gadolinium and iron oxide, with MRI and radiotherapy may increase tumour control 

and overall patient survival. The increased soft tissue contrast given by the contrast 

agents will allow radiotherapy to be more targeted and allow tumour tracking to 

occur more effectively for adaptive radiotherapy. This allows for the reduction of 

margins, and larger doses delivered to the tumours. Combined with the 

radiosensitising effects of the nanoparticles themselves could result in a substantial 

improvement in current radiotherapy treatments. This hypothesis will be tested and 

investigated using the following 3 aims; 

1. Quantify the effects of magnetic fields on dose measurements using 

dosimetry. 

2. Investigate the contrast enhancement and uptake from varying metal-

based contrast agents (both conventional and nanoparticle) and 

determine its clinical relevance 

3. Investigate cell survival, DNA damage and toxicity caused by the 

combination of magnetic fields, metal-based contrast agents and X-ray 

irradiation, at lower kV and higher MV energies.  
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Chapter 2 

2.          Materials and Methods 
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2.1. Combined Magnet and Linear Accelerator Setup 

 

NPL (National Physical Laboratory) provides a facility in which a clinical Linear 

Accelerator (Synergy model from Elekta, Sweden), capable of emitting X-ray energies 

between 6 – 25 MV, is co-localised in a bunker with a variable electromagnet (GMW, 

US, 250 mm electromagnet, model: 3474-140), with a maximum field strength of 2.2 

T, placed adjacent, to allow for combined magnetic field and radiation exposures. 

The linear accelerator (linac) was calibrated using the IPEM 1990 Code of Practice 

(163). It is important to mention also that the UK MV Code of Practice has been 

updated since this work was completed (294). As shown in Figure 2.1, the linear 

accelerator (linac) is configured at an angle of 72.6° from vertical, so that the 

radiation beam is fired towards the centre of the gap between the poles of the 

magnet, where a phantom can be placed for experimentation, with a source to 

surface distance (SSD) of 305.57 cm. The magnet was set to have a width between 

the poles of 70mm throughout experimentation. The diameter of the poles was 250 

mm. A photograph of the setup, as well as a schematic diagram is shown in Figure 

2.2 and 2.3. Radiation exposures were set up to deliver a field size of 5.89 x 13.64 cm 

at the centre of the magnet poles.  

 

 

Figure 2.1: Orientation of combined radiation and magnetic field setup. 

Schematic diagram with radiation beam pointed towards the surface of the phantom, 

placed in between the poles of the magnet. 
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Figure 2.2: Photograph of combined radiation and magnetic field setup.  

The linac on the left pointing towards electromagnet, within which a phantom can 

be placed. 

 

 
 

Figure 2.3: Schematic diagram of combined radiation and magnetic field setup. 

Demonstrating the direction of radiation and orientation of magnetic field. 
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2.1.1. Linear Accelerator Setup  

 

Each day, prior to irradiation, a warmup procedure is required to ensure that 

the linac is running correctly. This begins by delivering 1000 MU at the required 

energy, in this case, 6 MV. The steering and the peaking of the beam is then checked 

and adjusted to ensure accurate delivery and ensuring hump gain is correct. This 

corresponds to the level of gain given to the current in the plates of the ionisation 

chamber (295).  This ensures that the dose rate is stable. 

 

 

2.1.2. Quality Assurance 

 

 

2.1.2.1. Magnet Calibration 

 

In order to determine the relationship between the current induced in the 

magnet and the corresponding magnetic field, the magnet needed to be calibrated. 

Reference conditions were established, with the distance between the poles of the 

magnet at 70mm, and the magnetic field measured directly in the centre. The 

magnetic field was detected using a Transverse Hall magnetic probe. This measures 

the transverse voltage across a thin film, and then the magnetic field is determined 

using Equation 2.1, where VH  is the Hall Voltage (Volts), I is the current (Amps), B is 

the magnetic field strength (Tesla), n is the density of charge carriers, e is the charge 

of an electron (Coulombs), and d is the thickness of the film (metres) (296). 

 

																																																					"! =	 "#$%&                                                [2.1] 

 

 The current induced in the magnet was increased from 0 to 150 A in 20 A 

steps, and the magnetic field was recorded at each point. This was then repeated for 
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decreasing currents as after the current has been increased the magnet is polarised, 

and is affected by hysteresis, so this determines whether polarisation would affect 

the strength of the magnetic field detected. Line graphs were then drawn using Prism 

8 (GraphPad©) and a quadratic polynomial curve was plotted. This was in order to 

determine the current needed to induce any magnetic field required. The magnetic 

field strength had been previously determined to be uniform around the centre of 

the poles. 

 

2.1.2.2. Dose Calibration Under Reference Conditions 

 

Dose calibration is required for the linac in order to ensure that the dose 

delivered is the same as the dose prescribed. This is performed using a graphite-

walled Ionisation Chamber (2611 chamber calibrated at NPL) placed under reference 

conditions. 

  

Reference conditions at NPL are set at an SSD of 95 cm, with the dosimeter 

placed 5cm deep in solid water, with a further 10 cm behind the film to provide 

adequate absorption of backscatter. The field size is set to 10 cm x 10 cm. The 

reference conditions are shown in Figure 2.4, and are described by the IPEM Code of 

Practice (163). The dose must be accurate to within 2 % of the prescribed dose of 100 

MU per Gy (167,297).  
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Figure 2.4: NPL reference conditions. 

Schematic diagram for the linac in order to perform dose calibration, indicating the 

location of the radiochromic film and the corresponding SSD. 

 

2.1.3. Phantom Setup 

 

To allow for in-vitro experiments, two phantoms were designed to hold flasks 

in place between the poles of the magnet. The first (Phantom 1), a 3D-printed 

phantom made from PMMA, with a protruding end that can be held in place by a jig, 

and a hollow centre with the same dimensions as a Nunc slide flask (ThermoFischer 

Scientific, US), was used to contain cells in-vitro. A schematic diagram, and picture of 

the phantom are shown in Figures 2.5 and 2.6. There was a build-up of 42 mm, added 

to the 5 mm on the front of Phantom 1, to create a dose build-up of 47 mm, also 

made of PMMA, with a schematic diagram shown in Figure 2.7. 
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Figure 2.5: PMMA phantom, Phantom 1, used for in-vitro experimentation for NPL 

setup.  

 

 

 

Figure 2.6: Photograph of PMMA phantom used for in-vitro experimentation for 

NPL setup. 
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Figure 2.7: PMMA dose build-up for Phantom 1, used for in-vitro experimentation 

for NPL setup.  

 

 A second phantom (Phantom 2) was also created which had the same shape 

and material, however, a larger hollow centre to allow for T12.5 flasks (Corning, US) 

to be used in place of the slide flasks. A schematic diagram and an image of the flask 

setup in relation to the magnetic field is shown in Figure 2.8, showing the phantom 

containing a slide flask held in place between the poles of the magnet. 

 

Figure 2.8: Phantom placed in between the poles of the electromagnet. 

Schematic diagram with red arrows indicating the direction of the static magnetic 

field, B(T). The radiation beam is delivered perpendicular to the magnetic field, with 

N and S representing the north and south poles of the magnet respectively. 
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2.2. Dosimetry 

 

Dosimetry was required for this experimental setup to quantify how many 

monitor units the linac required to use to deliver a specific dose to cell in-vitro. This 

is important for accurate dose delivery. The other reason dosimetry was necessary 

was to see whether there was an effect from the magnetic field on the dose 

delivered. 3 different established dosimeters were tested (alanine, GAFchromic film 

and ionisation chamber), and the effect from the varying magnetic fields, from 0 to 

1.5 T, was measured, with a further 2 dosimeters (microDiamond and DoseWire) 

investigated as potential dosimeters for use in the presence of magnetic fields. 47 

mm of PMMA was added to the front of the phantom to add a dose build-up, the 

same thickness as would be used for the cell experiments. This is to ensure that the 

dose delivered is beyond the peak of the depth-dose curve than the peak and prevent 

to reduce the uncertainty in the applicability of the calibration. The reason for this is 

that before the peak of the curve there is no charge particle equilibrium and so cavity 

theory hypotheses are not valid, so it essential to test past the peak of the curve 

(298). 

 

2.2.1. Alanine 

 

Alanine is a polymer with chemical formula C3H7NO2. It is used in dosimetry 

as irradiation leads to the formation of very stable free radicals. The yield of free 

radicals is dependent on dose, but independent of dose rate and energy, amongst 

other properties (299). The dose is measured using Electron Paramagnetic 

Resonance (EPR) Spectroscopy, which measures the energy level transitions of 

electrons at a specific resonance frequency within a magnetic field (300). The EPR 

Spectroscopy was carried out by the Alanine Dosimeter Reference Service at NPL, for 

3 repeats. 
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The alanine was processed by NPL in the form of pellets, with 5 pellets used 

for each measurement, aligned inside a tube which is inserted into a third phantom 

(Phantom 3), shown in Figure 2.9, and irradiated with 30,000 MU. The EPR 

spectroscopy carried out by NPL relates the MU to radiation dose. Phantom 3 aligns 

the centre of the alanine pellets with the location of the cells, as well as the centre 

of all other detectors used. 

 

Figure 2.9: Alanine phantom (Phantom 3). 

Photograph demonstrating the direction of radiation through the phantom, as well 

as the added build-up to both the front and back of the phantom. 

 

2.2.2. GAFchromicTM Film 

 

EBT3 GAFchromicTM film (Ashland, US) was placed under reference conditions 

and irradiated using a range of monitor units from 0 to 10 Gy. This is a radiochromic 

film that becomes darker with increasing exposure to radiation and can therefore be 

used to determine the dose applied. A schematic diagram of the film is shown in 
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Figure 2.10, with an active layer 28 μm thick, sandwiched between two polyester 

layers (301).  

 

Figure 2.10: Radiochromic film used for dose calibration. 

Schematic diagram showing an active layer that darkens with increased dose, in 

between two polyester layers. 

 

A calibration curve was created, by plotting the optical density of the film 

against the known dose delivered. The equation for optical density is in Equation 2.2, 

where I is the intensity of the film, in this case, the grey value, and I0 is the intensity 

of the background.  

 

																																																											L6 = log	(9"9 )                                                            [2.2] 

 

 To determine the optical density of the films, they were scanned using an 

Epson Expression 10000XL scanner (Epson, Japan), with a resolution of 72  DPI. This 

allows the user to determine the dose that a film has received by comparing the 

optical density, using the calibration curve from an area taken from the centre of the 

curve, ensuring the edges of the film are not sampled. Specific software FilmQATM 

Pro (Ashland, US) was used to produce the calibration curve, using a triple channel 

correction, and then taking the red channel values for each dose using Equation 2.3 
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to fit a calibration curve to the data, of the red channel response, where D is the dose 

in Gy. An example image of the software is show in Figure 2.11. 

 

                                                   $(&) = 	'(#)*+                                                         [2.3] 

 

 

 

Figure 2.11: Dose calibration films on FilmQATM Pro. 

Image from individual exposures for doses of 0 – 10 Gy, carried out under reference 

conditions, each film of size 5 cm x 5 cm. 
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Once the calibration curve had been created, the film was tested under 

experimental conditions to determine the dose delivered to the cells. Phantom 1 was 

used, with strips of film placed in the hollow centre at the same position as cells 

would be placed for cell exposures. The hollow centre was then filled with water to 

avoid air gaps that would lead to the potential electron return effect (ERE). 3000 

monitor units (MU) were delivered, defined under the reference conditions shown 

in Figure 2.4, to each film and the dose received by the films was determined using a 

calibration curve, and then processed using FilmQATM Pro (302). 

 

2.2.3. Ionisation Chamber 

 

Ionisation chambers work by detecting ionisations that occur as the radiation 

interacts with the gas contained within the chamber (28). The negatively charged 

electron and positively charged ion are attracted to electrodes with opposite 

polarity, and this change in charge is then measured which is linear to the dose 

received (28). The applied charge prevents ion recombination before the ions reach 

the electrodes. Charge particle equilibrium is essential with the length of the total 

path length of the electrons representing the number of ionisations that have 

occurred (303). Ionisation chambers work with the Bragg-Gray Cavity Theory, in 

which, assuming the cavity is small relative to the range of charged particles, a 

change in the ratio of average stopping powers between the photon interactions and 

under charged particle equilibrium is due to the loss of kinetic energy in the materials 

(303).  

 

The ionisation chamber used was a 2611 Chamber and was placed inside 

Phantom 3, under the same setup as in Figure 2.8. 200 MU was delivered to the 

ionisation chamber, for each magnetic field strength. The ionisation chamber was 

calibrated in an Elekta Synergy linac at 1.5 T under the reference conditions shown 

in Figure 2.4, using alanine as a reference detector. Alanine was traceably calibrated 

against the NPL’s primary standard of absorbed dose to water, a graphite 
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calorimeter, and corrected for its effect due to the magnetic field using a factor 

published by Billas et al. (304,305). The correction factors for the ionisation chamber, 

derived by the alanine measurements are displayed in Table 2.1. 

 

B-field (T) 
Dose per unit charge (Gy/C) 

calibration  factor 
B-field correction factors 

0 5.45E+07 1 

0.5 5.29E+07 0.9706 

1 5.10E+07 0.9358 

1.5 5.22E+07 0.9578 

 

Table 2.1: The dose per unit charge corresponding to each magnetic field strength, 

as an ionisation chamber correction factor under the influence of a magnetic field. 

To account for the difference in dose due to the ERE effect, taken from Billas et al.  

(304,305). 

 

The dose received by the chamber was then calculated using Equation 2.4, 

using the established correction factor provided by Billas et al. (304,305) .  

 

																							6PQB	(RS) = =ℎUCVB	(=) 	× 	=PCCBWXYP8	0UWXPC	(:;< )                           [2.4] 

 

2.2.4. microDiamond 

 

The microDiamond (PTW, Germany) is a solid state ionisation chamber that is 

used as a semiconductor (306). The energy levels within the crystal structure of the 

microDiamond causes electron hole pairs to form when ionised by incident radiation. 

These electron hole pairs induce a current within the detector that is proportional to 

the amount of radiation received (28).  
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Again, the detector was placed in Phantom 3, under the same conditions as 

the Alanine and Ionisation Chamber measurements. However, due to the directional 

dependence of the microDiamond, the experiment was carried out at both 0° and 

180° around the vertical axis, from a point that had previously been determined to 

give the maximum electric current. A photograph of the detector in place is shown 

in Figure 2.12. 

 

 

 

Figure 2.12: microDiamond detector inside Phantom 3. 

Phantom placed in between the poles of the magnet for dosimetry measurements.  

 

To determine the dose received by the microDiamond, it was placed under 

reference conditions in the same experimental setup as described in Section 2.1.2.2. 

to create a calibration curve in which the readout could be compared to that of 
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known doses, determined by the reference conditions shown in Figure 2.4. 1000 MU 

was delivered to the microDiamond. 

 

2.2.5. DoseWireTM 

 

The DoseWireTM (DoseVue, Belgium) is an inorganic scintillation detector with 

a simple design in which a scintillator crystal is connected to a fibre optic cable and 

photomultiplier tube (PMT) (307). This creates a measurable current in the detector 

which is proportional to the number of scintillations, which is an indicator of the dose 

received.  

 As with the GAFchromicTM Film and the microDiamond, the dose was 

determined by comparing with reference conditions described in Section 2.1.2.2. and 

the detector was prescribed 500 MU, placed in Phantom 3. It is important to note 

here that the MicroDiamond and DoseWire were not used to determine the number 

of monitor units needed to provide a dose to cells, they were experimental 

measurements. 

 

2.2.6. Percentage Dose/Depth Curve (PDD) 

 

Due to the ERE effect, described in Section 1.9.2, the PDD for this 

experimental setup was unknown. The increased dose at boundaries between air and 

other mediums led to the hypothesis that the PDD would have a dmax at a lower 

depth, with the X-ray beam depositing more of its energy at lower depths.  

In order to test this hypothesis, a custom phantom was constructed which 

was designed to be placed in between the poles of the magnet, but also allow 

GAFchromicTM film to be placed parallel to the beam. The phantom (Phantom 4) is 

shown in Figure 2.13.  
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Figure 2.13: GAFchromicTM film placed between PMMA blocks, Phantom 4. 

 Placed parallel to the radiation beam, in between the poles of the electromagnet, as 

indicated in Figure 2.3. 

 

A strip of GAFchromicTM film was 12 cm in length, with 0.5cm of film exposed 

at the front of the phantom in order to be able to see the dose build-up as the 

radiation is attenuated by the phantom. 3000 MU was delivered to the film, for 

magnetic fields from 0-1.5 T. Then, using FilmQATM Pro, a profile was taken along the 

length of the film, and the optical density at each point along the film was normalised 

to give a dose of 1 at the dmax, of climax, of the curve. These PDD curves were then 

plotted as line graphs using Prism 8 to determine whether the application of a 

magnetic field has any impact on the distribution of dose within the phantom. 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 108 

2.2.7. Field Uniformity 

 

A number of steps were taken to ensure the field was uniform over the space 

in which the cells would be placed. To test the uniformity, GAFchromicTM film was 

placed in Phantom 1, under the same conditions as demonstrated in Section 2.1. 

After irradiation of 3000 MU, films were processed using ImageJ, a java-based 

programme for image analyses.  

 

Profiles were taken along both the length and width (G	and S direction) of the 

film, keeping away from the edges of the film where uncertainty may arise due to 

the cutting of the film interrupting the precise layers. as shown in Figure 2.14, and 

the profile plotted as grey number against distance, an example shown in Figure 2.15.  

 

 

Figure 2.14: Technique for taking profiles along the length of the GAFchromicTM 

film. 

 Example image, to determine field uniformity using grey value as the tested variable. 
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Figure 2.15: Example profile of length of GAFchromicTM film, indicating the area 

with slide flask. 

In order to determine field uniformity and for cell irradiations, with the decrease on 

the right side of the profile due to the ERE where the film was held in place, indicating 

also where the slide filled with cells would be placed. 

 

The films were notably darker on one end of the film, as also indicated in 

Figure 2.15, which is the area that the film was held in place with polystyrene, and 

also where a slide flask would be held in place. This area is impacted by the ERE. The 

cells were not placed in this area, and therefore, for analysis, this section of the 

profile was removed, defined by the length of the end of the slide flask. Then the 

mean pixel value and standard deviation were calculated as a measure of how 

uniform the field was along the remaining length.  
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2.2.8. Impact of ERE on Cell Dose 

 

As mentioned in Section 2.2.7, a small section on the end of the film, designed 

to hold a slide flask in place, was darker due to the ERE. Although the cells would not 

be present in that area of the film, it was important to determine whether this would 

impact the dose to the rest of the film, or encroach on the area in which the cells 

would be placed.  

 

FilmQATM Pro was used to analyse the same films as in section 2.2.7, exposed 

to 3000 MU. Using the calibration curve created on FilmQATM Pro, a profile was taken 

along the length of the film, using the dose map, with an example profile shown in 

Figure 2.16.  

 

 

Figure 2.16: Technique for taking profile along dose map of film taken using 

FilmQATM Pro. 

Example profile with a visible difference on left side, due to the ERE, in order to 

investigate the impact of this on the area in which the cells would be placed. 

 

The profile was cut off at 5 cm, to include only the area in which the cells 

would be present. The mean dose was taken along the profile, as well as the mean 

dose in the last 3mm of the film, to detect whether the last 3 mm were impacted by 

the ERE. This was carried out for magnetic field strengths of 0 – 1.5 T.  
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2.3. Contrast Agents 

 

3 contrast agents were used throughout this thesis; Dotarem (Guerbet, 

France), a conventional gadolinium contrast agent, AGuIX, a gadolinium 

nanoparticle, and SPIONs (Sigma, UK), iron oxide nanoparticles, described below.  

 

2.3.1. Dotarem 

 

Dotarem (Gadoteric Acid) is a conventional (non-nanoparticle) gadolinium 

contrast agent that is frequently used clinically for contrast-enhanced MRI scanning. 

With a molecular weight of 558.64 g/mol, it consists of 1 gadolinium ion chelated to 

a complex using an organic acid called DOTA, with empirical formula C16H25GdN4O8 

(308). Dotarem was used at concentrations ranging from 0 – 20 mM throughout the 

project, and is supplied at a stock concentration of 279.32 mg/ml. The chemical 

structure is shown in Figure 2.17 (309). 

 
 

Figure 2.17: Chemical structure of Dotarem (309). 

Given by the chemical formula C16H25GdN4O8 of gadolinium chelated to DOTA. 
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2.3.2. AGuIX 

 

AGuIX (Activation and Guidance of Irradiation by X-ray) nanoparticles are a 

gadolinium-based nanoparticle kindly provided by Professor Olivier Tillement of 

Nano-H, University of Lyon, and comprised of 10 gadolinium ions, chelated to DOTA. 

Each nanoparticle has an average size of 5 nm and is suspending in a solution of 1 ml 

sterile ddH2O. It has a molecular weight of 10 kDa. AGuIX was used in-vitro at a 

concentration of 1 mM. A schematic representation of the molecule is shown in 

Figure 2.18 (248). 

 
 

Figure 2.18: Schematic representation of AGuIX molecule (248). 

 

2.3.3. SPION 

 

The SPIONs (Superparamagnetic Iron Oxide Nanoparticles) selected for this 

project were 5 nm in diameter, with a molecular weight of 231.53 g/mol. They have 

the chemical formula Fe3O4, and are suspended in H2O at 5 mg/ml. The SPIONs were 

used in-vitro at a concentration of 0.1 mM. 
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2.4. Imaging of Contrast Agents 

 

To begin investigating the concentrations of contrast agents that are clinically 

relevant, a range of concentrations were scanned using clinical MRI and CT scanners. 

The contrast enhancement was then visualised and quantified using the the Eclipse 

(Varian, US), treatment planning software. This experiment was carried out using 

Dotarem, AGuIX and SPIONs. 

 

2.4.1. Experimental Setup 

 

In order to replicate the setup up of a patient scan, the Stereotactic End-To-

End Verification (STEEV) (CIRS, US) head and neck phantom was used. The STEEV 

phantom was designed as a phantom for target localisation and dose delivery QA in 

Stereotactic Radiosurgery (SRS) (310,311). An in-house PMMA phantom (Phantom 5) 

was built which could be placed inside the head of the phantom. The placement area 

of Phantom 5 within STEEV is shown in Figure 2.19. It held 8 x 1.5 ml Eppendorf tubes 

(Sigma, UK) that were filled with increasing concentrations of contrast agents, with 

the concentrations shown in Table 2.2. A photograph of the in-house insert is shown 

in Figure 2.20.  
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Figure 2.19: Photograph indicating the cavity in the STEEV phantom to insert 

Phantom 5. 

 

Eppendorf Number Concentration (mM) 

1 0 

2 0.05 

3 0.1 

4 0.5 

5 1 

6 2 

7 5 

8 10 

 

Table 2.2: The concentrations of contrast agents within each Eppendorf tube 

within Phantom 5. 
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Figure 2.20: In-house PMMA phantom capable of holding 8 Eppendorf tubes filled 

with varying concentrations of contrast agent (Phantom 5). 

 

Prior to being scanned, once the 8 Eppendorf tubes were inserted, Phantom 

5 was filled with water and sealed, to remove any air gaps. The set-up of the STEEV 

phantom on the treatment couch of the CT scanner is shown in Figure 2.21. 
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Figure 2.21: Experimental setup with STEEV phantom. 

Photograph with STEEV placed on the treatment couch, aligned using lasers. 

 

2.4.2. Imaging Modalities and Acquisition Parameters 

 

As mentioned above, the contrast agents were scanned using 2 MRI scanners 

– Philips 1.5 T and Siemens MAGNETOM Aera 1.5 T - and 2 CT scanners – GE Optima 

CT580 and GE Discovery CT590 RT. The CT scanners are known as Sim 2 and Sim 3 

respectively. Information regarding the imaging modalities is shown in Table 2.3, 

with more details into the scanning protocols for the MRI scanners described in Table 

2.4. 
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Scanner Scan Details 

Philips 1.5 T MRI 

(Netherlands) 
T1-weighted SRS Protocol 

Siemens MAGNETOM 

Aera 1.5T (Germany) 
T1-weighted SRS Protocol 

GE Optima CT580 CT 

(US) 
120 kV 250 mA 

GE Discovery CT590 

RT (US) 
120 kV 250 mA 

 

Table 2.3: Parameters of image modalities used to investigate contrast 

enhancement from different concentrations of contrast agents. 

 

Imaging Parameters 

Imaging Modality 

Philips 1.5 T 
Siemens MAGNETOM 

Aera 1.5 T 

MR Sequence T1 brain scan T1 brain scan 

X/Y resolution 0.1094 cm 0.0719 cm 

Slice thickness 2.2 mm 2.6 mm 

Slice Width 1 mm 2.6 mm 

Repetition Time (TR) 25 ms 550 ms 

Echo Time (TE) 4.6 ms 9.3 ms 

Field of View (FOV) 250 mm 230 mm 

 

Table 2.4: Imaging parameters and scanner details for the MRI scans. 

 

2.4.3. Analysis of Contrast Enhancement 

 

Once the scans had been completed, the images were imported into Eclipse 

(Varian, US), a treatment planning software, in order to be contoured. The volume 
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inside each Eppendorf tube was contoured, with a margin of 1 mm away from the 

edges of the tubes. This was an arbitrary measurement chosen purely to remove any 

potential signal from the plastic Eppendorf tube. The mean grey value (CT number in 

the case of the CT scans) and the standard deviation was recorded. This allows for 

graphs to be plotted comparing the concentrations to the contrast enhancement. 

Examples of images of the phantom scanned on the different imaging modalities is 

shown in Figure 2.22. It is important to mention that the Philips MRI scanner had to 

be corrected for an applied rescaling factor that is applied to images that was 

subtracted before contrast enhancement was determined. The purpose of the 

scaling factor was to maximise ‘bit depth’ to improve the contrast between mediums 

(312). It was essential to remove this to directly compare contrast enhancement with 

the Siemens MRI scanner.  
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Figure 2.22: Images from STEEV phantom demonstrating contrast enhancement 

and contouring. 

Phantom containing 8 Eppendorf tubes with varying concentrations of contrast 

agents up to 10 mM, surrounded with water, and contoured using Eclipse with a 

margin of 1 mm from the edge of the Eppendorf tubes. 

 

2.5. Analysing SRS Patient Scans to Determine Clinically Relevant Contrast 

Agent Concentrations 

 

Following local research governance approvals (269936, Trust IRAS), MRI 

scans of 64 patients who had previously received SRS radiotherapy treatments for 
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brain metastases were selected. Each patient had at least 1 fraction of doses varying 

between 15 and 25 Gy, with planning involving dynamic conformal arcs to conform 

to the shape of the tumour at all times as the linac moves around the patient, an 

example of which is shown in Figure 2.23 and Figure 2.24. An example of the planning 

margins is shown in Figure 2.25, with the PTV margin of 1 mm greater than the GTV, 

using iPlan, and the conformality of the MLCs around the tumours is shown in Figure 

2.26. Treatment planning software Eclipse (Varian, US) was used, with Image 

registration allowing contours from CT scans of treatment plans for each patient to 

be re-mapped onto the corresponding MRI scans, in which the MRI intensity of each 

tumour and tumour volume was noted. The MRI intensity was taken from the GTV, 

measured as an arbitrary value. The MRI intensities were then used to directly 

compare with contrast agent enhancement to investigate the concentration of 

contrast agents that are clinically relevant. Quadratic polynomial curves were used 

to extrapolate the concentration of contrast agent that would produce the same 

contrast enhancement as the patient scans, by taking the mean signal intensity of all 

tumours. All patient MRI scans were carried out at Royal Victoria Hospital, Belfast on 

a contrast enhanced Philips 1.5 T MRI, using the protocol described in Table 2.4.  

 

 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 121 

 

Figure 2.23: Example of SRS treatment plan for patients with brain 

metastases. 

Axial slice showing central brain metastases on a CT scan with dynamic conformal 

arcs providing SRS treatment. 

 

Figure 2.24: Visualisation of dynamic conformal arcs on SRS patient 

treatment plan. 

Showing central brain metastasis on a CT to be treated with SRS, showing the 

direction of motion of the linac gantry in relation to the tumour. 
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Figure 2.25: Example of SRS planning margins for brain metastases. 

PTV is represented in orange, 21 Gy dose distribution in yellow and the 5 Gy dose 

distribution in blue. Structures shown on a CT scan are brain metastases of a 

patient to receive SRS treatment of 21 Gy in 1 fraction.  

 

 

Figure 2.26: Example of the conformality of the MLCs around the tumours created 

using the dynamic conformal arcs. 

3D visualisation of the tumour for treatment in Figure 2.25, and surrounding OARs. 
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2.6. Analysing SRS Patient Scans using Radiomics to Predict Overall 

Survival 

2.6.1. Patient Dataset 

 

Of the 64 patients, 10 patients were removed from the study. Of the 10 

patients, 2 did not receive MRI scans, 2 were not eventually treated, 3 had previous 

SRS treatments, for 2 patients there were issues in importing the MRI scans, and 1 

patient had an MRI scan on a different scanner with varying protocols. The patient 

with an MRI scan from a different scanner could not be included in the analysis due 

to the importance of standardisation of protocols, particularly in the use of radiomics 

(313). Of the 54 patients, 8 had whole brain radiotherapy (WBRT) prior to the SRS 

treatment, and 8 patients had previous brain surgery. A table of the characteristics 

of the patient dataset is shown in Table 2.5. 
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Characteristics Number / median % / Range 
Number of Patients 54  
Age (years) 61.5  33-84 
Gender F (30) M (24)  
Tumour Size (cm3) 0.899  0.006 – 20.53 
Mets 
1 
2 
3 
4 

1 
33 
15 
5 
1 

1 – 4  
61.1 % 
27.8 % 
9.3 % 
1.9 % 

Primary 
Melanoma 
Lung 
Kidney 
Other 

 
14 
19 
10 
11 

 
25.9 % 
35.2 % 
18.5 % 
20.4% 

Previous WBRT 8  14.8 % 
Previous Surgery 8  14.8 % 
Dose (Gy) 21  15 - 25 
Fractions 
1 
3 
5 

1  
43 
6 
5 

1 – 5 
79.6 % 
11.1 % 
9.3 % 

BED (
=
> = Z[) 65.1 32.3 - 65.1 

KPS 90 60 - 100 
RPA 2 1-3 
MRI Intensity 542.7 300.3 - 805.5 
Conformity Index (CI) 1.34  1 - 1.78 
Ian Paddick Conformity 
Index (IPCI) 

0.74  0.46 - 0.97 

Gradient Index (GI) 1.28  0.15 - 4.74 
 

Table 2.5: Characteristics of patient dataset for 54 patients with SRS treatment for 

brain metastases.  

Column 2 represents either the number of patients in each category or the median 

number, and column 3 represents the percentage of patients, or the range of data. 

BED – Biologically Effective Dose, RPA – Recursive Partitioning Analysis. 

 

The Karnofsky Performance Status (KPS) is a measure of a patient’s fitness, 

and is used a measure of a patients overall health, ranging from 1 – 100, with 100 

representing no symptoms (314). This is important in deciding the best treatment for 

a patient, with only patients with a KPS > 70 usually considered for SRS treatment in 
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this centre. The Recursive Partitioning Analysis (RPA) is a technique used for patient 

prognosis, grouping patients into 3 classes, developed by Gaspar et al. and based off 

a study of 1200 patients with brain metastases (315). The classes are derived from 

KPS scores, with Class 1 being patients that have a KPS ≥ 70 and are also < 65 years 

old. Class 3 is for patients with a KPS < 70, and then Class 2 is for all other patients 

(315).  

 

The conformity indices (CI) are a measure of how conformal the treatment 

plan is, or how close the volume of the dose delivered is to the tumour volume. A 

value closer to 1 represents a more conformal plan. The Ian Paddick Conformity Index 

(IPCI) is an alternative method of calculating the CI, which presents results as a 

percentage of conformity (316). The Gradient Index (GI) is a measure of how rapidly 

the dose decreases when outside the target volume (dose falloff), and is measured 

as the ratio of the volume at the 50 % isodose line to the volume at the 100% isodose 

line (317).  

 

From this dataset, a list of clinical features were selected to determine 

whether they could be used as predictors of overall survival (OS) for this set of 

patients. Each clinical feature was split into 2 groups for analysis, described in Table 

2.6, with the BED calculated using Equation 1.4. It is important to explain how the 

tumour volume features were derived, which is explained in Table 2.7. 
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Clinical Feature Median (range), SD Groups (number) 
Age Group (years) 61.5 (33-84), 11.3 <60 (25) and >60 (29) 
Gender  F (30) and M (24) 
KPS 90 (60-100), 11.1 <100 (33) and 100 (21) 
RPA 2 (1-3) 0.46 1 (13) and 2-3 (41) 
BED (" #$ = &') 65.1 (32.3-65.1), 12.0 <60 (18) and >60 (36) 
Primary Melanoma  Melanoma = 1 (14) and 

Other = 0 (40) 
Metastases 1 (1-4), 0.74 1 = 0 (33) and >1 = 1 (21) 
Total Tumour Volume 
(cm3)* 

2.82 (0.06-20.5), 4.39 <2 (24) and >2 (30) 

Large Tumour Volume 
(cm3) 

1.38 (0.02-20.5), 4.18 <2 (32) and >2 (22) 

Small Tumour Volume 
(cm3) 

0.88 (0.01-16.8), 3.38 <2 (39) and >2 (15) 

MRI Intensity (AU) 542.7 (300.3-805.5), 
101.9 

<550 (31) and >550 (23) 

MRI-Treatment Time 
(days) 

11 (6-15) 2.53 <10 (25) and >10 (29) 

 

Table 2.6: Clinical features investigated as predictors for OS in SRS patients. 

AU – Arbitrary Units. 

 

Clinical Feature Explanation 

Total Tumour Volume 
The total volume of all metastases (mets) regardless of 

the number of mets. 

Large Tumour Volume 
In the case of a patient with multiple mets, the met 

with the largest volume was selected. 

Small Tumour Volume 
In the case of a patient with multiple mets, the met 

with the smallest volume was selected. 

 

Table 2.7: Explanation of how tumour volume features are derived. 

This applies to 17 of the 54 patients, the patients that have more than 1 tumour and 

therefore have a ‘largest’ and ‘smallest’ tumour. 

 

The MRI-treatment time is the time between the planning MRI scan and the 

treatment date. The rationale for selecting this feature was that often if a patient has 
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a treatment plan created which delivers a greater dose to the surrounding tissue the 

plan is often recreated to introduce more fractions with a lower dose/fraction. This 

requires extra planning time, and so it is thought that it might indirectly impact OS, 

through the fractionated treatment, or directly in allowing for more tumour growth 

before treatment. 

 

2.6.2. Radiomics Analysis 

 

As discussed in Section 1.4.5.3, radiomics is a technique used by which many 

features are extracted from an image that can be used to estimate clinical outcomes, 

in this case OS of SRS patients. In this study, a programme RadiomixTM 

(OncoRadiomics, Belgium) was used to extract these features. Radiomics features 

were sampled to include isoptropic voxels and a discretisation value of 25. 

Discretisation is the process of grouping voxels according to their intensities in order 

to perform the texture features within the programme (318). 

As there is over 129 features that are available to analyse with RadiomixTM, 

the features that were selected for this study were informed by a previous study by 

Mouraviev et al. in which they were found to be the most predictive radiomics 

features of local control in patients receiving SRS treatments (319). The 7 features 

that were chosen are outlined in Table 2.8, with basic descriptions of how the 

features are extracted. Just as for the clinical features, the radiomics features were 

split into 2 groups for analysis, shown in Table 2.9. Just as with the tumour volumes 

in the clinical features, the radiomics features have also been repeated for the largest 

tumour and then again for the smallest tumour to determine whether the largest or 

smallest tumours have the most impact on OS. The 2 sub-groups formed for each 

feature were for values greater than and less than the median value.
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Radiomics Feature Description 

Gray-Level Run-

Length Matrix_Short 

Run Emphasis 

(GLRLM_SRE) 

GLRLM is a matrix of grey level runs, which are the number of pixels in a row (length) that have the same grey value, 
with the mean value taken from all directions. The short run emphasis is the distribution of short runs, with a higher 
number representing finer textures. 

Shape_Elongation A 3D geometric feature that involves shape and size, with elongation evaluating the lengths of principle axis, a value 
of 1 representing a circle object with no elongation. 

Shape_Flatness A 3D geometric feature that involves shape and size, where flatness takes into account the ratio of longest and 
shortest lengths of the principle axis, with 0 representing a flat object within 1 single slice. 

Shape_Sphericity A 3D geometric feature that involves shape and size, where sphericity is a measure of how much of the volume 
resembles a sphere, where 1 represents a circle. 

Stats_Maximum Stats (or first order grey level statistics) interprets the distribution of grey values within an object, where the 
maximum is the maximum intensity value within an object. 

Stats_Range Stats (or first order grey level statistics) interprets the distribution of grey values within an object, where the range is 
the range of intensity values within an object. 

Stats_RMS (root 

mean square) 

Stats (or first order grey level statistics) interprets the distribution of grey values within an object, where the RMS is 
the quadratic mean of all the voxel intensity values within an object. 

Stats_p90 

(90th Percentile) 

Stats (or first order grey level statistics) interprets the distribution of grey values within an object, where the 90th 
percentile is the grey value of a voxel that is higher than 90% of the remaining voxels. 

 

Table 2.8: Selected radiomics features with descriptions of how they are obtained (145,320).
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Radiomics Features Median (range), SD 

GLRLM_ShortRunEmphasis large 0.89 (0.52-0.98), 0.08 

Shape Elongation large 0.80 (0.03-8.43), 1.07 

Shape flatness large 0.69 (0.32-0.90), 0.12 

Shape Sphericity large 0.88 (0.43-17.7), 2.32 

Stats Maximum large 960.6 (513.8-2.2E+11), 2.9E10 

Stats Range large 637.9 (266.3-1250), 224.1 

Stats RMS large 541.9 (0.06-840.4), 250.9 

Stats p90 large 659.6 (34.4-1120), 284.3 

GLRLM_ShortRunEmphasis small 0.89 (0.52-0.98), 0.08 

Shape Elongation small 0.82 (0.02-8.43) 1.07 

Shape flatness small 0.71 (3.04E-16 – 0.89), 0.16 

Shape Sphericity small 0.88 (0.41-17.7), 2.33 

Stats Maximum small 957.1 (413.3-2.22E+11), 2.99E10 

Stats Range small 613.4 (88.6-1250), 255.8 

Stats RMS small 525.5 (0.07-840.4), 243.4 

Stats p90 small 608.8 (31.2-1120), 276.4 

 

Table 2.9: Radiomics features investigated as predictors for OS in SRS patients. 

Column 2 represents, the median value, the range and the SD. Subgroups for this 

data are < median = 0 and > median = 1, from results of this study. 

 

2.6.3. Kaplan-Meier Curves 

 

Kaplan-Meier (KM) curves were first described in 1958 (321), and are a 

method used to display survival data, and for comparing survival of different groups 

of data (322). In this study, KM curves are used to investigate whether different 

clinical and radiomics features can produce statistical changes in OS, and therefore 

be predictors of OS for future patients. 
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KM curves were generated using R, a statistical programme using the 

‘Survival’ and ‘GGplot2’ packages (323,324). As well as a plot for OS alone, KM curves 

were generated to investigate OS for all of the clinical and radiomics features from 

Tables 2.6 and 2.8. Then, 2 features were combined to investigate the impact of the 

combination on OS. The R code also allowed for testing statistical significance by 

presenting the p-values using a log-rank test for a chi-squared distribution, as well as 

the corresponding confidence intervals. A plot of the ‘number at risk’ was also 

presented under the KM curves, indicating the number of surviving patients in each 

sub-group at each time point, every 6 months. 

 

2.6.4. Cox-Regression Hazard Ratios 

 

Hazard ratios (HR) are a regression model that is used to quantify the impact 

of a variable on survival by comparing one variable with another and predicting the 

magnitude that one variable is higher risk than another i.e. the rate of death for one 

variable compared with another. Hazard ratios are calculated for both univariate 

(single feature) and multivariate (2 or more) analysis to understand the risk 

associated with the clinical and radiomics features on OS of patients with brain 

metastases, treated with SRS. In this study, multivariate analysis included just 2 

features. A HR of 1 represents equal risk for both sub-groups, whereas a HR greater 

than 1 represents a greater risk, and lower than 1 represents a lower risk. HRs were 

also carried out using R, with statistics recorded using the Wald Test, and a p-value 

representing significance when p < 0.05. All HR groups for clinical and radiomics 

features were the same as in Table 2.6 and 2.9 respectively. 

 

2.6.5. Correlation Coefficients 

 

When features are highly correlated, they should not be combined for 

analysis, as it leads to over-fitting of the model. By this, it means that, while the 
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model may be useful for that dataset, it will not work for other datasets that are not 

correlated. Therefore, it is important that highly correlated features are not 

combined for analysis, both for KM analysis and for HR analysis. For this reason, the 

correlation coefficients between all clinical and radiomics features was calculated 

and plotted on a heat map to indicate the correlated features. This was carried out 

again in R studio, with the ‘Corrplot’ package, using the Pearson correlation method.  
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2.7. Tissue Culture 

 

 

2.7.1. Selecting Cell Lines 

 

In order to decide which cell lines to investigate in vitro, it was important to 

understand which treatment sites MR-Linacs were likely to be used. At the time of 

this experiment, there were no patients undergoing treatment with an MR-Linac, and 

so to determine what sites were likely to be used, the current literature was utilised. 

An extensive review of the current literature was carried out, and for each paper 

regarding MR-Linacs, the treatment site investigated was recorded. A pie chart was 

then created and the top 6 most commonly used treatment sites were selected, with 

1 cell line chosen to represent each site. 

 

2.7.2. Culture methods 

 

All cell lines were incubated at 37 °C (Sanyo, Japan), with the humidity 

controlled using a water bath situated at the bottom of the incubator, and CO2 at 5 

%. For passaging, a BioMAT Class II unidirectional laminar down-flow microbiological 

safety cabinet – or tissue culture hood – was used (ThermoFischer Scientific, US). Cell 

lines H460, MCF7, U87 and HEPG2 were cultured in Dulbecco’s Modified Eagle Media 

(DMEM) (Sigma, UK), supplemented with 10 % Fetal Bovine Serum (FBS) (Sigma, UK) 

and 1 % Penicillin Streptomycin (Pen-Strep) (Sigma, UK). MiaPaCa2 cells were 

cultured in a High Glucose DMEM media that, as well as FBS and Pen-Strep, was 

supplemented with 0.2 % Sodium Pyruvate. DU145 cells were cultured in Roswell 

Park Memorial Institute (RPMI) media (Sigma, UK), also supplemented with 10 % FBS 

and 1 % Pen-Strep. All cell lines were obtained from the American Tissue Culture 

Collection (ATCC). 
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When culturing, cell lines were allowed to gain around 80 % confluency, and 

passaged every 2-3 days to maintain exponential growth. In the process of passaging, 

cells were washed with 5 ml of sterile Phosphate Buffered Solution – one PBS tablet 

was dissolved into 100ml of deionised water (ddH2O). 2 ml of Trypsin (ThermoFischer 

Scientific, US) was then added (2.5 % in PBS), and left to incubate at 37 °C for a few 

minutes, until the cells had detached from the base of the flask. 5 ml media was 

added to inactivate the Trypsin, and then a proportion of the cells were returned to 

a flask, alongside 12 ml of added media. T80 flasks (Starstedt, US), were primarily 

used, alongside T25 and T175 flasks, for incubation. 5 ml, 10 ml and 25 ml sterile 

pipettes (Starstedt, US) were used with a SWIFTPET Pro pipette gun (VWR, US) to 

distribute the liquids. All sterile equipment was autoclaved for 20 minutes at 121 °C 

at a pressure of 15 psi. 

 

2.7.3. Mycoplasma Testing 

 

Mycoplasma testing was carried out periodically using a MycoAlert® 

mycoplasma detection kit (Lonza, Switzerland). 1 ml media was taken from a flask 

from each cell type that had been incubated for at least 48 hours, and the test was 

performed as per the kit instructions. 

2.7.4. Freezing Cells 

 

Cells were grown in a flask until 80 – 90 % confluent, before being washed 

with PBS, and trypsinised using 2 ml trypsin until the cells had detached. 5 ml of 

media was added to halt the trypsin before being placed into a centrifuge (Eppendorf, 

Germany) for 5 minutes at 250 G to form a pellet. This pellet was resuspended in 

freezing media which consisted of 90 % FBS and 10 % dimethyl sulfoxide (DMSO) 

(Sigma, UK). This was then aliquoted into ampoules, Nunc® CryoTubes® 

(ThermoFischer, US), and placed in an isopropanol freezing chamber ‘Mr Frosty’ 
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(Sigma, US) at -80°C for 24 hours for slow freezing, to prevent ice crystals from 

forming. It was then transferred to a storage box, remaining at -80°C. 

 

2.7.5. Thawing Frozen Cells 

 

Cells were thawed quickly in a water bath at 37 °C. The cell solution was then 

added to 5ml media before being centrifuged for 5 minutes at 250 G. This was in 

order to remove the DMSO which is harmful to the cells. The cells were resuspended 

in fresh media and placed in a T25 cell culture flask. 24 hours later the media was 

removed and replaced with fresh media once more, before culturing the cells as 

described above in Section 2.7.2 and moved to a T80 flask once they had reached 80 

– 90 % confluency. 

 

 

2.7.6. Cell Counting 

 

Cells counted in PGJCCR were counted using a Beckman Coulter Counter 

(Beckman Coulter Life Sciences, US). For this, 100 μl of the cell solution was added 

into 9.9 ml of Isoton (ThermoFischer Scientific, US), and placed into the counter. Each 

count sampled 0.5 ml of the solution, the sample was counted twice, sampling all 

particles between 5-18 μm and then Equation 2.5 was used to determining the 

number of cells per ml of solution. 

 

																(#$$%&%'(	')	2	+',(&-) × 	100	 = +344-	536	74	')	-'4,&%'(                    [2.5] 

  

Cells counted at NPL were counted using a haemocytometer, in which the number of 

cells in 4 quadrants of the grid were counted before being averaged, and multiplied 

by the dilution factor of 10,000, as described in Equation 2.6. 
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					8
!""#$#%&	%(	)%*&$+	#&	,	-*."/.&$+

, 9 × 	10,000 = +344-	536	74	')	-'4,&%'(           [2.6] 

 

2.7.7. Cell Irradiation with 225 kVp X-rays 

 

Cells were irradiated with 225 kVp X-rays produced by the X-RAD 225 cabinet 

source (Precision X-Ray, US), set up with a 2 mmCu Copper filter (HVL 2.3 mm Cu) 

and a current of 13.3mA. The dose rate produced was 0.0098 Gy/s, with an SSD of 50 

cm, following IPEM Code of Practice for kV dosimetry (325). Doses used were in the 

range of 0 – 8 Gy. 
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2.8. In-Vitro Methods 

 

 

2.8.1. Uptake Measurements using ICP-MS 

 

Inductively Coupled Plasma Mass Spectrometry (Aligent 8800, Aligent 

Technology, UK) was used to determine how effectively the different contrast agents 

had been taken up by the cells.  

 

2.8.1.1. Preparation of Samples 

 

1 x 106 cells were seeded into 30 mm petri dishes, for each concentration of 

contrast agent, and for each cell line, with 2 ml of media added to each well before 

being incubated at 37 °C. 24 hours later, the contrast agents were added at the 

following concentrations; Dotarem; 0, 0.2, 2 and 20 mM, AGuIX; 1 mM, and SPION; 

0.1 mM. After a further 24 hours, the cells were trypsinised and counted, so that the 

amount of contrast agent per cell could be calculated. The cells were then 

centrifuged for 4 minutes at 200 G to create a pellet in order to remove the media 

before being resuspended in 500 μl deionised water and left overnight to evaporate. 

The following day, the samples were coated in 500 μl Aqua Regia (AR) (3 : 1 

hydrochloric acid : nitric acid) so that the cell residue was fully solubilised and only 

the contrast agent elements left behind. This was left in a fume hood overnight 

before being dissolved into 30 ml of ddH2O. 

 

2.8.1.2. ICP-MS Sample Analysis 

 

The ICP-MS instrument was setup in a way that allowed all samples to be 

processed in one run, using an autosampler. The instrument was ran in single quad 
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mode, with all samples diluted in ddH2O. It was fitted with a quartz double-pass spray 

chamber and a MicroMist nebuliser (Glass Expansion, Australia) as well as a nickel 

sample and skimmer cones (Crawford Scientific, UK). This was in order to align with 

the setup described in Russell et al. (326). In order to allow a correction for 

background, due to any contamination of tested elements that may have occurred 

throughout the processing, a blank sample containing only ddH2O was the first 

sample run, and the sample was periodically retested throughout the run. The 

autosampler probe rinsed in 0.3 M HNO3 by the autosampler before being rinsed 

again in ddH2O to minimise the risk of cross-contamination between samples. As well 

as the background correction, standard sample was chosen to be retested after every 

5 samples to monitor both instrument drift and to detect whether the gadolinium or 

iron was dropping out of solution during the run. This allowed for both a background 

correction and a dropout correction. A photograph of the experimental setup is 

shown in Figure 2.27. 

 

 

Figure 2.27: Experimental setup for ICP-MS.  

Photograph with the layout of samples in the correct positions to be sampled (left), 

and the instrument (right). 
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2.8.1.3. Data Analysis from ICP-MS 

 

The ICP-MS outputs the results in terms of counts per second (CPS), which is 

proportional to the number of atoms of the sampled element it has detected. For 

this reason, calibration samples were used to compare the counts per second to 

known values. These calibration samples ranged from 5 x 10-8 mM to 5 x 10-3 mM. 

The calculation for the mass of either gadolinium or iron per cell is represented in 

Equation 2.7, where the total mass of element is described by Equation 2.8. 

 

																						7;--	536	+344 =
$%$.0	1.++	%(	20212&$

&*132/	%(	)200+	                                         [2.7] 

 

															&'&;4	7;--	')	34373(& = 	<=>	 × 	7;--	536	<=>																						[2.8] 

 

2.8.2. Clonogenic Assay 

 

The purpose of a clonogenic assay is to evaluate the cell survival following the 

treatment, whether that be radiation on its own or in combination with contrast 

agents or magnetic fields.  

 

2.8.2.1. 225 kVp X-ray Exposures 

 

For cell irradiations using 225 kV X-rays, carried out at the PGJCCR, cells were 

seeded into 6 well plates at densities shown in Table 2.10. After 24 hours, contrast 

agents were added, at varying concentrations. The old media was removed from the 

wells and then a media solution containing the contrast agents at the desired 

concentration was added at 500 μl per well. 
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Cell Line 
Number of cells plated per well 

0 Gy 1 Gy 2 Gy 4 Gy 8 Gy 

H460 500 500 500 1000 2000 

MiaPaCa2 500 500 500 1000 2000 

DU145 500 500 500 1000 2000 

MCF7 1000 1000 1000 2000 4000 

U87 500 500 500 1000 2000 

HEPG2 1000 1000 1000 2000 4000 

 

Table 2.10: Number of cells plated for each cell line at each dose of 225 kV X-rays. 

Cell densities chosen based on experience and previous experimentation owing to 

the replication time and speed of colony growth, as well as previous knowledge of 

surviving fractions to ensure that an adequate number of cells survive treatment. 

2.8.2.2. 6 MV X-ray Exposures 

 

 Irradiations with the 6 MV linac were carried out at NPL, using the setup 

shown in Figure 2.3, with Phantom 2 holding T12.5 flasks which the cells are seeded 

into. 24 hours after, contrast agents were added, at varying concentrations. The old 

media was removed from the wells and then a media solution containing the contrast 

agents at the desired concentration was added at 1 ml per well. 

 

2.8.2.3. Cell Irradiation and Crystal Violet Staining 

 

24 hours after adding the contrast agents, the cells were irradiated in a single 

fraction with doses of 0 – 8 Gy delivered. Post-irradiation, the contrast agents were 

removed and replaced with fresh media, before being incubated for a period of time, 

indicated in Table 2.11.  
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Cell Line Incubation Time (Days) 

H460 6 

MiaPaCa2 7 

DU145 7 

MCF7 9 

U87 7 

HEPG2 13 

 

Table 2.11: Incubation times post-irradiation for each cell line, prior to crystal 

violet staining. 

Incubation times based on experience and previous experimentation owing to the 

replication time and speed of colony growth, ensuring that there was sufficient 

colonies for reliability for small enough that the colonies do not overlap for more 

accurate counting. 

 

 After the incubation period, cells were stained using crystal violet (Sigma, UK) 

at a concentration of 0.4 % in 95 % Ethanol (Sigma, UK). 2ml of the solution was 

added to each well for 20 minutes before rinsing and left to dry overnight. The 

workflow is shown in Figure 2.28. 

 

 

 

Figure 2.28: Clonogenic assay workflow. 
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2.8.2.4. Measurement of Cell Survival 

 

A group of cells was classified as a colony if it contained greater than 50 cells. 

The number of colonies was counted for each well in triplicate. The plating efficiency 

was determined, which is a measure of the proportion of cells seeded that grew into 

colonies, in the absence of radiation exposure, demonstrated in Equation 2.9 

 

										=4;&%(?	@))%+%3(+A	(=@) = 8
4*132/	%(	)%0%&#2+	)%*&$2"
4*132/	%(	)200+	+22"2" 9 × 	100                      [2.9] 

 

The plating efficiency was then used to determine the surviving fraction, the 

proportion of cells seeded producing colonies, compared to the 0 Gy control values, 

shown in Equation 2.10. 

 

												>,6B%B%(?	C6;+&%'(	(>C) = (
50.$#&6	2((#)#2&)7	.$	6#82&	"%+2
50.$#&6	2((#)#2&)7	%(	)%&$/%0 )                           [2.10] 

 

The surviving fraction was plotted, and fitted using the linear quadratic 

model, shown in Equation 2.11, with SF being the surviving fraction, D the dose (Gy) 

and D and E the linear and quadratic coefficients of cell death (83). 

 

																																																		>C = 	exp	(−DJ − EJ9	)                                                         [2.11] 

 

In order to determine whether there is any statistical difference in the cell 

survival curves, Extra-Sum-of-Squares F Testing was carried out. It tests whether any 

data set is different from all of the others by calculating whether the fit of one curve 

would accurately fit all of the other curves. This was carried out using GraphPad 

Prism. Also, for each curve, the Dose Enhancement Factor (DEF) was calculated as a 

measure of the ratio of the dose required to create the same biological effect as the 

controls, for a dose of 8 Gy. If the DEF is found to be 1, it represents the same 

equivalent dose. This was performed using Equation 2.12.  
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						J@C = 	
:%+2	;#$<	/."#.$#%&	.0%&2

:%+2	$%	)/2.$2	+.12	3#%0%6#).0	2((2)$	;#$<	)%&$/.+$	.62&$+                   [2.12] 

 

The dose to create the same biological effect was calculated by first equating 

the 2 linear quadratic equations using corresponding D and E components, for a dose 

of 8 Gy for radiation along and resolving the equation for the dose with contrast 

agents.  

 

2.8.2.5. Predicted Dose Enhancement Factor 

 

In order to predict the DEF an approximation for the physical dose 

enhancement was taken as the ratio of mass energy absorption coefficients of the 

media containing the cells, and the media with added contrast agent, at the 

concentration used experimentally. The second approximation was in assuming the 

media has a comparable attenuation coefficient as water. The attenuation 

coefficients of water and either gadolinium or iron oxide were determined for a 

range of X-ray energies up to 225 kV, and were scaled by the fluence associated with 

each energy. The density of contrast agent within the media was then accounted for 

and a ratio taken to predict the DEF. 

 

2.8.3. Immunofluorescence DNA Damage Assay 

 

Immunofluorescence assays work by using antibodies to fluorescently label 

biological markers for DNA damage, in this case 53BP1. 53BP1 is a protein that binds 

to P53, a tumour suppressor gene, promotes end-joining of DNA (327,328), and so 

indicates the site of a double strand break. The fluorescent labelling allows sites of 

double strand breaks to be counted under a microscope. 
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2.8.3.1. Experimental Setup for DNA Damage Assay 

 

For experiments using 225 kVp X-rays, 100,000 cells were seeded into each 

well of a 6-well plate with a sterile 20 x 20 mm glass coverslip (VWR, UK) placed in 

the base of each well. This was in order for the cells to attach to the coverslip, 

covered with 2 ml media. For 6 MV irradiations, Phantom 1 was used, as 

demonstrated in Section 2.1.3, with a slide flask used for seeding the cells. Just as for 

the clonogenic assay, 24 hours after seeding, the media was removed and 500 μl 

fresh media with contrast agents added at the desired concentrations, with 500 μl 

per well. 

 

2.8.3.2. Cell Irradiation and Fixation 

 

24 hours after adding the contrast agents, the cells were irradiated with a 

single fraction dose of 0 – 2 Gy. The contrast agents were replaced with fresh media 

immediately afterwards, and cells were fixed both 1 hour and 24 hours post-

irradiation. Fixation was carried out using a solution of 50 : 50 ice cold methanol and 

acetone, stored at -20 °C. The media was removed and 2 ml of the fixative was added 

to each well for 20 minutes at 4 °C. The cells were then washed 3 times with PBS for 

5 minutes.  

 

2.8.3.3. Permeabilisation 

 

The purpose of permeabilisation is to create holes in the cell membrane to 

allow the antibodies to enter. 2 ml of methanol was used for permeabilisation and 

incubated at 4 °C for 10 minutes. Just as with fixation, the cells were then washed 3 

times for 5 minutes with PBS. 
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2.8.3.4. Blocking 

 

Blocking is used to block unspecific signals so that antibodies will attach 

themselves to the correct site. The blocking buffer used was 5 % FBS and 0.5 % Triton 

X-100 (Sigma, US) in PBS. 1 ml was added to each well and incubated at room 

temperature for 60 minutes. 

 

2.8.3.5. Primary Antibody 

 

The primary antibody used was an anti-53BP1 antibody derived from rabbit 

at a concentration of 1:3000 in blocking buffer with 500 μl per well. This was 

incubated for 60 minutes at room temperature, and then washed 3 times for 5 

minutes with washing buffer (0.1 % Triton X-100 in PBS). 

 

2.8.3.6. Secondary Antibody 

 

The secondary antibody used was a goat-anti-rabbit at a concentration of 

1:2000 in blocking buffer. The antibody allowed the passage of light at 488 nm, green 

light. The wells were then incubated in the dark for 60 minutes. This was again 

washed 3 times for 5 minutes in washing buffer. The cells then remained in PBS at 4 

°C until mounted onto slides. 

 

2.8.3.7. Mounting on Slides and Counting using Microscopy 

 

The coverslips were mounted onto slides using Prolong Gold (ThermoFischer 

Scientific, US) with DAPI (4’,6-diamidino-2-phenylindole) in order to stain the nuclei 

blue. 20 μl was added to each slide before the coverslip was placed on top, cell side 
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down. They were left in the dark overnight to dry before being stored at -20 °C. The 

number of foci in each cell was counted for 50 randomly selected cells per slide, using 

a confocal immunofluorescent microscope (Zeiss Axio Vert 200M). Nuclei were 

rejected from the count for a number of reasons; they had a large number of foci, 

they were enlarged, or undergoing apoptosis or mitosis. On average, 8 % of the nuclei 

were rejected from counting, across all cell lines and variables. 

 

2.8.3.8. Analysis of DNA Damage 

 

Statistical analysis was performed to determine whether an increase in the 

average number of foci per cell was statistically significant. For the 225 kVp 

exposures, a two-tailed T test was performed. This was performed using Prism 8. 

However, for exposures carried out at NPL combining contrast agents with magnetic 

fields and 6 MV X-rays, there were substantially more variables than the 225 kVp 

exposures without a magnetic field present, and so a One-Way ANOVA test was 

carried out with a Tukey’s Multiple Correction test. 

 As well as plotting the average number of foci for each cell line, the 

distribution of this damage was also calculated. Histograms were plotted to interpret 

the spread of data around the mean value and determine whether it differs from a 

normal distribution. The skewness is calculated using Equation 2.13, where Χ#  is a 

selected foci number, ΧL is the mean number of foci, N is the number of cells counted, 

and M	is the standard deviation of the data. Data is considered to be highly skewed if 

it is less than -1 or greater than +1.  

 

																																																									∑ (#!$#%"
! )#
('$())#                                                                  [2.13] 
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2.8.4. Cell Viability Assay by Crystal Violet Staining 

 

The purpose of the cell viability assay is to assess the level of toxicity caused 

by the contrast agents, with the absence of radiation. Crystal violet is used to stain 

any cells that remain adhered to the well and then the optical density measured using 

a plate reader, to determine the relative number of surviving cells compared to 

control samples. The assay was used to determine the effect of different 

concentrations of SPIONs on viability, but also the effect of differing incubation times 

of the SPIONS, to assess whether a longer incubation time increases toxicity to H460 

cells.  

 

2.8.4.1. Multiwell Plate Setup 

 

Cells were seeded into a 96 well plate (Nunc, US), with 2500 cells per well, 

covered with 200 μl media. 24 hours later, SPIONs were added. When investigating 

incubation times, a concentration of 0.1 mM was added, corresponding to the 

concentration used in vitro, also in a solution of 200 μl. Incubation times were chosen 

to be 1 hr, 2 hr, 4 hr, 6 hr and 24 hr. When assessing varying concentrations of 

SPIONs, concentrations were chosen to be 0.01 mM, 0.05 mM, 0.1 mM, 0.5 mM, 1 

mM and 2 mM. This was performed for 2 incubation times; 1 hr and 24 hrs. The layout 

of the 96 well plates are shown in Figures 2.29 and 2.30.  
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Figure 2.29: Layout of the 96 well plates used for the cell viability assay. 

 Investigating the effect of varying concentrations of SPIONs, for H460 cells at 1 hr 

and 24 hr incubation times, with green wells representing blank wells with nothing 

added, blue wells containing no cells but still had treatment added, and then treated 

cells in orange wells. 
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Figure 2.30: Layout of the 96 well plates used for the cell viability assay. 

Investigating the effect of varying incubation times of SPIONs, for H460 at a 

concentration of 0.1 mM with purple wells representing blank wells with nothing 

added, yellow wells containing no cells but still had treatment added, and then 

treated cells in pink wells. 

 

2.8.4.2. Staining and Plate Processing 

 

After the specified incubation time, media was aspirated and 25 μl of crystal 

violet was added to each well. 20 minutes later, the crystal violet was removed and 

the wells washed 3 times using pipettes so as not to disrupt the stained cells. Plates 

were left to dry for 24 hours in a dark place so as not to cause the light in to fade the 

stained wells. Once dry, 150 μl of methanol was added to each well and left for 20 

minutes to dissolve the cells with the lid on to prevent evaporation. This creates a 

purple solution in the wells. The plate was then inserted into a FLOUstar Omega plate 

reader (BMG Labtech, Germany). The optical density was measured and background 
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corrected. This average across each variable was then normalised to the controls, to 

create results indicating the toxicity of the SPIONs comparable to control cells with 

no SPIONs. 

 

2.8.5. Cell Viability Assay by MTT 

 

The purpose of this cell viability assay is the same as assessing cell viability 

via crystal violet staining, as described in Section 2.8.4, however it is achieved 

through assessing metabolic activity. In this assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) is added to the cells which is reduced to MTT-

formazan by mitochondrial succinate dehydrogenase. The metabolic activity is 

measured by taking the optical density through media containing purple formazan 

crystals, with a higher optical density suggesting the presence of more crystals, and 

therefore more metabolic activity, suggesting the viability of a larger proportion of 

the plated cells. 

 

The plating of H460 cells multiwell plates and the addition of SPIONs to 

analyse changes in cell viability for variations in concentration and exposure time 

follow the same procedure as laid out in Section 2.8.4.1, expect for a cell solution of 

100 μl was used as opposed to the 200 μl used for crystal violet staining.  

 

 

2.8.5.1. Sample Processing  

 

After the desired incubation time, 10 μl of Thiazolyl Blue Tetrazolium (MTT, 

Sigma, UK) was added to each well, and then incubated for 3.5 hours at 37 °C at 5 % 

CO2. This allowed enough time for the purple formazan crystals to form. At this point, 

the media-MTT solution was removed, and 100 μl DMSO was added to each well for 
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20 minutes at room temperature on a mini orbital shaker (Stuart, UK) to dissolve the 

crystals.  

The FLUOstar Omega plate reader was then used to measure the optical density 

at 570 nm wavelength, which was background corrected. The control samples were 

then used to normalise the optical densities to create results measuring the cell 

viability of treated cells relative to controls for different concentrations and exposure 

times to SPIONs. 

 

2.8.6. Reactive Oxygen Species 

 

Carried out using the ROSGloTM (Promega, US) testing kit, the purpose of this 

assay is to quantify the production of ROS in H460 cells as a measure of toxicity of 

SPIONs, testing for hydrogen peroxide (H2O2) in particular, and measured using 

luminescence. H2O2 is tested for as it has the longest half-life of the ROS and other 

ROS are converted to H2O2 within the cells (329–331).  

 

2.8.6.1. Multiwell Plate Setup 

 

Similarly to the cell viability assays described in Sections 2.8.4 and 2.8.5, the 

ROS assay uses white 96-well plates to ensure no signal is influenced by surrounding 

wells. Due to limited access to the ROSGloTM testing kit, fewer concentrations of 

SPIONs were sampled; 0.01 mM, 0.1 mM, 0.5 mM and 1 mM, as well as control 

samples, with exposure times of 1 hr and 24 hrs. As with the other cell viability assays, 

2500 H460 cells were plated into each well, and incubated for 24 hrs to allow for the 

cells to adhere. After 24 hrs, SPIONs were added for the 24 hr exposure time at the 

desired concentration in a volume of 80 μl media and incubated for the remaining 

exposure time. The H2O2 substrate was added to the experiment 3 hrs prior to its 

end, and so the 1 hr exposure time for SPIONs was added 1 hr prior to the experiment 

ending. The layout of the multiwell plates is shown in Figure 2.31.  
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Figure 2.31: Layout of the 96 well plates used for the ROS assay. 

Investigating the effect of varying concentration of SPIONs, for H460 at exposure 

times of 1 hr and 24 hrs.  

 

2.8.6.2. Sample Processing 

 

3 hrs prior to the end of the SPION exposure times, the H2O2 substrate 

solution was added to the cells, at a volume of 20 μl per well, which was prepared 

before using, consisting of 10 mM H2O2 substrate diluted into 125 μM in H2O2 

substrate dilution buffer. The purpose of the H2O2 substrate is that it reacts with any 

H2O2 that have formed and creates a luciferin precursor. All components are kept at 

-20 °C and thawed immediately before use. 

After the 3 hr incubation time at 37 °C at 5 % CO2, the ROS-GloTM detection 

solution is added to the cells at 100 μl per well, consisting of 98 μl luciferin detection 

reagent (Ultra-GloTM Recombinant Luciferase), 1 μl D-Cysteine and 1 μl signal 

enhancer solution. At this point, the luciferin precursor reacts with the D-Cysteine, 

converting it to luciferin which reacts with the luciferin detection reagent, ultimately 
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generating a luminescent signal which is proportional to the ROS concentration 

(329).  

The FLUOstar Omega plate reader was then used to measure the luminescence 

at a 570 nm wavelength. The control samples were then used to normalise the signal 

to create results measuring the quantity of ROS as a measure of toxicity of SPIONs to 

H460 cells at varying concentrations and exposure times. 
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2.9. In Vivo Experiment 

 

Severe Combined Immunodeficient (SCID) mice, female and aged 8-10 weeks, 

were used to host a subcutaneous xenograft tumour model with H460 lung cancer 

cells in combination with SPIONs. Mice were obtained from Charles River 

Laboratories (UK). The aim of this experiment was to test the impact of the 

combination of 12 Gy of radiation with an Intratumoural injection of 1 mM SPIONs. 

The experiment was carried out in accordance with local ethical and Home Office 

Regulations (ASPA19/project license PPL2813 held by Dr Karl Butterworth). The 

experiment was designed in accordance with the UK Animals (Scientific Procedures) 

Act 1986, as well as 2010 Guidelines for the welfare and use of animals in cancer 

research (332). Mice were housed in sterile conditions, with a 2-week acclimatisation 

period prior to proceeding with the experiment. Mice were caged in boxes of 5 mice, 

in an air-conditioned room at a temperature of 22 °C with 12 hours of light per day.  

 

2.9.1. Study Design 

 

A 4-arm study was designed, with treatment groups comparing control 

animals with drug only (SPIONs), radiation only, and a combination of SPIONs with 

radiation. The number of mice designated to each group were n=5, n=2, n=4 and n=5 

respectively. A schematic diagraph of the study design is demonstrated in Figure 

2.32. 
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Figure 2.32: In vivo study design, demonstrating the 4 arms. 

Image created with BioRender. 

 

2.9.2. Implanting Tumours 

 

Prior to implantation, H460 cells were tested for Mycoplasma to ensure they 

were clear of infection. It was ensured that all cells were taken from a fresh vial, with 

the same low passage number. Mice were firstly anaesthetised with 

oxygen/isofluorene in an anaesthesia chamber before 1 x 106 H460 cells, diluted into 

sterile PBS at a volume of 100 μl, were injected subcutaneously into the left flank of 

each mouse. This was carried out in a tissue culture hood to ensure sterile conditions 

remained throughout.  

 

2.9.3. Tumour Growth Measurement 

 

Tumours were measured 3 times weekly to monitor growth. Callipers were 

used to measure the diameter of the tumour in 3 planes, defined as length, width 
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and height. The Geometric Mean Diameter (GMD) is a measure of the average 

diameter of the tumour across all dimensions and was calculated using Equation 

2.14. Boundaries were set to ensure the fair treatment of the mouse, and therefore 

each mouse remained on the study until the tumour measured a GMD of 12 mm. 

They were also weighed at every measurement to ensure the mouse was in good 

health. Mice were euthanised by CO2 asphyxiation. 

 

																	NOJ = (43(?&ℎ	 × 	Q%$&ℎ	 × 	ℎ3%?ℎ&)=/?                                  [2.14] 

 

 The tumour was assumed to be a sphere, and therefore the volume of the 

tumour was calculated using Equation 2.15.  

 

																																				R'4,73	')	>5ℎ363 = 	
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9 )?                                            [2.15] 

 

2.9.4. Tumour Irradiations 

 

Once a tumour measured 80-100 mm3 it was randomly placed on the study 

in one of the 4 arms. For mice requiring 12 Gy of radiation, a Small Animal Radiation 

Research Platform (SARRP) was used (Xstrahl, UK) at an energy of 220 kVp. The 

mouse was firstly anaesthetised and then placed on the treatment table inside the 

SARRP.  

 

The mouse was firstly imaged using a cone beam CT (CBCT) at energy 50 kVp 

to ensure the positioning of the mouse was correct, and to use the treatment 

planning system, MuriPlan (Xstrahl, UK), to align a treatment of 2 parallel opposed 

beams localised onto the tumour. An example treatment plan is shown in Figure 2.33 

with corresponding dose volume histogram. 
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Figure 2.33: Example mouse treatment plan using MuriPlan, with corresponding 

dose volume histogram. 

Details a parallel-opposed beams treatment plan designed to deliver a uniform 12 

Gy dose to the whole tumour, shown in 3 planes; axial, sagittal and coronal.  

 

2.9.5. SPION Injections 

 

Mice that required treatment with SPIONs were firstly anaesthetised and 

then intratumourally injected with 50 μl of SPIONs in a single injection at a 

concentration of 1 mM diluted in sterile ddH2O.  
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Chapter 3:  

3.                    Dosimetry 
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3.1. Introduction 

 

Dosimetry is crucially important in ensuring accurate dose delivery during 

radiotherapy. A number of standard operating procedures (SOPs) are in place 

throughout healthcare settings to ensure the standardisation and accuracy of 

treatments, through national standards such as the Ionising Radiations Regulations 

2017 (IRR17) and the Ionising Radiation Medical Exposure Regulations (IRMER2000) 

(333–335). The dose distributions prescribed by TPSs, as well as the actual dose 

delivered, need to be accurate to ensure that patients receive the correct dose to all 

parts of the tumour whilst minimising the dose to healthy tissues. A number of 

reports have been published indicating the extent to which dosimetry is required to 

be carried out, including the frequency by which these tests are necessary 

(167,336,337). Examples of routine dosimetry checks, such as Patient Specific QA 

(PSQA), are confirming the planned dose distributions, the uniformity of the field and 

the dose that is delivered for a specific number of monitor units, described by the 

reference conditions explained in Section 2.1.2.2.  

 

The recent advent of MR-Linacs brings additional challenges for dosimetry. 

The ERE is perhaps the most important factor to consider when performing 

dosimetry in the presence of a magnetic field. It occurs due to the Lorentz force, a 

force applied to a charged particle when travelling perpendicularly to an applied 

magnetic field (278). The secondary electrons produced on interaction of the x-rays 

with tissues have their trajectories altered due to the Lorentz force, shown in Figure 

1.14, causing them to move in a helical motion, and hence deliver an increased dose 

at the boundaries between tissues of different densities. This effect is large, in 

particular, at boundaries between air and other tissues (338). There have been many 

reports regarding the impact this has on radiotherapy, both in terms of dose 

distributions and excess skin or lung doses, but also in terms of the implications for 

treatment planning and its effect on dosimetry (3-16). Menten et al. reported a 1.4 

Gy increased skin dose and a 0.3 Gy lung dose for SBRT treatments (344).  
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The ionisation chamber, a key radiation measurement device used in 

dosimetry, is well known to be impacted by the ERE (163,282,345,351–355). It 

measures a signal proportional to the number of electron-ion pairs created which is 

related to the electron path length. This, therefore, leads to inaccurate 

measurements due to the helical nature by which electrons travel, altering the 

measured electron path length. This is important, as ionisation chambers are used 

clinically for reference dosimetry (304). A number of studies have been carried out 

to determine a correction factor that can be applied to ionisation chamber 

measurements to allow them to be used for MR-Linacs. Smit et al. reported a 4.9 ± 

0.2 % increase in ionisation chamber readings for an applied 1.5 T transverse 

magnetic field (351), while O’Brien et al. found correction factors were altered 

depending on the orientation of the ionisation chamber (355), and Pojtinger et al. 

found a range of correction factors between 0.9272 – 0.9963 for 12 different Farmer 

ionisation chambers for a 1.5 T magnetic field and 7 MV x-rays (352). Perhaps more 

surprisingly, Meijsing et al. indicated that the dose detected by the ionisation 

chamber initially increased with increasing magnetic field strength before beginning 

to decrease again, with the opposite occurring when the chamber was placed in the 

opposite orientation (353).  

 

In terms of the impact of the ERE on other dosimeters, a number of studies 

have investigated this. The DoseWireTM is a scintillation detector, in which a 

scintillator crystal is connected to a fibre optic cable and PMT tube (307). There is no 

reported effect from the magnetic field on the dosimeter, with Placidi et al. stating 

that the dosimeter is non-magnetic, so provides an advantage in the MRI 

environment (307). However, there is a paucity of data in regards to its performance 

in a magnetic field, so more research is needed. As for the microDiamond detector, 

a Schottky diode solid-state detector ran as a semiconductor (166,356), there is 

extensive research into the performance when placed in a magnetic field. O’Brien et 

al. verified the use of the microDiamond for use in a magnetic field, accurately 

detecting a lateral shift in the dose distribution (282). Wegener et al. suggested the 

microDiamond as a good alternative to ionisation chambers for use in a magnetic 

field, showing a good agreement with GAFchromicTM film (357). One possible reason 
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for a lack of impact of the ERE on the microDiamond could be due to the density of 

the synthetic diamond. The ERE occurs at boundaries of materials of different 

densities, and so the microDiamond  is suggested by Wegener et al. to be a good 

alternative to the ionisation chamber in a magnetic field (357). 

 

Alanine is a polymer that is used as an alternative to the ionisation chamber 

for reference dosimetry, with a service provided by NPL (165). The dose delivered to 

the alanine, which is in the form of a pellet, is quantified using EPR spectroscopy, and 

the reliance on alanine to provide accurate reference dosimetry means it is 

paramount to determine any effects an applied magnetic field might have, as part of 

the development and future use of MR-Linacs. A study by Billas et al. has determined 

a correction factor that should be applied to alanine measurements to account for 

the magnetic field (304). An increase in alanine/EPR signal was found to be 0.7 % at 

1.5 T, when irradiations were conducted using energies of 6 MV and 8MV. 

 

Field uniformity is one of the dosimetry tests that is a requirement for the use 

of a linac in a healthcare setting, with a need for accurate dose delivery, particularly 

for more complex conformal treatments that require intensity modulation, multiple 

fields and rotational approaches (167,336,337). It is important that the dose 

distributions are accurate, and for this, the basic field that provides a starting point 

for treatment planning must be accurate.  However, it is also of importance for this 

experimental setup, to ensure that all cells receive the same dose, to reduce 

uncertainty within results, and just as in the dose output, it should be accurate to 

within 2 %, as is the requirement for reference dosimetry (163,167).  

 

This chapter aims to complete aim 1, as set out in Section 1.10, to understand 

how the dose measurements will be altered by magnetic fields using dosimetry. The 

clinical scenario of the MR-Linac is replicated, and the relevant dosimetry is carried 

out for further in vitro experiments, in which cells are placed in between the poles of 

a variable electromagnet and exposed to 6 MV x-rays. This includes determining the 

number of monitor units that are needed to provide a certain dose to cells, 
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quantifying the field uniformity and the effects of the ERE, as well as investigating 

any potential shift in the PDD for increasing magnetic field strengths.  
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3.2. Results 

 

3.2.1. Magnet Calibration 

 

The magnetic field strength (B) was measured using a Hall Probe at the centre 

between the poles of the variable electromagnet for a range of currents from 0 to 

150 A, the range at which the electromagnet is able to operate. A scatter graph with 

a polynomial curve fit is shown in Figure 3.1, for both an increasing and decreasing 

current, due to polarisation from hysteresis, described in Section 2.1.2.1. 

 

 

Figure 3.1: Third order polynomial curve of best fit representing the magnetic field 

strength detected for both (a) increasing and (b) decreasing currents from 0 - 150 

A. 

Scatter graphs are single measurements that are used as a guide, and the magnetic 

field was verified before any cell exposures. This was carried out with a distance 

between the magnet poles being 70 mm. 
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The equation of the curve was then used to determine the current needed to 

produce a specific magnetic field strength. Equations 3.1 and 3.2 represent the 

equations of the curves of best fit applied in Figure 3.1, for increasing and decreasing 

currents respectively. These equations were rearranged to make T the subject, and 

then used to calculate the current (x) needed to create a magnetic field strength (y) 

of 0.5 T, 1 T and 1.5 T. The current is listed in Table 3.1 for increasing and decreasing 

currents respectively. 

 

					A = 0.003166 + 0.01176T + (2.97 × 10BC)T9 + (−2.474 × 10BD)T?            [3.1]  

 

			A = 0.005712 + 0.01188T + (2.895 × 10BC)T9 + (−2.491 × 10BD)T?            [3.2]  

 

Magnetic Field 

Strength (T) 

Current (A ±0.1A) 

(Increasing)  

Current (A ±0.1A) 

(Decreasing) 

0.5 39.6 39.1 

1 79.4 78.8 

1.5 131.4 131.2 

 

Table 3.1: The current required to generate a defined magnetic field strength for 

the variable electromagnet setup, for a width between the poles of the magnet of 

70 mm.  

This is both for increasing and decreasing electric currents. 

 

3.2.2. Dosimetry Using Established Dosimeters 

 

As outlined in Section 2.2, the dose delivered by the linac per MU was 

determined for 3 different dosimeters; alanine, GAFchromic film and ionisation 

chamber, at an energy of 6 MV, for magnetic field strengths up to 1.5 T. A bar chart 

indicating the differences between dosimeters is shown in Figure 3.2, with a 

corresponding table of values shown in Table 3.2. A two-tailed t test was used to 
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indicate the significant differences of the dosimeters compared to the alanine. The 

alanine was used as a reference dosimeter due to its previous validation for use in a 

magnetic field by Billas et al. (304) and the use of an established alanine dosimetry 

service for reference dosimetry. 

 

 

 

Figure 3.2: Dose per MU for 3 dosimeters at 6 MV in the presence of varying 

magnetic field strengths.  

Monitor units delivered; Alanine: 30,000 MU, GAFchromicTM film: 3000 MU, 

ionisation chamber: 200 MU. Presented as mean ± SD (* : P < 0.05; ** : P < 0.001; 

*** P < 0.0001). 
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Dosimeter 
Dose (cGy) / MU 

0 T 0.5 T 1 T 1.5 T 

Alanine 
0.0963 ± 

0.0004 

0.0955 ± 

0.0015 

0.0992 ± 

0.0023 

0.0985 ± 

0.0021 

Gafchromic 

Film 

0.0952 ± 

0.0045 

0.0961 ± 

0.0038 

0.0950 ± 

0.0038 

0.0989 ± 

0.0045 

Ionisation 

Chamber 

0.0989 ± 

0.0001 

0.1010 ± 

0.0001 

0.1008 ± 

0.0001 

0.0962 ± 

0.0001 

 

Table 3.2: Values of Dose per MU for 3 dosimeters at 6 MV in the presence of 

varying magnetic field strengths. 

 

Alanine, GAFchromicTM Film and the ionisation chamber are in good 

agreement with each other, with no significant variation compared with alanine (P > 

0.05), except for the control ionisation chamber measurements, as well as no 

significant impact due to the increasing magnetic field. It is important to mention 

here that the ionisation chamber had pre-defined correction factors applied to 

account for the influence of the magnetic field, with the ionisation correction factors 

shown in Table 2.1 (304,305). 

 

The alanine dosimetry was used for this experimental setup in determining 

the number of MU needed to deliver the required dose to cells in vitro. The MU 

required to deliver a dose of 1, 2, 4 and 8 Gy for magnetic fields of 0 T and 1.5 T are 

shown in Table 3.3. 
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Radiation Dose (Gy) 
Magnetic Field Strength (T) 

0 T 1.5 T 

1 Gy 1038 ± 27 (± 2.6 %) 1015 ± 25 (± 2.5 %) 

2 Gy 2076 ± 54 2030 ± 49 

4 Gy 4152 ± 108 4060 ± 98 

8 Gy 8304 ± 215 8120 ± 196 

 

Table 3.3: The number of MU required to deliver a specific dose of 6 MV X-ray 

radiation for magnetic fields of 0 T and 1.5 T for the exposure of cells in vitro.  

 

3.2.3. Further Experimental Dosimetry 

 

With the established dosimeters used for dosimetry for in vitro 

experimentation, further dosimetry was performed to determine whether 2 other 

dosimeters could also have the potential to be used under the influence of a 

magnetic field; those being the MicroDiamond and the DoseWire, described in 

Section 2.2. The results, comparing the dose with alanine as a reference, are shown 

in Figure 3.3, with a corresponding table of results shown in Table 3.4. 
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Figure 3.3: Dose per MU for MicroDiamond and DoseWire compared with alanine 

after irradiation with 6 MV X-rays in the presence of varying magnetic field 

strengths.  

Monitor units delivered; Alanine: 30,000 MU, MicroDiamond: 1000 MU, DoseWire: 

500 MU. Presented at mean ± SD (* : P < 0.05; ** : P < 0.001; *** P < 0.0001). 

 

Dosimeter 
Dose (cGy) / MU 

0 T 0.5 T 1 T 1.5 T 

Alanine 
0.0963 ± 

0.0004 

0.0955 ± 

0.0015 

0.0992 ± 

0.0023 

0.0985 ± 

0.0021 

MicroDiamond 
0.0937 ± 

0.0001 

0.0881 ± 

0.0002 

0.0835 ± 

0.0005 

0.0841 ± 

0.0006 

DoseWIre 
0.1793 ± 

0.0003 

0.1470 ± 

0.0004 

0.1447 ± 

0.0002 

0.1440 ± 

0.0002 

 

Table 3.4: The number of MU required to deliver a specific dose of 6 MV X-ray 

radiation for magnetic fields of 0 T and 1.5 T. 
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Unfortunately, neither the MicroDiamond or the DoseWire were in 

agreement with the alanine measurements. The DoseWireTM in particular, had a very 

high Dose / MU detected, with 0.1440 ± 0.0002 cGy/MU for a 0 T magnetic field. 

There was, however, a much larger impact on the microDiamond and DoseWireTM 

from the increase in magnetic field, with a decrease of 10.2 % and 19.7 % respectively 

between the 0T and 1.5 T magnetic field. It is evident that the MircroDiamond and 

DoseWire would currently not be a valid method of performing dosimetry for this 

particular experimental setup and further work would be required to obtain usable 

calibrations. 

 

3.2.4. Percentage Dose/Depth Curve (PDD) 

 

As outlined in Section 2.2.6, it was essential to understand how the PDD for 

this experimental setup was altered by the ERE. Figure 3.4 shows a line graph of all 

pixels sampled along a profile of GAFchromicTM film that was placed parallel to the 

radiation beam for increasing magnetic field strengths. All points have been 

normalised to the dose maximum. 5mm of the film was placed before the phantom, 

to remove the impact of errors in cutting the film, and so the 0 mm point on the film 

was 5 mm along the film, but at the entry point of the radiation into the phantom.  
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Figure 3.4: PDD for experimental setup at NPL for varying magnetic field strengths. 

N=3 with 3 profiles taken for each repeat. Dose relative to the peak value of the 0 T 

curve, for an exposure of 3000 MU.  

 

There is no significant change (P > 0.05) between the position at which the 

peak of the curve occurs which is clear from Figure 3.4. However, when focusing on 

the peak alone, there is a small shift to the left with increasing magnetic field 

strengths, shown in Figure 3.4, as a magnified version of Figure 3.5. Since this is not 

significant (P > 0.05), this indicates that the PDD is not affected, and that a potential 

treatment planning system for a 1.5 T MR-Linac would not have to take this into 

account. However, whilst this is true for this experimental setup, it cannot be 

confirmed that this effect can be generalised for the use of an MR-Linac. Example 

images of the films are shown in Figure 3.6. It is important to note here that all 

experimental measurements took place at 47 mm depth, beyond the build-up region. 
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Figure 3.5: PDD focussing only on the peak of the curve to indicate the shift due to 

the ERE, for increasing magnetic field strengths.  

N=3 with 3 profiles taken for each repeat. Dose relative to the peak value of the 0 T 

curve, for an exposure of 3000 MU. 

 

 

 

Figure 3.6: Example images of films from which profiles were taken. 

For magnetic fields from 0 – 1.5 T, with the red line representing the 5 mm point on 

the film, the point of entry for radiation into the phantom. 
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3.2.5. Field Uniformity 

 

To determine the uniformity of the field by which cells would be exposed in 

vitro, profiles across the GAFchromicTM film were taken, that were exposed to 1000 

MU, as described in Section 2.2.7. When taking into account the grey value along 

both the length and width of the film, the percentage standard deviation from the 

mean was calculated, and is shown for both the T and A direction in Table 3.5. 

 Further to this, the percentage of pixels that were more than 2 % from the 

mean grey value for the T and A direction is shown in Table 3.6, and then 5 % from 

the mean value in Table 3.7. 

 

Magnetic Field Strength 

(T) 

Percentage Standard Deviation 

T direction A direction 

0 1.46 1.40 

0.5 2.02 2.32 

1 5.52 3.93 

1.5 2.75 1.82 

 

Table 3.5: Standard deviation as a percentage of the mean values, for profiles taken 

using GAFchromicTM film and analysed using FilmQATM Pro. 

Percentage standard deviation in (a) the T direction and (b) the A direction. N=3 with 

3 profiles taken for each repeat. 
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Magnetic Field Strength 

(T) 

Percentage of pixels > 2 % from the mean value 

T direction A direction 

0 12.9 15.3 

0.5 34.1 46.9 

1 76.5 67.8 

1.5 31.4 24.0 

 

Table 3.6: Percentage of pixels along a profile of GAFchromicTM film, analysed on 

FilmQATM Pro that are > 2 % from the mean value. 

A measure of the uniformity of the field, represented with bar charts, with (a) in the 

T direction and (b) in the A direction. N=3 with 3 profiles taken for each repeat. 

 

Magnetic Field Strength 

(T) 

Percentage of pixels > 5 % from the mean value 

T direction A direction 

0 0.3 0.8 

0.5 0.6 0.6 

1 19.4 25.2 

1.5 6.5 0.7 

 

Table 3.7: Percentage of pixels along a profile of GAFchromicTM film, analysed on 

FilmQATM Pro that are > 5 % from the mean value. 

A measure of the uniformity of the field, represented with bar charts, with (a) in the 

T direction and (b) in the A direction. N=3 with 3 profiles taken for each repeat. 

 

The results indicate that the uniformity of the field is dependent on the 

magnetic field strength, with 1 T having the highest impact, with 76.5 % of the pixels 

being more than 2 % away from the mean in the T direction. However, the 

percentage standard deviation is still small relative to the grey value, with all results 

being less than 6 % and this impact is drastically reduced when measuring pixels 5 % 

away from the mean.  
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Sampled at 72 DPI, the pixel size is 0.12 mm2 which could go some way to 

explain the variation in results, with a smaller pixel size having a higher spatial 

resolution. It is possible that the variation is within the intrinsic pixel variation of the 

film, however this was not tested for. As well as this, Billas et al. found the largest 

impact of magnetic field on the dose delivered to alanine to be at 1 T, although the 

differences were within the standard deviations (304), and so the large ERE with 

spiralling electrons created particularly at 1 T could be responsible for the larger 

variation in grey value. It is also important to mention here that the cell exposures 

were only carried out at 0 T and 1.5 T, and so the large variability at 1 T does not 

affect cell exposures. 

 

3.2.6. Impact of ERE on Cell Dose 

 

To determine whether the ERE from the region in which the flask is held in 

place has any impact on the dose to the cells in the adjacent region, profiles of the 

dose maps were taken and analysed, as outlined in Section 2.2.8. An example of the 

profiles indicating the ERE in the presence of a 1.5 T magnetic field compared to no 

field is shown in Figure 3.7. 
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Figure 3.7: The impact of the magnetic field on the dose absorbed. 

Example profile for (a) 0 T and (b) 1.5 T, with the x-axis representing the position 

along the length of the film, and a vertical line indicating the point at which the area 

containing the flask with cells ends – data to the right of the vertical line would not 

have any cells present.  

 

After removing all points beyond 50 mm, to only include the area where cells 

would be placed, the percentage difference between the mean dose and the dose in 

the last 3 mm was calculated and presented in Table 3.8. The impact of the ERE on 

the end region of the film is visible in Figure 2.15.  

 

Magnetic Field Strength (T) 
% difference in absorbed 

dose in last 3 mm 

0 0.11 ± 0.11 

0.5 0.09 ± 0.12 

1 0.18 ± 0.18 

1.5 4.75 ± 0.21 

 

Table 3.8: Percentage difference in absorbed dose between the mean across the 

film and in the last 3 mm, near the region affected by the ERE, for increasing 

magnetic fields. Represented as mean ± SD. N=3 with 3 profiles taken for each 

repeat. 
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There is a clear increase in the percentage difference for increasing magnetic 

field strengths, to 4.75 ± 0.21 % at 1.5 T. This suggests that the impact of the ERE 

could have an impact on the area in which cells would be placed. However, the 

phantom used which contained a section of polystyrene used to hold the flasks was 

only used for the DNA damage assay, described in Section 2.8.3, in which only 50 cells 

within a 30 x 10 mm square with 5 mm from the edge of the flask were used, 

removing any impact from the polystyrene. For the clonogenic assays, described in 

Section 2.8.2, Phantom 2 was used which did not require the polystyrene, and so the 

impact of the ERE did not affect these cell experiments. 
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3.3. Discussion 

 

The aim of this chapter was to carry out the necessary dosimetry needed to 

ensure accurate delivery of dose for in vitro experiments and to define dosimetric 

errors associated with these measurements. It was necessary to determine the 

precise number of MU needed to deliver a specific dose to the cells. It also aimed to 

investigate the impact of the ERE on the dose, both in terms of the depth/dose curve 

and the uniformity, for the experimental setup to be used for cell exposures at NPL. 

 

Starting with the investigations into different dosimeters in the presence of a 

magnetic field, the alanine, GAFchromicTM and ionisation chamber measurements 

were in good agreement with each other, with no significant variation with the 

magnetic field for the alanine of the GAFchromicTM, ranging from 0.942 – 0.1010 cGy 

/ MU across all magnetic fields. This represented an error of 2.5 % uncertainty in the 

number of monitor units prescribed, taken by calculating the standard deviation as a 

percentage of the mean.  Although this is slightly higher than the 2 % allowed 

clinically, the uncertainty in the absence of the magnetic field was also 2.6 %. This is 

a useful outcome as they are key dosimeters for determining the accuracy of the linac 

output when performing QA clinically (358). The consistency between results led to 

confidence that the values were likely to be accurate, and this is why they could be 

used in calculating the number of MU needed to deliver a specific dose for cell 

exposures.  

 

With the additional experimental dosimeters tested, it is unclear why the 

DoseWireTM detected doses much higher than the other dosimeters. It works as a 

scintillation detector, with a scintillator crystal connected to an optical fibre (307) 

and is a relatively new and novel dosimeter. There is no reported directional 

dependence for the DoseWireTM and so the measurements were only carried out in 

only one direction, which could have been a source for error. 
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In terms of the impact of the ERE on different dosimeters, it appears that 

alanine, GAFchromicTM film and the ionisation chamber were not significantly 

altered. It is important to note, however, that the ionisation chamber had pre-

defined correction factors applied (304), as stated in Section 2.2.3, as the impact of 

the ERE had previously been measured (282,345,351–355,359). However, both the 

microDiamond and the DoseWireTM were significantly impacted with increasing field 

strength, with the statistical variations reported in Appendix 1. It is unclear whether 

the decrease in dose detected with increasing the magnetic field was due to the 

dosimeter being impacted by the ERE, or whether the actual magnitude of the dose 

was changed, although the results from the other dosimeters suggest it was caused 

by the ERE. The results contradict reports by Placidi et al. (307) in which no effect 

was seen from an applied magnetic field with the DoseWireTM. The directional 

dependence of the microDiamond is a possible reason for the differences seen, if the 

orientation of the dosimeter was not kept constant. As described in Section 2.2.4, 

the microDiamond was sampled at one orientation and then 180° to that, the results, 

and magnitude of difference for which are shown in Appendix 2. The impact of the 

magnetic field on the microDiamond contradicts the study by Woodings et al. in 

which a change of 0.6 % was found for small field sizes, which is within linac tolerance 

(360), as well as O’Brien et al. in which it was stated that microDiamond detectors 

are suitable for small field sizes (282).  

 

It was hypothesised that the potential shift in the PDD due to the ERE would 

be the cause of any change in dose/MU detected using the dosimeters. This is as long 

as the dosimeters themselves are not affected by the ERE. Since no statistically 

significant change was seen in the PDD curves, this explains the small, insignificant 

changes seen in the dose/MU detected for the GAFchromicTM film, alanine and 

ionisation chamber (with correction applied). This indicates that the change in 

Dose/MU seen for the microDiamond and the DoseWireTM were due to the detectors 

being influenced by the ERE, rather than a shift in the PDD changing the dose 

deposited at the 47 cm depth in which the experiment was carried out. However, 

O’Brien et al. observed a 23.8 % decrease in the depth at which the maximum dose 

occurs ($max) for a 1.5 T magnetic field using a Geant4 model (355). A later publication 
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by O’Brien et al. investigated the effects of field sizes on the changes in PDD in the 

presence of a 1.5 T magnetic field (282). A decrease in $max was seen for a 2 x 2 cm 

field for the magnetic field, with this effect almost entirely diminished for a field size 

of 22 x 22 cm, with values averaged over a range of detectors (282). The experimental 

setup at NPL had a field size of 5.89 x 13.64 cm, which may be the reason for the 

small (p > 0.05) shift seen in the PDD. 

 

The uniformity of the field is important for this experimental setup for in vitro 

experiments, in terms of ensuring that all cells are exposed to the same dose. This 

needs to be verified so as not to reduce the reliability of the results. It is clear from 

Tables 3.6 and 3.7 that the uniformity is highly dependent on the magnetic field 

strength, with 1 T having the highest variation in both the percentage of pixels more 

than 2 % and 5 % from the mean value, and also in the percentage standard deviation 

in both the T direction and A direction. This was despite efforts to sample the film 

away from the edges where errors could be introduced due to cutting the film, and 

away from the area affected by the ERE, where no cells would be placed. However, 

it is important to remember that the cell exposures were only performed at 0 T and 

1.5 T which had better uniformity. This number should be taken into account in the 

dosimetry, however the uncertainty from other biological variables for in vitro 

experiments are likely to be of greater significance, with cell lines used for this Thesis 

having surviving fractions at 8 Gy ranging from 0.01 to 0.0001. The pixel size of the 

scanner used for imaging the GAFchromicTM film is estimated to be around 0.12mm2 

which is roughly 1011 times larger than the average cell nucleus, suggesting that the 

pixel values may not be a critical aspect when comparing with the biological 

variabilities. It is also important to note that an uncertainty of 1.7 % has been 

reported in the accuracy of the film, which may be a factor in the variation seen (361). 

The most probable reason for the decrease field uniformity is the ERE. It has been 

shown in the literature, both through modelling, and experimentally, that there is a 

lateral shift in the beam profile for a field perpendicular to the radiation beam, due 

to the Lorentz force acting on secondary electrons (279,362,363).  The trajectory of 

the secondary electrons is altered and no longer in the straight line that is assumed 

without the presence of a magnetic field, which may lead to inhomogeneities over 
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the irradiated field. It is unclear why this effect then appears to be reduced at 1.5 T 

compared to 1 T, but this may be due to the greater angle at which the electron 

trajectory is altered.  

 

Numerous steps were taken to reduce any uncertainty in results from the film 

dosimetry. Borca et al. reported that the dose detected using GAFchromicTM film is 

impacted by various factors, including the orientation of the film and the colour 

channel by which the films are analysed (361). In this study, the red channel was 

sampled when using FilmQATM Pro and the films were consistently kept in the 

landscape orientation. Extra precautions were carried out by ensuring the films were 

kept in the dark to reduce any further darkening. The films were also scanned 

immediately after the experiment was completed, as the films darken over time, and 

gloves were worn throughout processing to prevent stains or marks (364).  

 

The impact of the ERE on the cell dose for this particular setup goes some way 

to demonstrating the decrease in field uniformity when exposed to a magnetic field. 

It is clear from Table 3.8 that the ERE from the section of the film that was being held 

in place has an increasingly greater effect for increasing magnetic field strengths. 

Whilst this impact is important, the effect was sampled only for the 3 mm of the flask 

that was closest to this area. The large difference between the last 3 mm and the 

mean value insinuates that the majority of the flask is unaffected, with no cells being 

sampled within those 3 mm, as explained in Section 3.2.6, with the polystyrene not 

present for the clonogenic assays. The slide flasks used have a length of 50 mm, and 

so, since this effect seems to mostly be affecting the 3 mm nearest the edge of where 

cells would be placed, the effect of the ERE impacting uniformity in terms of this 

particular setup is thought to be minimal, particularly when compared to biological 

uncertainties, which are discussed in Chapter 5, involved in in vitro experiments.  
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3.4. Conclusion 

This chapter defines the variables associated with the dosimetry necessary in 

set up of combined radiation and magnetic field exposures at NPL. It has enabled the 

development of the protocol for the use of accurate dose delivery for further in vitro 

experiments through determining the number of MU needed to deliver a certain 

dose, for magnetic field strengths up to 1.5 T in a field of 6 MV X-ray photons. It also 

goes some way to quantifying the quality of the radiation in terms of field uniformity 

and measuring the impact that the ERE from adjacent materials has on the dose 

distribution. This chapter also demonstrates a method of investigating the PDD for 

this particular setup. It is also postulated that a smaller field size may increase the  

shift in the PDD for increasing magnetic field strengths. 

3.5. Limitations and Future Work 

 

One of the limitations to this work was the lack of modelling to verify the 

effects of the ERE on the field uniformity. Whilst previous work in the literature has 

investigated this effect for a clinical MR-Linac (279,362,363), future work should aim 

to verify this for the specific experimental setup, to increase the validity of the 

dosimetry carried out using a Monte Carlo approach. It is also important that 

extensive research is carried out into how dose distributions need to be altered in 

TPSs for accurate treatment with the MR-Linac to account for the ERE. Many studies 

investigating this focussed on developing clinical MR-Linac treatments (283,286,365–

367). 
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Chapter 4:  

4. Analysis of Contrast Agents in Patient 

MRI Scans and Investigations of the 

use of Radiomics to Predict Overall 

Survival in SRS Patients 
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4.1. Introduction 

 

The purpose of contrast agents is to allow certain soft tissues, such as brain 

tumours, to appear more visible on patient scans, primarily MRI scans. As described 

in Section 1.7.2, contrast agents designed for T1-weighted scans rely on parametric 

agents that reduce relaxation times and therefore appear brighter on an image 

(186,187). Traditionally, gadolinium is the element of choice, due to its 7 unpaired 

electrons which make it highly paramagnetic, and its preferential uptake into 

tumours (188). Iron oxide contrast agents are used primarily as negative contrast 

agents for T2-weighted scans (186), but have also been shown to increase contrast 

for T1-weighted scans (209). The question that arises from this, and the purpose of 

this chapter, is to determine whether the measured contrast enhancement is 

dependent on the particular scanner used, and to quantify any differences in contrast 

enhancement between 3 different contrast agents; Dotarem, AGuIX and SPIONs, 

described in Section 2.4. 

 

Dotarem is a widely researched conventional gadolinium contrast agent. It 

has been clinically used for MRI for many years, alongside other commercially 

available gadolinium contrast agents, such as Gadovist® and Magnevist®. Nazarpoor 

et al. found that, for lower concentrations of Dotarem, the contrast enhancement of 

MRI images increased with increasing concentration, but at higher concentrations 

the contrast enhancement then began to decrease (208). This was described as being 

due to the T1 factor being dominant at lower concentrations, and the T2 factor 

dominant at high concentrations, causing the contrast enhancement to decrease 

(208). In order to perform clinically relevant in vitro experiments, it is important to 

determine the concentration of the contrast agent that is present in the tumours, 

detected in patient scans. 

 

Nanoparticle agents have also been widely investigated as contrast 

enhancers. Fries et al. investigated the contrast enhancement of AGuIX in direct 

comparison with Dotarem for hepatic colorectal cancer metastases in the liver of 
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rats, finding a significant increase in contrast enhancement for AGuIX, which was 

described as being due to the molecular structure of AGuIX leading to greater 

interaction with protons (210). A further study by Müller et al., under the same 

experimental setup, shows a significant increase in contrast enhancement for AGuIX 

for imaging the lymphatic system in rats (368). 

 

Research has also been carried out comparing gadolinium contrast agents 

with iron nanoparticles, including SPIONs used in this Thesis, for their contrast 

enhancement capabilities. The most notable study, from Boehm-Sturm et al., set out 

to compare 2 different iron chelates with Magnevist, a conventional gadolinium 

contrast agent, for T1-weighted dynamic MRI (209). The iron contrast agents showed 

a lower level of contrast enhancement to gadolinium, except for at the higher 

concentrations, where the contrast enhancements were comparable for a 1.5 T field 

(209). In fact, Zhang et al. combined SPIONs with Magnevist for a range of 

concentrations for imaging phantoms in both T1- and T2-weighted MRI (369). The 

gadolinium contrast agent concentrations ranged from 0 to 1.5625 μg/ml and the 

SPIONs ranged from 0 to 23.45 mg/ml. They found that increasing the gadolinium 

concentration, whilst keeping the iron concentration the same, caused a negative 

contrast enhancement for the T2-weighted scan, appearing dark on the image, while 

an increase in iron concentration for the same gadolinium concentration decreased 

the image contrast on T1-weighted scans at lower concentrations of gadolinium 

(369).  

 

Whilst the contrast enhancement of MRI scans is an important feature in 

radiotherapy planning, a number of publications have suggested that there are many 

clinical features that can be predictive of OS or local control of tumours, particularly 

for SRS patients whose complex treatment calls for increased accuracy and precision. 

Using univariate analysis, Bilger et al. found that a GTV < 2.5 cm3 was predictive of 

better OS, as well as a GTV < 2 cm3 predicting better progression-free survival (PFS) 

(p = 0.001) (370). This was also observed by Minniti et al. who found that a lesion size 

of > 2 cm3 was predictive of poorer control (p = 0.05) (371). As well as the tumour 

size, there is research to suggest that the Karnofsky Performance Status (KPS) can be 
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predictive of OS, with Weltman et al. using Cox-Regression for 65 patients to show 

that KPS significantly predicts prognosis (p = 0.0004), which is measure of the general 

condition of the patients, as well as the extracranial disease status (372). Weltman 

et al. also included the RPA in the predictive model and found it to be statistically 

significant in predicting OS (372), however that was not the case in this study, with 

RPA only found to be significant when combined in KM curves with other features 

that were already significant alone, not adding any benefit to the model.   

 

Radiomics is an emerging field that is based on a method of performing 

quantitative image analysis. It is defined as a high throughput technique that extracts 

quantitative image features for feature extraction using data algorithms (373). 

Radiomics utilises a large number of imaging features that are too large for 

traditional statistics and so machine learning is used to deliver a high throughput 

technique (144). It is predicted that this technique may provide clinicians with more 

data that can lead to a more informed decision process in determining a patient’s 

treatment (145), for the era of personalised medicine (143).  

 

Relating this to SRS patients, a study by Kniep et al. proved that radiomics 

could be used to accurately predict the primary tumour type, for a cohort of 658 

brain metastases in 189 patients, based on MRI scans, with the features being 

determined to more accurately predict performance than radiologists’ readings 

(374). Similar to this, Mouraviev et al. identified a number of radiomics features that 

were found to be predictive of local control of 408 brain mets from 87 patients using 

random forest analysis and the area under the receiver operating characteristic curve 

(AUC) (319). 440 radiomics features were extracted from two different volumes, the 

tumour volume and the peritumoral regions using two different MRI protocols; T1 

and FLAIR. All features were ranked using the AUC in combination with a number of 

clinical features to choose the top 10 most predictive features (319). This is an 

example of using machine learning techniques to improve predictions of patient 

prognosis that could potentially benefit future SRS patients in determining the 

optimum treatment parameters (375). Brain metastases are reported to be the most 
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common pathology for SRS treatments (310) and so this demonstrates how 

radiomics could be used clinically for non-invasive diagnostic purposes. 

 

This chapter aims to investigate intra- and inter-scanner variability in contrast 

enhancement for the use of 3 contrast agents, through the use of an in-house 

phantom designed to be placed inside the STEEV phantom, as described in Section 

2.4. This is performed on 2 CT scanners and 2 MRI scanners, analysing contrast 

enhancement. To determine the clinical relevance of the concentrations of contrast 

agents, brain metastases from a cohort of 54 SRS patients were analysed for their 

MRI contrast enhancement in order to compare with the experimentally used 

contrast agents. Further investigations into the clinical and radiomics features within 

these SRS patients, including contrast enhancement, aims to determine features that 

may be predictive of OS, to create a model with the potential to be used for future 

patients to improve SRS treatments. 
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4.2. Results 

 

4.2.1. Defining Contrast Agent Concentrations 

 

Phantom 5 was filled with 8 Eppendorf tubes of varying concentrations of the 

3 contrast agents, as outlined in Section 2.4.1, before being scanned with 2 CT 

scanners and 2 MRI scanners, details in Tables 2.3 and 2.4. Both Interscanner and 

intrascanner comparisons have been done to investigate the impact on contrast 

enhancement of the 3 contrast agents but also differences between scanners. 

 

4.2.1.1. CT Scanner Comparison 

 

Comparisons have been made between the 2 CT scanners (Sim 2 and Sim 3) 

for the 3 different contrast agents, for concentrations up to 10 mM, as described in 

Section 2.4.1. The results are shown in Figure 4.1. There is a linear relationship 

between the concentration and the Mean HU for all contrast agents. There is also 

very good agreement between the scanners, with almost identical signal intensities 

at all concentrations for Dotarem and AGuIX. However, for SPIONs, particularly at the 

lower concentrations, there is less agreement between Sim 2 and Sim 3, but the 

contrast enhancement is also small, increasing the error in the data, for lower 

concentrations. As the CT number (measured in HU) is a measurement of attenuation 

to x-rays compared with water, a value of zero represents an attenuation coefficient 

equal to water, and any negative values representing an electron density that is 

lower than that of water. 
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Figure 4.1: Comparison of 2 CT scanners with 3 contrast agents. 

Comparison of Sim 2 and Sim 3 CT scanners, for (a) Dotarem, (b) AGuIX, and (c) 

SPIONs, for concentrations up to 10 mM, represented as mean ± SD. (n=3) 

 

To compare the signal intensity for each of the contrast agents, a comparison 

was then made between the different contrast agents for each scanner. Figure 4.2 
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shows the variation in contrast enhancement between contrast agents for Sim 2 and 

Sim 3. Dotarem and AGuIX have similar contrast enhancement at all concentrations, 

however it is clear that SPIONs have much lower contrast enhancement, although for 

all contrast agents the signal intensity increases with increasing concentrations of the 

contrast agents.  

 

 

 

Figure 4.2: Comparison of 2 CT scanners with 3 contrast agents. 

Comparison of Dotarem, AGuIX and SPIONs for concentrations up to 10 mM for (a) 

Sim 2 and (b) Sim 3, represented as mean ± SD. (n=3) 
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4.2.1.2. MRI Scanner Comparison 

 

Just as with the 2 CT scanners, the same comparison has also been made for 

2 MRI scanners, Philips and Siemens, described in Section 2.4.2. However, the graphs 

have been plotted both with and without a log scale on the x-axis to emphasise the 

signal enhancement for the lower concentrations. Graphs are shown in Figure 4.3a,b 

for the linear and log scales respectively. Also, as the signal intensity for MRI scans is 

taken as an arbitrary number, the graphs are shown as the relative signal, compared 

with the signal for the Eppendorf with no contrast agent. 
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Figure 4.3a,b: Comparison of 2 MRI scanners with 3 contrast agents 

 Comparison of the Philips and Siemens MRI scanners, for (i) Dotarem, (ii) AGuIX, and 

(iii) SPIONs, for concentrations up to 10 mM, represented as mean ± SD, plotted with 

(a) a linear x-axis and (b) a logarithmic x-axis. (n=3) 

 

It is clear from Figure 4.3 that there is a very large Interscanner variability 

between the Philips and the Siemens MRI scanners, in particular for the higher 

concentrations, with the Siemens scanner showing a much smaller signal intensity 

relative to the controls. However, this gap does reduce for the highest 

concentrations, where the signal intensity starts to decrease. This decrease in signal 

intensity for higher concentrations is due to the T2 signal dominating at higher 

concentrations, and since the scan was T1-weighted, the T2 term now overtakes the 

T1 term, reducing signal intensity. 
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Graphs comparing signal intensity between contrast agent are shown in 

Figure 4.4a,b with linear and log scales respectively. Just as with the CT scanners, 

SPIONs have the lowest contrast enhancement of the 3 contrast agents, with AGuIX 

having the highest relative signal, particularly at the lower concentrations. It is 

important to note that the difference in the relative signal between Dotarem and 

AGuIX is much greater for the Philips MRI than the Siemens scanner. Also, the 

magnitude of the relative signal is much higher for AGuIX in particular with the Philips 

than the Siemens, with a peak signal of 33.2 ± 2.3 for the Philips compared with 6.4 

± 0.6 for the Siemens scanner. 

 

 

Figure 4.4a,b: Comparison of 2 MRI scanners with 3 contrast agents 

Comparison of Dotarem, AGuIX and SPIONs for concentrations up to 10 mM for MRI 

scanners (i) Philips and (ii) Siemens represented as mean ± SD, plotted with (a) a 

linear x-axis and (b) a logarithmic x-axis. (n=3) 
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4.2.2. Comparison of Contrast Agents with Clinical Scans  

 

As described in Section 2.5, access was granted to analyse MRI scans from 64 

patients who received SRS treatment for brain metastases. The volume of contrast 

agents given to each patient is dependent on their mass and so this varies between 

patients. In order to determine the concentration of contrast agents that are 

clinically relevant, the signal intensity of each tumour, which had been injected with 

Magnevist was compared with the signal intensity found with Dotarem (another 

Gadolinium contrast agent). As the patients were scanned using the Philips MRI, the 

comparison was made only with the Philips scanner. The concentration of each 

contrast agent determined to create the same signal intensity as the average from 

all patient tumours is shown in Table 4.1.   

 

Contrast Agents 
Concentration (mM) to create the same 

signal intensity as patient scans 

Dotarem 0.112 ± 0.048 

 

Table 4.1: The concentration of Dotarem that produces the same signal intensity 

on previous contrast enhanced patient brain tumour MRI scans. 

To deduce the concentration of Gadovist that may have been taken up into the 

tumour, assuming Gadovist has the same contrast enhancement as Dotarem, from 

the average signal intensity of all 64 patients. 

 

To compare the results with the concentrations of Dotarem that are used for 

in vitro experimentation in Chapter 5, the concentration detected for each tumour 

was plotted alongside the concentrations used for the in vitro models, to determine 

whether these experiments are clinically relevant, shown in Figure 4.5. Dotarem was 

used at 3 concentrations; 0.2 mM, 2 mM and 20 mM, indicating that the 0.2 mM 

concentration is the most clinically relevant. 
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Figure 4.5: Comparing detected Gadolinium contrast agent concentration for 

patient tumours with Dotarem concentration used in vitro. 

The blue line represents the concentration detected in each tumour, and the red line 

represents the experimental concentrations. Presented as the mean concentration 

across the area of the tumour ± SD 

 

4.2.2.1. Experimental Extrapolation of Patient Data for other 

Contrast Agents 

 

All of the patients received a Gadovist injection, which is a conventional 

gadolinium contrast agent, with similar properties to Dotarem. However, in Chapter 

5, AGuIX and SPIONs are also used in vitro, and so in order to estimate the 

concentrations of these nanoparticles that may be of clinical relevance if utilised in 

the future, the MRI intensity data for the patient scans was extrapolated and then 
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compared directly with a calibration curve for AGuIX and SPIONs, to estimate the 

concentration of nanoparticles that would lead to the same level of contrast 

enhancement. The concentrations obtained are shown in Table 4.2, with the 

corresponding graphs for individual tumours shown in Figure 4.6. 

 

Contrast Agents 
Concentration (mM) to create the 

same signal intensity as patient scans 

AGuIX 0.078 ± 0.005 

SPION 0.075 ± 0.005 

 

Table 4.2: The concentration of nanoparticles that produces the same signal 

intensity on previous contrast enhanced patient brain tumour MRI scans. 

To deduce the concentration of nanoparticles that correspond to the same level of 

contrast enhancement in current clinical scans. 
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Figure 4.6: Comparing the extrapolated AGuIX and SPION concentrations for 

patient tumours with the concentrations used in vitro. 

The blue line represents the concentration extrapolated from each tumour, and the 

red line represents the experimental concentrations for (a) AGuIX at 1 mM and (b) 

SPIONs at 0.1 mM. Presented as the mean concentration across the area of the 

tumour ± SD. 

 

Dotarem requires a higher concentration to create the same contrast 

enhancement as the patient scans compared with AGuIX and SPIONs, whilst it is clear 

that this concentration is much lower than the highest concentrations used with the 

STEEV phantom, suggesting the lowest concentrations used are the most clinically 

relevant, with AGuIX and SPIONs having better contrast enhancement. This is 
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demonstrated by a version of Figure 4.4a(i), showing only the lower concentrations, 

shown in Figure 4.7. 

 

 

 

Figure 4.7: The lower concentrations presented from Figure 4.4a(i). 

Indicating SPIONs have a higher signal intensity than Dotarem at clinically relevant 

concentrations. Presented as Mean ± SD. (n=3). 

 

The results suggest that SPIONS were used in vitro at the most clinically 

relevant concentration, with the AGuIX concentration being much higher than what 

was observed with the patient scans. Dotarem was actually sampled at 3 

concentrations, with the lowest concentration, 0.2 mM, being the closest to the 

extrapolated concentration. It is important to note here that the patients received 

GadovistTM contrast enhancement (a conventional gadolinium contrast agent), not 

the contrast agents being tested here, and so these are the concentrations that 

would create the same degree of signal as opposed to the actual concentration inside 

the tumour. 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 197 

4.2.3. Using Clinical and Radiomics Features as Predictors of OS 

 

As described in Section 2.6, it is hypothesised that a combination of clinical 

and radiomics features may allow for the prediction of OS in future SRS patients. A 

KM curve for the OS of the 54 patients used for this study is shown in Figure 4.8. The 

median OS was found to be 12 months (0 – 41), with a 6 month OS of 66.6 % and 12 

month OS of 51.9 %. Data comparing the survival for this study with other studies in 

the literature is shown in Table 4.3. 

 

 

 

Figure 4.8: OS for 54 patients treated with SRS for brain metastases. 

Survival up to 40 months, with error displayed as 95% CI and the number at risk at 

each time point. 
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Characteristic This 
Study 

Bilger Minitti Weltman Palmer 

Patients 54 47 135 65 173 
Age 61.5 (33-

84) 
58 (22-79) 61 61 (28-83) 61 (52-

68) 
Gender M 44.4 % 

F 55.6 % 
M 52 % 
F 48 % 

M 46.6 % 
F 53.3 % 

M 53.8 %  
F 46.2 % 

M 44.5 % 
F 55.5 % 

Tumour size 0.899 
(0.006-
20.53) 
cm3 

Median 
GTV  
0.4 cm3 
(0.1-6.9) 

GTV 10.2 
(1.6-
48.4) 

Largest lesion 
volume 3.3 
cm3 (0.05-
28.06) 

0.11 
(0.001-
41.1) cm3 

Mets 82 
1 (61.1 %) 
2 (27.8 %) 
3 (9.3 %) 
4 (1.9 %) 

77 
1 (21 %) 
>2 (79 %) 
>5 (27 %) 

171 
1 (73 %) 
2-3 27 % 

125 
Median 2 (1 -
5) 

1014 
Median 5 
(2 - 58) 

Median 
Survival 

12 
months (0 
– 41) 

8 months 
(0.66 - 45) 

14.8 
months  

6.8 months (<1 
- >65) 

13.2 
months 

6 month OS 66.6 % n.r n.r n.r n.r 
12 month OS 51.9 % 35.6% 57 % n.r 53.5% 
Primary 
Lung 
Melanoma 
Breast 
Other 

 
25.9 % 
35.2 % 
18.5 % 
20.4% 

 
56.3% 
18.8% 
14.6% 
10.4% 

 
48% 
14 % 
24 % 
14 % 

 
46 % 
15.3 % 
6.1 % 
32.6 % 

 
44.5 % 
13.9 % 
19.1 % 
22.5 % 

WBRT before 14.8 % 18.8% n.r n.r 17.8% 
WBRT after 0 % 24% n.r n.r n.r 
Dose 21 Gy (15 

– 25) 
18 (2.6%) 
or 20 Gy 
(97.4%) 

3 x 9 Gy 
or 
2 x 12 Gy 

18 Gy (12 – 20) 21.94 Gy 
 

Fractions 1 - 5 1 2-5 n.r 1-5 
KPS 90 (60 -

100) 
n.r 80 (60-

100) 
80 (50-100) 80 (70-

90) 
 

Table 4.3: Comparing survival data and patient characteristics with literature (370–

372,376). 

OS – Overall Survival, showing median values (range). 
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4.2.3.1. Correlating Clinical and Radiomics Features 

 

In order to determine whether there are correlating clinical and radiomics 

features that should not be combined, a Pearson correlation coefficient heat map 

was created for all features described in Section 2.6.1 and 2.6.2. An overall heat map 

is shown in Figure 4.9, with a second heat map showing only the significant values in 

Figure 4.10. Figure 4.11 presents all of the individual correlation values for this data, 

where 1 represents a perfect positive correlation and -1 represents a perfect 

negative correlation. The majority of the correlated features are between the 

radiomics features, particularly between the smallest and largest tumours (for 

patients with multiple metastases) of the same radiomics features, and not between 

the radiomics features with clinical features. For example, ‘shape_elongation small’ 

is correlated with ‘shape_elongation large’. 
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Figure 4.9: Correlation heat map for clinical and radiomics features. 

Pearson correlation coefficients, with -1 representing a perfect negative correlation 

and 1 representing a perfect positive correlation. 
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Figure 4.10: Correlation heat map with significant values for clinical and radiomics 

features. 

Pearson correlation coefficients, with -1 representing a perfect negative correlation 

and 1 representing a perfect positive correlation, showing only significantly 

correlations. A correlation statistics test was carried out in which the larger the 

dataset, the lower the coefficient can be to be classed as significant.
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Figure 4.11: Correlation graph between clinical and radiomics features. Pearson correlation coefficients, with -1 a perfect negative correlation 

and +1 a perfect positive correlation, significant values in bold, and positive values in red boxes.
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4.2.3.2. Predicting OS Using Clinical Features 

 

There are 2 clinical features that show a significant reduction in OS; a BED < 

60 (median survival 4.5 months compared with 13 months for > 60) and the small 

tumour volume > 2 cm3 (median survival 5 months compared with 13 months for < 2 

cm3). Explanations of all features are in Table 2.6, with BED 10 representing the BED 

for an !/" ratio of 10. A third feature, the total tumour volume > 2 cm3 (median 

survival 7.5 months compared with 16 months for < 2 cm3) is worth noting as showing 

a trend in decreased survival but this is not significant. KM curves for the 2 clinical 

features showing a statistically significant decrease are shown in Figures 4.12, 4.13 

and for the BED and small tumour volume respectively. To demonstrate the variation 

in tumour volume seen between patients, Figure 4.14 shows a patient with a large 

tumour and small tumour, as well as the variation in MRI intensity in Figure 4.15. All 

KM curves for clinical features are shown Appendix 3. 

 

 

 

Figure 4.12: OS comparing SRS patients with a BED <60 in red and BED >60 in blue. 

Survival up until 40 months, with error displayed as 95% CI and the number at risk at 

each time point. 
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Figure 4.13: OS comparing SRS patients with a small tumour volume < 2 cm3 in red 

and > 2 cm3 in blue. 

Survival up until 40 months, with error displayed as 95% CI and the number at risk at 

each time point. 
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Figure 4.14: Example MRI scans demonstrating variations in brain met tumour size. 

Patients with (a) large, 20.5 cm3, and (b) small, 0.05 cm3, tumour size demonstrated. 
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Figure 4.15: Example MRI scans demonstrating variations in intensity between different patient brain mets. 

Patients with (a) high, 805.4 arb. unit, and (b) low, 300.3, intensity. 
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4.2.3.2.1. Combining Clinical Features Correlating with OS 

 

There are 4 combinations of clinical features that indicate a prediction of OS 

and are statistically significant, with these values shown in Figure 4.16. The most 

notable of these combinations are the features where they only indicate a trend in 

OS when combined with another feature, and not alone. The important 

combinations to note here in indicating lower OS are the small tumour volume > 2 

cm3 with an age > 60 years, the MRI-treatment <10 days combined with the small 

tumour volume >2 cm3 and a KPS < 100 with a small tumour volume > 2 cm3. KM 

curves for these combinations are shown in Figures 4.17 - 4.19 respectively, however, 

since the small tumour volume is significant alone, these features do not add any 

value. 
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Figure 4.16: P-values of combinations of clinical features. 

Values that are considered to be of significance with p-values p<0.05 (in bold) and close to significance with p-values p<0.07. 
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Figure 4.17: OS comparing SRS patients with a small tumour volume < or > 2 cm
3
 

and Age < or > 60 years. 

Survival up until 40 months, with the number at risk at each time point. 

 

 

Figure 4.18: OS comparing SRS patients with a small tumour volume < or > 2 cm
3
 

and MRI-Treatment time < or > 10 days. 

Survival up until 40 months, with the number at risk at each time point. 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 

 210 

 

Figure 4.19: OS comparing SRS patients with a small tumour volume < or > 2 cm
3
 

and KPS < or = 100. 

Survival up until 40 months, with the number at risk at each time point. 

 

4.2.3.3. Predicting OS Using Radiomics Features 

 

There is only 2 radiomics features that indicate a trend in lower OS alone; 

Shape_Elongation_small, and Shape_Flatness_small. The KM curves for this feature 

is shown in Figures 4.20 and 4.21 respectively. The patient with the highest 

Shape_Elongation_small also had the lowest of the Shape_Flatness_small, and so 

these differences are demonstrated visually in Figure 4.22. The visual differences 

between the patients with the largest and smallest GLRLM_SRE are also shown in 

Figure 4.23. 
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Figure 4.20: OS comparing SRS patients with a Shape_Elongation_small < median 

in red and > median in blue. 

Survival up until 40 months, with error displayed as 95% CI and the number at risk at 

each time point. 0 = <median, 1 = >median. 

 

 

Figure 4.21: OS comparing SRS patients with a Shape_Flatness_small < median in 

red and > median in blue. 

Survival up until 40 months, with error displayed as 95% CI and the number at risk at 

each time point. 0 = <median, 1 = >median. 
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Figure 4.22: Example MRI scans demonstrating variation in Shape Elongation and Shape Flatness. 

Patients with (a) high elongation, 0.98 arb. units, and low flatness, 0.32, and (b) low elongation, 0.03, and high flatness, 0.90. 
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Figure 4.23: Example MRI scans demonstrating variation in GLRLM_SRE. 

Patients with (a) high GLRLM, 0.98 arb. units, (b) low GLRLM, 0.52.
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4.2.3.3.1. Combining Radiomics Features Correlating with OS 

 

Just as for the clinical features, the radiomics features were combined to 

determine whether the combinations would indicate a separation in OS of the SRS 

patients. There are 8 combinations that are significant in predicting OS shown in 

Figure 4.24, with clearly more indicative features when considering the smallest 

tumours for patients with multiple mets as opposed to the largest tumours. The most 

significant combination was for GLRLM_SRE_large combined with Stats_Max_large 

with a p-value of p = 0.0033, and the most surprising results combining 

Stats_Max_large with Stats_RMS_large (p = 0.049) as neither of the features were 

significant alone, shown in Figures 4.25 and 4.26 respectively. For the features using 

the smallest tumours, Shape_Elongation_small and Shape_Flatness_small have the 

most significant combinations, with Shape_Flatness_small statistically predicting 

overall survival when combined with 3 other radiomics features. The most significant 

of those values coming from the combination of Shape_Flatness_small and 

Shape_Elongation_small. This combination could be important as they are not 

significantly correlated with each other, with the KM curve shown in Figure 4.27. All 

KM curves for radiomics features are shown in Appendix 3. 
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Figure 4.24: P-values of combinations of Radiomics features. 

Values that are considered to be of significance with p-values p<0.05 (in bold) and close to significance with p-values p<0.07.
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Figure 4.25: OS comparing SRS patients combining GLRLM_SRE_large and 

Stats_Max_large. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 

 

 

Figure 4.26: OS comparing SRS patients combining Stats_Max_large and 

Stats_RMS_large. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 
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Figure 4.27: OS comparing SRS patients combining Shape_Elongation_small and 

Shape_Flatness_small. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 

 

4.2.3.4. Combining Clinical with Radiomics Features 

Correlating with OS 

 

The final comparisons that can be made with the KM curves are by combining 

the clinical features and the radiomics features. Figure 4.28 shows that there are 27 

combinations that are statistically significant. The most significant of all the values 

comes from the combination of GLRLM_SRE_large less than the median with primary 

melanoma (p = 0.005) (Figure 4.29). Also, Shape_Flatness_small is statistically 

significant when combined with 10 out of 11 clinical features. It is also the only 

radiomics feature found to be a predictor of OS in combination with the MRI-

treatment time, with a p-value of p = 0.018 for a Shape_Flatness_small less than the 

median and an MRI-treatment time of > 10 days. (Figure 4.30). It is clear that the 

small tumour volume has many more indicative combinations with radiomics 
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features than the large tumour volume. Interestingly, the BED is a significant 

predictor when combined with 3 features, the most significant of which is 

Shape_Elongation_small, with a p-value of p = 0.019 for a Shape_Elongation_small 

less than the median and a BED < 60 (Figure 4.31). Also, the KPS was a significant 

predictor of OS when combined with Shape_Sphericity_large which is important as 

neither feature is significant alone, shown in Figure 4.32. All indicative combinations 

are shown as KM curves in Appendix 4. 
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Figure 4.28: P-values from comparisons of combinations of Clinical and Radiomics features. 

Values that are considered to be of significance with p-values p<0.05 and close to significance with p-values p<0.07. 
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Figure 4.29: OS comparing SRS patients with a GLRLM_SRE_large < median and 

melanoma. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 

 

 

Figure 4.30: OS comparing SRS patients with a Shape_Flatness_small < median and 

MRI-treatment time > 10 days. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 
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Figure 4.31: OS comparing SRS patients with a Shape_Elongation_small < median 

and BED < 60. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 

 

 

Figure 4.32: OS comparing SRS patients with a KPS < 100 and Shape Sphericity large 

< median. 

Survival up until 40 months, with the number at risk at each time point. 0 = <median, 

1 = >median. 
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4.2.3.5. Cox-Regression Hazard Ratios (HR) as Predictors of OS 

 

Another statistical method of determining whether certain features can predict 

OS is with HRs, indicating a level of risk associated with a certain feature. As described 

in Section 2.6.4, HRs were first calculated for each clinical and radiomics feature, 

giving the HR for that feature and the associated p-value, for univariate analysis. HRs 

for all features are shown in Table 4.4, with the highlighted values showing the 

significant features.  
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 Feature p-value Hazard Ratio Confidence interval 
Age (>60) 0.525 1.333 0.550-3.229 
Gender (M) 0.193 1.774 0.748-4.211 
KPS (100) 0.001 0.111 0.031-0.396 
RPA (2-3) 0.409 0.692 0.288-1.660 
BED (a/b= 10) (>60) 0.774 1.163 0.415-3.257 
Melanoma (=1) 0.141 2.094 0.782-5.607 
Number of Mets (>1) 0.149 1.902 0.794-4.556 
Total Tumour volume (>2cm3) 0.610 1.252 0.529-2.964 
Large tumour volume (>2cm3) 0.318 0.614 0.236-1.599 
Small tumour volume (>2cm3) 0.183 0.366 0.083-1.607 
MRI Intensity (>550) 0.211 0.562 0.228-1.386 
MRI-treatment time (>10) 0.465 1.383 0.580-3.302 
GLRLM_SRE large 0.001 0.206 0.082-0.520 
Shape elongation large 0.844 0.917 0.388-2.171 
Shape flatness large 0.889 0.941 0.398-2.223 
Shape sphericity large 0.037 2.811 1.065-7.422 
Stats Max large 0.924 1.042 0.447-2.431 
Stats Range large 0.340 0.661 0.283-1.547 
Stats RMS large 0.054 0.432 0.184-1.014 
Stats p90 large 0.001 0.185 0.071-0.483 
GLRLM_SRE small 0.007 0.278 0.110-0.702 
Shape elongation small 0.659 0.815 0.329-2.021 
Shape flatness small 0.969 0.982 0.380-2.533 
Shape sphericity small 0.356 1.662 0.692-3.996 
Stats Max small 0.569 1.280 0.547-2.994 
Stats Range small 0.659 0.824 0.349-1.948 
Stats RMS small 0.066 0.441 0.184-1.056 
Stats p90 small 0.003 0.251 0.101-0.624 

 

Table 4.4: HRs for all clinical and radiomics features as predictors of OS. 

Statistically significant values are highlighted in yellow with statistics performed 

using the Wald Test, described in Section 2.6.4, with red showing clinical features, 

blue showing the radiomics features for the “largest” tumours, and yellow showing 

the radiomics features for the “smallest” tumours. The HR for all radiomics features 

is based on the subgroup greater than the median value. 
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Multivariate analysis was performed on the 6 features that were found to 

have p-values p < 0.05 and were therefore significant predictors of HR for OS. This 

was performed on all combinations of 2 features, creating 15 combinations. Of these, 

7 combinations were found that gave significant p-values for both features. These 

combinations are shown in Table 4.5. As well as this, all 6 features were combined 

into one multivariate analysis, with the results shown in Table 4.6. 

 

 Features p-value Hazard Ratio Confidence 
interval 

KPS 
GLRLM_SRE large 

0.003 
0.015 

0.133 
0.292 

0.035-0.506 
0.108-0.787 

KPS 
Stats p90 large 

0.005 
0.014 

0.147 
0.280 

0.038-0.564 
0.101-0.775 

GLRLM_SRE large 
Shape Sphericity 
large 

<0.0001 
0.001 

0.058 
9.566 

0.014-0.235 
2.416-37.87 

GLRLM_SRE large 
Stats p90 small 

0.013 
0.033 

0.286 
0.339 

0.106-0.770 
0.126-0.914 

Shape Sphericity 
large 
Stats p90 large 

0.029 
0.0005 

0.309 
0.170 

1.120-8.507 
0.063-0.461 

Shape Sphericity 
large 
GLRLM_SRE small 

0.011 
0.002 

3.734 
0.208 

1.361-10.24 
0.078-0.555 

Shape Sphericity 
large 
Stats p90 small 

0.018 
0.001 

3.516 
0.211 

1.245-9.926 
0.081-0.549 

 

Table 4.5: HRs for multivariate analysis of 2 features in combination. 

The 7 combinations were both features are significant predictors of OS when 

combined. Statistics performed using the Wald Test. 
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Features p-value Hazard Ratio Confidence 
Interval 

KPS 0.067 0.212 0.040-1.113 
GLRLM_SRE large 0.016 0.101 0.016-0.656 
Shape Sphericity 
large 

0.009 6.479 1.590-26.41 

Stats p90 large 0.580 0.686 0.180-2.607 
GLRLM_SRE small 0.700 1.303 0.339-5.014 
Stats p90 small 0.726 0.747 0.146-3.826 

 

Table 4.6: HRs for multivariate analysis of 6 features in combination. 

The 6 features shown to be significant predictors of OS in Table 4.3 combined for 

multivariate analysis. Statistics performed using the Wald test with the significant 

features highlighted in yellow (p < 0.05). 

 

Only 1 clinical feature, KPS, was significant in predicting OS with a HR of 0.111, 

indicating that a KPS of 100 (median survival 18 months) indicates a smaller risk than 

for a KPS of <100 (median survival 9 months). HRs greater than 1 represent an 

increased risk, whereas a HR less than 1 represents a lower risk. In the multivariate 

analysis for 2 features, shown in Table 4.5, GLRLM_SRE large represents the feature 

with the most significant HR, when combined with Shape Sphericity large, suggesting 

that a high value of GLRLM_SRE large represents a much lower risk to OS, with a 

higher Shape Sphericity large representing a higher risk to OS. When combining all 6 

significant features from univariate analysis into 1 multivariate analysis, the 2 

features that remained significant were ‘GLRLM_SRE_large’ and 

‘Shape_Sphericity_large’, being the most indicative of OS of all the features as there 

were still significant when combined with other significant features. 
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4.3. Discussion 

 

The purpose of this chapter is to determine the clinical relevance of different 

contrast agents used for in vitro experiments and ensure that the concentrations 

used represent the concentration that is likely to be found within a patient tumour. 

Furthermore, it is important to understand the contrast enhancement that is 

observed with different imaging modalities, for insight into which contrast agents 

may be the best option clinically. Taking this chapter further, it is important to 

acknowledge that the quality of the contrast enhanced scan is not the only variable 

that may determine how well the tumour is outlined, and therefore how successful 

the treatment will be. The use of MRI scans can also be utilised for its many clinical 

and radiomics features in predicting OS for radiotherapy treatments, with the hope 

that, in the future, personalised treatment for patients will involve the optimum 

treatment from the results of these non-invasive predictions (375).  

 

Beginning firstly with the comparisons for the contrast agents for the 2 

different CT scanners, it is clear that they are in very good agreement with each other 

in terms of the signal intensity detected, in contrast to the comparison between MRI 

scanners, where the Philips scanner had a much higher contrast enhancement than 

the Siemens scanner. However, it is important to mention that the Philips scanner 

had a gradient applied to the image which had to be accounted for in determining 

the signal intensity. The difference in contrast enhancement seen between the MRI 

scanners may due to the difference in scanning parameters, shown in Table 2.4. 

Whilst both scans were T1-weighted brain scans, the standardisation of MRI 

protocols between scanners remains a challenge. It is likely that the Repetition Time 

(TR) and Echo Time (TE) are the most responsible for the differences in contrast 

enhancement, as these parameters determine the amount of relaxation and decay 

of transverse magnetisation, and therefore the signal induced in the MRI receive coil 

(152). Another potential reason is for the time between the scans performed with 

the 2 scanners of 3 weeks, in which it is possible that the contrast agents could have 

fallen out of solution and settled to the bottom of the Eppendorf tube. The 
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agreement between the CT scanners is explained by the fact that the signal intensity 

is directly proportional to the density of the object (27), and since the same setup up 

was used for each CT scanner, this is the result that was expected. 

 

The contrast enhancement for both CT and MRI varied depended on the 

contrast agent used.  While all contrast agents had a linear increase in CT number 

with increasing concentrations, it is clear that the SPIONs had a much lower contrast 

enhancement. This is due to the CT number being directly proportional to the density 

of the object, which is related to the molecular weight. Iron oxide (Fe3O4) has a 

molecular weight of 233.5 g/mol, compared with Dotarem that has a molecular 

weight of 753.9 g/mol, and whilst Dotarem and AGuIX are bound to larger molecules, 

it is thought that this difference in molecular weight, and therefore density, is 

responsible for the difference in contrast enhancement.  

 

The difference in contrast enhancement between different contrast agents 

was also observed for the MRI scanners, with SPIONs once again having a lower 

contrast enhancement, in particular for the higher concentrations. This may be due 

to the number of unpaired electrons, that are responsible for the magnitude of 

magnetisation of the material. Gadolinium has 7 unpaired electrons (188), compared 

with 2 unpaired electrons for iron oxide (377), suggesting it has stronger 

paramagnetism which would increase the MR-signal. However, when comparing the 

contrast enhancement with that detected in the SRS patient scans, it was clear that 

only the lowest concentrations were clinically relevant, and that to achieve the same 

contrast enhancement, SPIONs were comparable with AGuIX in the concentration 

required, whereas Dotarem required a higher concentration to achieve the same 

contrast enhancement.  

 

For the MRI scanners, at the lower concentrations, there was an increase in 

contrast enhancement proportional to the concentration of contrast agents, 

however at the higher concentration this signal intensity reduced. The reason for this 

has been described by Nazarpoor et al. and is explained by the overall MR signal 
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being determined by a combination of T1 and T2 contributions (208). At lower 

concentrations, the T1 term dominates, and higher concentrations the T2 term 

dominates, so for a T1-weighted scan, the greater signal intensity only occurs at 

lower concentrations. After a certain concentration, the T2 term dominates which 

lowers the signal received by the MR receiver coil (208). 

 

The importance of CT and MRI in treatment planning in dose calculations and 

tumour delineation respectively is the reason why it is vital to understand the 

contrast enhancement for different contrast agents. There are other publications 

that have investigated the contrast enhancement for gadolinium and iron contrast 

agents, namely a study by Boehm-Sturm et al. in which 2 iron chelates were 

compared with a conventional gadolinium contrast agent, for a range of 

concentrations from 0.03 – 10.0 mmol/L (209). The gadolinium contrast had the 

greatest signal intensity, confirming what is seen with this work, though the 

differences were reduced at the higher concentrations (209,378). However, the work 

by Boehm-Sturm et al. differs to the work presented here, in that the MRI carried out 

was a dynamic MRI, using a blood-serum phantom, as opposed to the conventional 

MRI that was carried out here, with a static phantom. This introduction of motion to 

the MRI may influence any differences observed. Also, the iron nanoparticles used 

were chelated to complexes, as opposed to this study which looked at iron oxide 

molecules alone. This may impact on the uptake of the SPIONs as well as the 

corresponding relaxivity of the nanoparticles. 

 

Data from the patients treated with SRS for brain metastases in this chapter 

to determine if clinical and radiomics features could be used to predict the OS of 

these patients. Univariate analysis with KM curves found 3 clinical features which 

could be indicative of a lower OS; a BED less than 60, the total tumour volume being 

greater than 2 cm3 and the small tumour volume greater than 2 cm3. Larger tumours 

are often treated in more fractions, with a smaller dose per fraction in order to 

protect the surrounding healthy tissue, as the volume of healthy tissue irradiated is 

often larger for larger tumours, with the median survival for the total tumour volume 
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> 2 cm3 being 7.5 months compared with 16 months for < 2 cm3. This reduces the 

BED, suggesting why, if a larger tumour volume is associated with lower survival, then 

the BED would also be. This is shown by the correlation heat maps in which the BED 

is significantly correlated with the tumour volume features. The median survival for 

a BED > 60 was 13 months compared with 4.5 months for a BED < 60. It is important 

to weigh up the consequences of a decreased survival for a lower BED with the 

potential adverse effects, such as radiation necrosis, from irradiating a larger tumour 

volume if fewer fractions are used.   

 

The radiomics features that were found to be significantly indicate a lower OS 

were Shape_Elongation_small, and Shape_Flatness_small.  The ‘large’ and ‘small’ 

radiomics features represent the features taken from the smallest and largest 

tumours for patients with multiple mets. It is rational that the shape elongation and 

the shape flatness would result in the same outcome, as the both relate to the shape 

of the tumour, with elongation relating to how spherical the tumour is, although they 

are not found to be significantly correlated, shown visually in Figure 4.22. Elongation 

is measured by taking the ratio of the longest and shortest axis of the tumour, and 

the flatness relating to the number of slices that the tumour is present in, again a 

measure of how spherical the tumour is. In this instance, the features lower than the 

median values were predictive of lower OS, suggesting a less flat and less elongated 

tumour represents a lower OS. The GLRLM_SRE is a measure of the length (in pixels) 

for which the grey value is the same, in all directions, and is therefore a measure of 

the homogeneity of the tumour. The GLRLM_SRE_small features less than the 

median value were related to lower OS when combined with 2 clinical features, 

suggesting that a less heterogenous tumour may relate to better survival, with the 

idea that heterogenous tumours are more likely to metastasise and have a worse 

prognosis (379). The GLRLM_SRE is shown visually in Figure 4.23. Only 2 patients in 

this study had reported necrosis as a result of treatment, and so it is not clear 

whether this has an impact on OS. 
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Combining 2 features allows for a model to be built with a combination of 

features that are the most predictive of OS. Although it seems counterintuitive to 

combine unconnected features, we discounted combinations with high correlations 

and it allows you to find other combinations that may be relevant to the analysis. In 

this study, due to the relatively small numbers of patients, although comparable to 

Bilger et al. (370), analysis was performed combining only 2 different features. As 

shown in Figure 4.28, there are 26 different combinations of clinical and radiomics 

features that have been found to be significant in predicting OS. With a larger patient 

cohort, a large multivariate model may be able to be established.  

 

The rationale for investigating the MRI-treatment time is that often when 

there is a longer time between the planning MRI scan and the treatment date, it is 

due to changes in the treatment radiotherapy plan. For example, when there is a 

large tumour volume and the dose has to be reduced or the number of fractions 

increased, it takes time to get this new dose prescription verified. Therefore, it is 

sensible that the time until treatment is predictive of lower OS when the tumour 

volume is considered. The MRI-treatment time was predictive of OS when combined 

with both the small tumour volumes. The median survival for patients with an MRI-

treatment time < 10 days was 13 months compared with 7 months for > 10 days. This 

presents an advantage for the future of MR-Linacs, in which it is the hope that MR-

only planning and on-board planning will drastically reduce the time between 

planning scans and patient treatment. However, it is important to mention that there 

are a lot of other features that contribute and impact on patient survival including 

co-morbidities, steroid use, concomitant infection and position of tumour amongst 

others. 

 

The combination of radiomics features with clinical features is more complex 

in determining the reasons behind the significance, however it is clear that, when 

using the radiomics features from the smallest tumours, there are many more 

combinations that are predictive of OS. Therefore, it may be that, for the case of a 

patient with multiple mets, the smallest tumours are more important in selecting the 
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appropriate treatment and should have more weighting in decisions about treatment 

than the largest tumours. It would be useful to correlate this with the local control 

of each tumour. It is also important to note a limitation of the project that it is not 

known whether the patients had other treatments such as chemotherapy or 

immunotherapy which may have impacted their survival. 

 

The results found using KM curves in this study do not compare as directly 

with the HRs calculated as was predicted, although there is some crossover between 

the features being found to be predictive of OS for KM and HRs. In the case of the 

HRs, there were 6 features found to significantly predict the risk of OS. Of these, the 

KPS score was the only clinical feature found to be significant, suggesting that KPS 

<100 represents a lower OS. This is an important outcome, as currently, only patients 

with a KPS >70 are considered for SRS treatment, and it has been indicated by 

Weltman et al. that a lower KPS score correlates with lower OS (372). However, 

Weltman et al. found KPS to be a significant indicator of OS for univariate analysis 

with KM curves, whereas this study found it only to be the case in combination with 

other features. In this study, a KPS of 100 represented a median survival of 18 

months, compared with 9 months for KPS < 100. Unfortunately, this study found the 

RPA to be significant only in combination with features that were significant alone in 

the KM analysis, contradicting the findings from Weltman et al. and no significance 

was seen for the HR analysis. 

 

 Combinations of 2 features that were statistically significant in predicting the 

HRs were found for 7 combinations. Of these features, the GLRLM_SRE_large was 

found to be the most significant feature when combined with Shape Sphericity large, 

with hazard ratios of 0.058 and 9.566 respectively, suggesting that having a higher 

GLRLM_SRE large reduces the risk of OS, compared with an increased risk to OS for 

a higher Shape Sphericity large, where the HR is a measure of the magnitude of risk 

to OS. Taking these results further, all 6 features that were found to be significant for 

univariate analysis were combined together for multivariate analysis. Again, 

GLRLM_SRE large and Shape Sphericity were found to be significant, whilst all other 
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features were no longer significant. This suggests that these features may provide 

the most useful model for predicting OS. With a larger study, the aim is to build a 

model containing the most predictive features that could be applied to each patient 

to aid the decision making in regards to the treatment a patient should receive.  

 

The reason for selecting the 8 radiomics that were investigated in this study 

was based on a publication by Mouraviev et al. in which these features were 

determined to be the best features for predicting local control in SRS patients, 

evaluated using area under the curve (AUC) analysis from a random forest model 

(319). However, there are a number of limitations to using these features, as the 

study by Mouraview et al. was investigating local control of individual mets as 

opposed to the OS used in this study. They also used 2 different MRI scan types (T1 

and FLAIR) compared to just T1-weighted for this study, and they used both the 

tumour volumes and the peritumoural volume regions of interest (ROI), compared 

with just the GTV used in this study (319). However, Mouraview et al. found the T1 

and FLAIR protocols to be comparable for the feature analysis, and so only a T1 

protocol was used for this study. As a proof-of-concept study, with the aim of using 

this model on a larger data set and for more volumes, this study has provided useful 

information regarding which features may be of importance in predicting OS.  

 

Comparing this study with other publications, a study by Bilger et al. found 

that a GTV < 2.5 cm3 was a significant predictor of overall survival for 48 patients with 

77 mets, suggesting that larger tumours relate to lower OS (370). This was also 

predicted in this study, with a tumour volume < 2 cm3 found to be predictive. 

However, Bilger et al. was also able to analyse the PFS, to which the tumour size was 

found to be significant also (370). (372). Palmer et al. found that age was a predictive 

feature of OS when using HRs by Cox-Regression for 173 patients, which differs from 

this study, in which age was not found to be a statistically significant factor, however, 

with a larger cohort of patients the results may be significant (376). The study by 

Palmer et al. also differs from this study in that the number of mets was not found 

to be statistically associated with OS using HRs, whereas it was found to be 
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consistently significant both for univariate and multivariate analysis in this study 

(376).  Minniti et al. found that a tumour volume > 2 cm3 predicts poorer control, 

verifying the results in this study, however using HRs, a melanoma histology was 

found to predictive of local failure, and yet this was not shown statistically in this 

study (371). It is important to mention the benefits of SRS to patients with brain mets 

as it has been indicated that, without treatment, the mean survival rate is only 1 

month from diagnosis (372,380).  

 

Relating the KM curves with the first investigation into determining clinically 

relevant concentrations of contrast agents, the MRI intensity of the tumour for the 

contrast enhanced patient scans was found to be significant when combined with 2 

radiomics features; Shape_Elongation_small and Shape_Flatness_small, with p-

values of p = 0.043 and p = 0.05 respectively, yet it was not found to be significant on 

its own. The hypothesis was that a tumour that takes up a higher amount of contrast 

agent was likely to be more metabolically active, or may have a more compromised 

vasculature that allows for the particles to enter the tumour. It was thought that this 

may be a predictor of lower OS, however it is inconclusive as to whether this is the 

case considering that the feature was not significant alone.  

 

It is important to mention that there are a number of limitations to radiomics, 

particularly for smaller datasets, including the contradicting results in the literature 

(as discussed above) and the lack of consistency in methodologies. With some 

centres investigating local control and others investigation overall survival, as well as 

other metrics, it will be difficult for radiomics to be validated on a wide scale and be 

useful for all patient cohorts, and standardisation is necessary if radiomics is to 

provide a useful benefit to healthcare. Also, the clinical features, such as tumour size 

and tumour type, may be more powerful than radiomics, with the first-hand 

experience of clinicians providing vital insight into the most appropriate treatment. 

It is hoped that, in the future, radiomics may aid this process, but it is unlikely to carry 

more weight than the knowledge and experience of clinicians.  
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4.4. Conclusion 

This chapter focused on assessing the clinical relevance of contrast agents 

that are used in Chapter 5; Dotarem, AGuIX and SPIONs, and testing the 

reproducibility of the contrast enhancement on 2 CT scanners and 2 MRI scanners. 

CT scanners were found to have much better reproducibility than MRI, and SPIONs 

had the lowest contrast enhancement, particularly at the higher concentrations. 

However, comparing with the patient scans, the concentration of SPIONs needed to 

create the same contrast enhancement was comparable to AGuIX, and lower than 

the concentration of Dotarem needed. As for assessing features within MRI scans of 

SRS patients, a number of clinical and radiomics features, were found to predict OS 

using KM curves and KRs, providing a working model that can be expanded for larger 

datasets.  

4.5. Limitations and Future Work 

The limitations of this project lie mainly with the limited dataset of SRS 

patients, although this is similar to a publication by Bilger et al. (370). The small 

number of patients introduced limitations regarding subgroups for analysis, which 

could be improved with more patients. However, this study was used as a proof-of-

concept approach, and the model is now available for future work with a larger 

patient cohort. Another improvement would be to investigate the local control of 

each tumour, as opposed to investigating each patient as a whole, as well as 

information into progress free survival (PFS) to be able to compare directly with other 

publications. It is also necessary to understand whether these patients had other 

treatments which may have impacted their survival. Work is ongoing in expanding 

the dataset to include a larger number of patients to get more reliable outcomes as 

well as local control for each tumour. 
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5.1. Introduction 

With the ongoing development of the MR-Linac, and the potential for MRI 

contrast agents to be used as therapeutic agents (381), it has become ever more 

important to understand the radiosensitising effects of combining radiation 

exposures with contrast agents, both conventional and nanoparticle formulations 

(382). This has the potential to increase the DNA damage to tumour cells whilst 

preserving healthy tissue, and hence increasing overall survival (383,384).  

 

Gadolinium is the most commonly used clinical MRI contrast agent (385). It 

has favourable properties due to its 7 unpaired electrons which gives it a large 

magnetic moment when exposed to an external magnetic field (386). This reduces 

relaxation times, making it perfect for contrast enhancement in T1-weighted MRI 

scans. Therefore, it is a likely candidate to be used for patients treated in an MR-

Linac, and so research is necessary to determine whether gadolinium aids 

radiotherapy, causing radiosensitisation. Research has been undertaken for both 

conventional and nanoparticle gadolinium contrast agents, including a study by 

Taupin et al. in which F98 rat glioma cells were exposed to Magnevist® (a commonly 

used commercial gadolinium contrast agent) and a gadolinium nanoparticle, 

alongside X-rays for a range of different energies (253). It was determined that both 

contrast agents increased radiosensitivity at low kV energies, yet only the 

nanoparticles decreased clonogenic cell survival at the higher 1.25 MV energy, 

suggesting that radiosensitisers may be energy dependant, and that only 

nanoparticles may be relevant when comparing to the 6 MV energy conventionally 

used for radiotherapy. 

 

A number of publications have focused solely on gadolinium nanoparticles, 

both in vitro (252–254,291,387–389) and in vivo (239,251,291), in particular AGuIX, 

shown in Figure 2.18, which is a sub-5nm nanoparticle currently part of 2 clinical 

trials; NanoRAD2 and NanoCOL (246,247). Detappe et al. found a significant decrease 

in cell survival for both kV and MV energies in combination with AGuIX for pancreatic 

cells (252). As well as investigating the biological consequences of AGuIX, amongst 
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other gadolinium nanoparticles, investigations have been carried out to theoretically 

quantify the physical dose enhancement that occurs due to the increased X-ray 

absorption when using metal-based nanoparticles (235,236,387).  

 

The rationale for using nanoparticle contrast agents over conventional 

contrast agents is primarily due to the preferential uptake of nanoparticles into 

tumours, via to the EPR effect.  This is caused by the leaky vasculature of the tumour, 

making them highly permeable to the nanoparticles, as well as lacking the drainage 

system to remove them (217,390). This allows the radiosensitising effects to 

predominantly occur within tumours, increasing their efficacy, and in turn, the 

quality of radiotherapy treatments (248,381).  

 

 High Z number elements are chosen as radiosensitisers due to their increased 

absorption of radiation by tissues (391). For lower kV energies, absorption 

predominantly occurs via the photoelectric effect, which has an absorption 

coefficient proportional to Z3 (28). Whilst higher clinically used MV energies are 

predominantly via the Compton effect, which has an absorption proportional just to 

Z, so the dose enhancement that occurs in the tissue due to the high Z number makes 

them favourable. It is important, however, that both the physical dose enhancement 

as well as the biological impact of the nanoparticles is taken into account. A 

publication by McMahon et al. aimed to optimise element choice for nanoparticle 

radiosensitisers using Monte Carlo modelling, and found that gadolinium, with a Z 

number of 64, was an optimal choice due to the emission of secondary Auger 

electrons (234).  

 

In recent years, SPIONs have become increasingly researched due to their 

superparamagnetic properties (205). This means they vastly improve image contrast 

for MRI (392), even at low concentrations. It has been reported that even nanomolar 

concentrations create image contrast on T2-weighted MRI scans (393).  They also 

lose their magnetisation when no longer in the magnetic field (394), which is 

essential when being prescribed to patients. When placed in a variable magnetic 
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field, they vibrate and heat up (260), and so they have been extensively researched 

for hyperthermia treatments (258–260,395,396). Theoretically, they would be an 

optimal candidate for the MR-Linac, in which they would improve image contrast, 

whilst simultaneously causing DNA damage to the tumour cells due to the heating 

effect, providing an efficacious treatment.  

 

There are 3 types of magnetic field used in an MRI; the static field, RF field 

and the gradient field, discussed in Section 1.5.2. This Thesis focuses primarily on the 

impact of the static magnetic field, due to limitations in access to clinical MRI scans. 

It is unknown whether a static magnetic field will contribute to DNA damage when 

combined with radiotherapy and contrast agents, yet a publication by Wang et al. 

suggests no radiosensitisation for 1.5 T MRI combined with 6 MV radiotherapy (397). 

There are papers that suggest that MRI scans, particularly scans with fast-twitching 

gradient fields and those where gadolinium contrast agents are used, are damaging 

to DNA (177,178,184,185,202,389), with other papers suggesting that MRI scans that 

use high field strengths such as 3 T or 7 T cause DNA damage (180,183,398,399). 

Static magnetic fields alone have been shown to have 3 biological effects; 

electrodynamic interactions, magnetomechanical effects and effects on electron 

spin states (280). It is important that these points are addressed when taking into 

account applications with an MR-Linac, and how this will impact tumour cell survival.  

This chapter aims to evaluate the changes in clonogenic cell survival and DNA 

damage that may occur through the combination of radiotherapy with contrast 

agents, at 225 kVp and also 6 MV in the presence of a 1.5 T magnetic field. This has 

been carried out for 6 cancer cell lines comparing 3 different contrast agents; 

Dotarem, a conventional gadolinium contrast agent, AGuIX, a gadolinium 

nanoparticle, and SPIONs, superparamagnetic iron oxide nanoparticles. It 

investigates whether there are differences in radiosensitisation between 

conventional and nanoparticle contrast agents, as well as the different element 

choices of gadolinium and iron oxide. This work is essential for the development of 

the MR-Linac, if MRI contrast agents are to be used both diagnostically and 

therapeutically.  
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5.2. Results 

 

 

5.2.1. Selecting Treatment Sites 

 

To define the best cell models to test, a review of the literature was carried 

out in March 2018, to compile a database of the most common tumour sites that are 

being considered for treatment with an MR-Linac. The search terms were “MR-

Linac”, “MRI Linac”, and “magnetic field radiotherapy”. A pie chart representing the 

proportion of publications investigating each treatment site is shown in Figure 5.1. 

The publications are solely research into the MR-Linac, but cover a range of in vivo, 

in vitro, Monte Carlo, and many other studies from the impact of planning to 

adaptations to dosimetry. 48 publications were found in total, representing the 

number of publications available at the beginning of this project. 

 

 

 

Figure 5.1: The proportion of publications investigating each treatment site. 

 

From the 6 most commonly published treatment sites, one cell line was 

chosen to represent; H460 (lung), MiaPaCa2 (pancreas), DU145 (prostate), MCF7 
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(breast), U87 (brain) and HEPG2 (liver). It also represents cell lines with a range of 

radiosensitivities. 

 

5.2.2. Combined Radiation and Contrast Agents – In Vitro 

 

 

5.2.2.1. DNA damage by Immunofluorescence Assay 

 

 

5.2.2.1.1. Inherent Effect of Contrast Agents on DNA Damage 

 

To determine whether any of the contrast agents have an inherent toxicity 

on the cell, levels of DNA damage are measured without any radiation exposure for 

a range of contrast agent concentrations. The results are shown in Figures 5.2, 5.3 

and 5.4, for Dotarem, AGuIX and SPIONs respectively. Dotarem concentrations 

ranged from 0.2 mM – 20 mM, AGuIX was investigated at 1 mM, and SPIONs were 

investigated at 0.1 mM. As discussed in Section 5.3, different concentrations used 

were based on the current literature and also previous work within the Radiobiology 

research group.  
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Figure 5.2: DNA Damage for concentrations of Dotarem as 0.2 mM, 2 mM and 20 

mM, with no radiation and a 24 hr exposure to the contrast agent. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. Control samples 

were treated the same but did not receive any Dotarem. (n=3) Plotted as mean ± SD. 

Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 

0.0001. 
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Figure 5.3: DNA Damage for a concentration of AGuIX of 1 mM, with no radiation 

and a 24 hr exposure to the contrast agent. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. Control samples 

were treated the same but did not receive any AGuIX. (n=3) Plotted as mean ± SD. 

Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 

0.0001. 
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Figure 5.4: DNA Damage for a concentration of SPIONs of 0.1 mM, with no 

radiation and a 24 hr exposure to the contrast agent. 

 (a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. Control samples 

were treated the same but did not receive any SPIONs. (n=3) Plotted as mean ± SD. 

Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 

0.0001. 
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For Dotarem, there is a significant increase in DNA damage for all cell lines at 

20 mM, indicating an inherent toxicity for higher concentrations of Dotarem. This 

inherent toxicity is also observed with SPIONs for every cell lines apart from U87 cells. 

However, for AGuIX, the results are much more variable, with H460 and HEPG2 

showing a significant increase in DNA damage for 1 mM concentration, but DU145 

cells showing a significant decrease in damage. Although it is not clear the reason for 

this, it suggests that there is a cell line specific toxicity from treatment with AGuIX. 

 

5.2.2.1.2. Combined Effects of Contrast Agents on DNA 

Damage 

 

Measurements of the DNA damage caused by the combination of different 

concentrations of the three contrast agents with different doses of 225 kVp X-rays, 

are shown in Figures 5.5, 5.6 and 5.7 for Dotarem, AGuIX and SPIONs respectively. 
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Figure 5.5: DNA Damage, fixed 1 hr post-irradiation after treatment with either 0 

mM, 0.2 mM, 2 mM or 20 mM, of Dotarem +/- 1 Gy or 2 Gy X-ray irradiation. 

Measured as average number of 53BP1 foci per cell,  (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as mean ± SD. Statistics from 

two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 0.0001. 
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Figure 5.6: DNA Damage fixed 1 hr post-irradiation after treatment with either 0 

mM or 1 mM, of AGuIX +/- 1 Gy or 2 Gy X-ray irradiation. 

Measured as average number of 53BP1 foci per cell, (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as mean ± SD. Statistics from 

two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 0.0001. 
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Figure 5.7: DNA Damage, fixed 1 hr post-irradiation after treatment with either 0 

mM or 0.1 mM, of SPIONs +/- 1 Gy or 2 Gy X-ray irradiation. 

Measured as average number of 53BP1 foci per cell, (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as mean ± SD. Statistics from 

two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 0.0001. 

 

As expected, there is a large increase in the DNA damage for 2 Gy in 

comparison to 1 Gy. The number of foci should be linear with an increase in dose 

when the background is subtracted, however this is not the case. This may be caused 
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by overlapping foci being unable to be resolved. However, it is clear that the 

treatment with either Dotarem or SPIONs can lead to radiosensitisation, with 

Dotarem significantly increasing DNA damage for all cell lines at both 2 mM and 2 

mM combined with 1 Gy or 2 Gy, and SPIONs significantly increasing DNA damage 

for all cell lines apart from U87 at the 2 Gy dose. The effect is not so clear with AGuIX, 

with a large significant increase only observed with HEPG2 cells.  

 

5.2.2.1.3. Inhibition of DSB Repair 

 

 To determine whether the DNA damage induced in the cells was repairable, 

the number of foci was analysed 24 hrs post-irradiation. The results are shown in 

Figures 5.8, 5.9 and 5.10 for Dotarem, AGuIX and SPIONs respectively. 
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Figure 5.8: DNA Damage, fixed 24 hrs post-irradiation after treatment with either 

0 mM, 0.2 mM, 2 mM or 20 mM Dotarem, +/- doses of 0 - 2Gy. 

Measured as average number of 53BP1 foci per cell, (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as mean ± SD. Statistics from 

two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 0.0001. 
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Figure 5.9: DNA Damage, fixed 24 hrs post-irradiation after treatment with either 

0 mM or 1 mM AGuIX, +/- doses of 0 - 2Gy. 

Measured as average number of 53BP1 foci per cell, (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as mean ± SD. Statistics from 

two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 0.0001. 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 
 

 251 

 
 

Figure 5.10: DNA Damage, fixed 24 hrs post-irradiation after treatment with either 

0 mM or 0.1 mM SPIONs, +/- doses of 0 - 2Gy. 

Measured as average number of 53BP1 foci per cell, (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as mean ± SD. Statistics from 

two-tailed T test represented as; *: P < 0.05, **: P < 0.001, ***: P < 0.0001. 

 

For both Dotarem and SPIONs, there is a small but significant increase in the 

residual DNA damage at 24 hrs for all cell lines except for U87 cells. It is evident that 

U87 cells may be more resistant to the effects of high Z number contrast agents than 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 
 

 252 

other cell lines. For SPIONs, the MCF7 and HEPG2 cells saw the largest increase in 

residual DNA damage between controls and 0.1 mM, however for HEPG2 cells this 

affect was greatest at 1 Gy, with a decrease in the number of foci observed at 2 Gy 

for the 24 hr time point. Cells, with the exception of HEPG2, treated with AGuIX do 

not see the same increase in residual DNA damage, with the average number of foci 

counted between controls and the 1 mM concentration largely staying the same. 

 

5.2.2.1.4. Distribution of DNA Damage 

 

Histograms are plotted in Figures 5.11, 5.12 and 5.13 representing the 

distribution of DNA damage between individual cells for a dose of 1 Gy at the 1 hr 

timepoint for Dotarem, AGuIX and SPIONs respectively. There appears to be no 

subgroups forming, and no obvious deviation from normal distribution. Values of 

skewness were calculated and are plotted in Tables 5.1, 5.2 and 5.3 for Dotarem, 

AGuIX and SPIONs respectively.  
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Figure 5.11: Frequency distribution for Dotarem concentrations of 0.2 mM, 2 mM 

and 20 mM for a dose of 1 Gy at the 1 hr timepoint. 

Measured as the number of foci counted per cell, (a) H460, (b) MiaPaCa2, (c) DU145, 

(d) MCF7, (e) U87, and (f) HEPG2. n = 3 and graphs made as the total of all foci 

counted. 
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Cell Line 
Dotarem Concentration 

Control 0.2 mM 2 mM 20 mM 

H460 -0.6197 -1.025 -0.8408 -0.4347 

MiaPaCa2 0.1826 -0.0243 0.0415 -0.0469 

DU145 0.5212 0.5801 0.6533 0.2438 

MCF7 0.8091 0.9866 0.3479 0.2697 

U87 0.3290 0.4634 0.1890 0.0504 

HEPG2 0.4585 0.5719 0.3970 0.5563 

 

Table 5.1: Skewness values indicating the how symmetrical the data is in Figure 

5.14, for Dotarem concentrations of 0.2 mM, 2 mM and 20 mM. 

Used as a measure of how the data differs from a normal distribution. Positive skew 

indicates graphs shifted to the left and negative skew indicated graphs shifter to the 

right, with ± 1 indicating significant skewness. 
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Figure 5.12: Frequency distribution for AGuIX concentration 1 mM for a dose of 1 

Gy at the 1 hr timepoint. 

Measured as the number of foci counted per cell, (a) H460, (b) MiaPaCa2, (c) DU145, 

(d) MCF7, (e) U87, and (f) HEPG2. n = 3 and graphs made as the total of all foci 

counted. 
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Cell Line 
Dotarem Concentration 

Control 1 mM 

H460 -0.6486 0.0301 

MiaPaCa2 0.5985 0.1901 

DU145 0.6185 0.3032 

MCF7 -0.2694 -0.5610 

U87 0.3467 0.1878 

HEPG2 0.2691 0.4328 

 

Table 5.2: Skewness values indicating the how symmetrical the data is in Figure 

5.15, for AGuIX concentration of 1 mM. 

Used as a measure of how the data differs from a normal distribution. Positive skew 

indicates graphs shifted to the left and negative skew indicated graphs shifter to the 

right, with ± 1 indicating significant skewness. 
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Figure 5.13: Frequency distribution for SPION concentration 0.1 mM for a dose of 

1 Gy at the 1 hr timepoint. 

Measured as the number of foci counted per cell, (a) H460, (b) MiaPaCa2, (c) DU145, 

(d) MCF7, (e) U87, and (f) HEPG2. n = 3 and graphs made as the total of all foci 

counted. 
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Cell Line 
Dotarem Concentration 

Control 0.1 mM 

H460 0.1116 0.2460 

MiaPaCa2 0.8428 0.6496 

DU145 0.4393 0.4966 

MCF7 0.1305 -0.1088 

U87 0.1822 0.9797 

HEPG2 -0.1733 0.4961 

 

Table 5.3: Skewness values indicating the how symmetrical the data is in Figure 

5.13, for SPION concentration of 0.1 mM. 

Used as a measure of how the data differs from a normal distribution. Positive skew 

indicates graphs shifted to the left and negative skew indicated graphs shifter to the 

right, with ± 1 indicating significant skewness. 

 

From Figures 5.11, 5.12 and 5.13, there appears to be no subgroups forming, 

and no significant deviation from normal distribution. However, in order to quantify 

whether any of the graphs, the skewness was calculated. None of the values 

calculated suggested the skewness to be classified as severe (being less than -1 or 

greater than +1), suggesting this is not a significant deviation (400). However, there 

were 2 values that were around 0.9, and whilst this is not classed as severe, it could 

be interpreted as being significantly skewed. The values were for H460s treated with 

Dotarem at a concentration of 0.2 mM (skewness = 0.986), and MiaPaCa2s treated 

with SPIONs at a concentration of 0.1 mM (skewness = 0.9797). 
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5.2.2.2. Clonogenic Assay 

 

5.2.2.2.1. Conventional Gadolinium Contrast Agent - Dotarem 

 

In order to determine how clonogenic cell survival is impacted by the use of 

contrast agents, a clonogenic assay was carried out. Survival graphs for Dotarem, 

fitted with the linear quadratic equation are shown in Figure 5.14. Table 5.4 indicates 

the !/# ratios for the corresponding graphs. 

 

Figure 5.14: Clonogenic survival graphs for a 24 hr exposure to Dotarem. 

For concentrations of 0 mM, 0.2 mM, 2 mM or 20 mM. (a) H460, (b) MiaPaCa2, (c) 

DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n = 3) Shown as mean ± SEM. 
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Table 5.4: Corresponding !/# ratios for Figure 5.14, from the linear quadratic equation. 

Presented as ± SEM. NB: The control graph for MiaPaCa2 cells was effectively linear, making it difficult to fit an accurate $ value.

Cell Line 
Dotarem Concentration 

Control 0.2 mM 2 mM 20 mM 
%(Gy-1) $(Gy-2) %/$(Gy) %(Gy-1) $(Gy-2) %/$(Gy) %(Gy-1) $(Gy-2) %/$(Gy) %(Gy-1) $(Gy-2) %/$(Gy) 

H460 
0.167 ± 
0.075 

0.012 ± 
0.010 

14.10 ± 
8.03 

0.180 ± 
0.072 

0.013 ± 
0.010 

13.58 ± 
6.66 

0.155 ± 
0.038 

0.015 ± 
0.005 

10.70 ± 
2.78 

0.227 
±0.054 

0.010 ± 
0.007 

22.65 ± 
10.24 

MiaPaCa2 
0.310 ± 
0.079 

- N/A 0.203 ± 
0.015 

0.015 ± 
0.007 

13.97 ± 
4.42 

0.217 ± 
0.057 

0.013 ± 
0.008 

17.02 ± 
6.61 

0.232 ± 
0.077 

0.017 ± 
0.011 

14.06 ± 
5.87 

DU145 
0.252 ± 
0.127 

0.019 ± 
0.018 

13.05 ± 
7.82 

0.307 ± 
0.126 

0.012 ± 
0.018 

24.73 ± 
20.97 

0.332 ± 
0.085 

0.012 ± 
0.012 

26.90 ± 
15.15 

0.273 ± 
0.089 

0.022 ± 
0.013 

12.44 ± 
5.96 

MCF7 
0.282 ± 
0.040 

0.004 ± 
0.006 

63.43 ± 
45.71 

0.236 ± 
0.063 

0.012 ± 
0.009 

19.08 ± 
8.34 

0.134 ± 
0.131 

0.020 ± 
0.018 

0.684 ± 
3.90 

0.198 ± 
0.094 

0.014 ± 
0.013 

14.51 ± 
8.91 

U87 
0.207 ± 
0.094 

0.003 ± 
0.013 

76.43 ± 
212.87 

0.153 ± 
0.048 

0.010 ± 
0.006 

15.90 ± 
6.36 

0.146 ± 
0.048 

0.007 ± 
0.007 

21.80 ± 
13.12 

0.160 
±0.047 

0.009 ± 
0.006 

18.62 ± 
8.67 

HEPG2 
0.203 ± 
0.078 

0.019 ± 
0.011 

10.54 ± 
4.15 

0.221 ± 
0.015 

0.013 ± 
0.002 

17.55 ± 
1.80 

0.179 ± 
0.062 

0.018 ± 
0.009 

9.80 ± 
3.32 

0.209 ± 
0.054 

0.016 ± 
0.007 

13.42 ± 
4.22 
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It is clear from Figure 5.14 that there is no significant change in clonogenic 

cell survival for all cell lines at all concentrations. This suggests the combination of 

Dotarem with 225 kVp X-rays does not affect the cells’ ability to survive and produce 

colonies. This has been validated using the Extra Sum-of-Squares F-Test in which no 

significant change in the linear quadratic curves was found, with statistics shown in 

Appendix 5. 

 

5.2.2.2.2. Gadolinium Nanoparticle Contrast Agent - AGuIX 

 

For AGuIX, both a 1 hr and 24 hr exposure at 1 mM was tested, as shown in 

Figure 5.15a, b, with tables of !/# ratios shown in Table 5.5a, b. 
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Figure 5.15a: Clonogenic survival graphs for 1 hr exposure to 1 mM AGuIX. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n = 3) Shown 

as mean ± SEM. 
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Cell Line 
AGuIX Concentration 

Control 1 mM 
!(Gy-1) #(Gy-2) !/#(Gy) !(Gy-1) #(Gy-2) !/#(Gy) 

H460 
0.108  ± 

0.060 
0.043 ± 
0.008 

2.54 ± 
0.87 

0.067 ± 
0.052 

0.047 ± 
0.007 

1.44 ±  
0.66 

MiaPaCa2 
0.191 ± 
0.045 

0.015 ± 
0.006 

12.47 ± 
3.39 

0.191 ± 
0.030 

0.015 ± 
0.004 

12.43 ± 
2.24 

DU145 
0.170 ± 
0.062 

0.031 ± 
0.009 

5.55 ± 
1.47 

0.117 ± 
0.045 

0.040 ± 
0.006 

2.96 ±  
0.71 

MCF7 
0.292 ± 
0.061 

0.043 ± 
0.009 

6.85 ± 
1.14 

0.239 ± 
0.096 

0.067 ± 
0.013 

3.56 ±  
0.92 

U87 
0.201 ± 
0.043 

0.012 ± 
0.006 

16.49 ± 
4.76 

0.169 ± 
0.048 

0.013 ± 
0.007 

12.52 ± 
4.11 

HEPG2 
0.385 ± 
0.028 

0.004 ± 
0.004 

92.02 ± 
48.77 

0.248 ± 
0.005 

0.016 ± 
0.001 

15.87 ± 
0.45 

 

Table 5.5a: Corresponding $/% ratio for Figure 5.15a, from the linear quadratic 

equation. 

Presented as ± SEM. 
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Figure 5.15b: Clonogenic survival graphs for 24 hr exposure to 1 mM AGuIX. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n = 3) Shown 

as mean ± SEM. 
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Cell Line 
AGuIX Concentration 

Control 1 mM 
!(Gy-1) #(Gy-2) !/#(Gy) !(Gy-1) #(Gy-2) !/#(Gy) 

H460 
0.099 ± 
0.062 

0.040 ± 
0.009 

2.50 ± 
0.96 

0.144 ± 
0.046 

0.037 ± 
0.006 

3.87 ± 
0.80 

MiaPaCa2 
0.132 ± 
0.045 

0.027 ± 
0.006 

4.95 ± 
1.18 

0.162 ± 
0.045  

0.020 ± 
0.006 

8.09 ± 
1.93 

DU145 
0.047 ± 
0.081 

0.045 ± 
0.011 

1.06 ± 
1.06 

0.153 ± 
0.046 

0.038 ± 
0.006 

3.99 ± 
0.78 

MCF7 
0.193 ± 
0.132 

0.071 ± 
0.018 

2.73 ± 
1.15 

0.147 ± 
0.107 

0.076 ± 
0.015 

1.94 ± 
0.85 

U87 
0.102 ± 
0.043 

0.016 ± 
0.006 

6.28 ± 
2.03 

0.121 ± 
0.038 

0.012 ± 
0.005 

9.94 ± 
2.96 

HEPG2 
0.173 ± 
0.080 

0.014 ± 
0.011 

12.31 ± 
6.48 

0.309 ± 
0.061 

- 
N/A 

 

Table 5.5b: Corresponding $/% ratios for Figure 5.15b, from the linear quadratic 

equation. Presented as ± SEM. The 1 mM graph for HEPG2 cells was effectively linear, 

making it difficult to fit an accurate # value. 

 

From first glance, there is no decrease in clonogenic cell survival for all cell 

lines, for both 1 hr and 24 hr exposure to the nanoparticles. There is, however, a 

small but significant sensitisation of MCF7 and HEPG2 cells after a 1 hr exposure, and 

also DU145 for a 24 hr exposure (P < 0.05) from the Extra Sum-of-Squares F-Test, 

suggesting radiosensitisation for these combinations. However, overall, AGuIX did 

not affect clonogenic cell survival. Statistics are presented in Appendix 5. 

 

5.2.2.2.3. Iron Oxide Nanoparticle Contrast Agent – SPION 

 

The same experiment was repeated for SPIONs, with both a 1 hr and 24 hr 

exposure to 0.1 mM prior to irradiation with 225 kVp X-rays. Clonogenic survival 

graphs are shown in Figures 5.16a, b, and the !/# ratios are presented in Tables 5.6 

a, b. 
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Figure 5.16a: Clonogenic survival graphs after a 1 hr exposure time to 0.1 mM 

SPIONs. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n = 3) 

Shown as mean ± SEM. 
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Cell Line 
SPION Concentration 

Control 0.1 mM 
!(Gy-1) #(Gy-2) !/#(Gy) !(Gy-1) #(Gy-2) !/#(Gy) 

H460 
0.049 ± 
0.047 

0.045 ± 
0.006 

1.08 ± 
0.61 

- 0.081 ± 
0.005 

N/A 

MiaPaCa2 
0.198 ± 
0.049 

0.024 ± 
0.007 

8.33 ± 
1.81 

0.094 ± 
0.059 

0.045 ± 
0.092 

2.09 ± 
0.79 

DU145 
0.038 ± 
0.064 

0.051 ± 
0.009 

0.74 ± 
0.72 

0.196 ± 
0.013 

0.048 ± 
0.002 

4.06 ± 
0.17 

MCF7 
0.118 ± 
0.122 

0.071 ± 
0.017 

1.67 ± 
1.02 

0.186 ± 
0.132 

0.055 ± 
0.018 

3.41 ± 
1.56 

U87 
0.180 ± 
0.031 

0.015 ± 
0.004 

12.35 ± 
2.45 

0.122 ± 
0.030 

0.019 ± 
0.004 

6.23 ± 
1.18 

HEPG2 
0.161 ± 
0.042 

0.021 ± 
0.006 

7.51 ± 
1.61 

0.272 ± 
0.076 

0.025 ± 
0.011 

11.08 ± 
3.26 

 

Table 5.6a: Corresponding $/% ratios for Figure 5.16a, from the linear quadratic 

equation. Presented as ± SEM. The 0.1 mM graph for H460 cells was effectively 

linear, making it difficult to fit an accurate # value. 
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Figure 5.16b: Clonogenic survival graphs after a 24 hr exposure time to 0.1 mM 

SPIONs. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n = 3) Shown 

as mean ± SEM. 
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Cell Line 
SPION Concentration 

Control 0.1 mM 
!(Gy-1) #(Gy-2) !/#(Gy) !(Gy-1) #(Gy-2) !/#(Gy) 

H460 
0.117 ± 
0.057 

0.032 ± 
0.008 

3.68 ± 
1.16 

0.125 ± 
0.084 

0.055 ± 
0.012 

2.26 ± 
0.92 

MiaPaCa2 
0.174 ± 
0.059 

0.024 ± 
0.008 

7.11 ± 
1.96 

0.133 ± 
0062 

0.038 ± 
0.009 

3.47 ± 
1.04 

DU145 
0.136 ± 
0.009 

0.036 ± 
0.001 

3.75 ± 
0.15  

0.196 ± 
0.009 

0.039 ± 
0.001 

4.98 ± 
0.17 

MCF7 
0.165 ± 
0.057 

0.060 ± 
0.008 

2.77 ± 
0.59 

0.251 ± 
0.065 

0.045 ± 
0.009 

5.52 ± 
1.03 

U87 
0.095 ± 
0.047 

0.025 ± 
0.007 

3.84 ± 
1.25 

0.061 ± 
0.064 

0.028 ± 
0.009 

2.16 ± 
1.37 

HEPG2 
0.108 ± 
0.041 

0.027 ± 
0.006 

4.06 ± 
1.02 

0.206 ± 
0.085 

0.019 ± 
0.012 

10.70 ± 
4.57 

 

Table 5.6b: Corresponding $/% ratios for Figure 5.16b, from the linear quadratic 

equation. Presented as ± SEM. 

 

It is clear from this data that H460 lung cancer cells are impacted the most by 

the SPIONs in terms of clonogenic cell survival, at both 1 hr and 24 hr exposure (P < 

0.0001), suggesting radiosensitisation from the combination of SPIONs with 225 kVp 

radiation. This was also the case for DU145 cells (P<0.01). The HEPG2 cells have a 

large decrease in cell survival at 1 hr exposure (P < 0.001) however this effect was 

not seen at 24 hrs. Statistics by the Extra Sum-Of-Squares F-Test are presented in 

Appendix 5. 

 

5.2.2.2.4. Inherent Toxicity of Contrast Agents 

 

Following on from the inherent DNA damage caused by contrast agents, the 

effect of toxicity was quantified by measuring the clonogenic plating efficiency in the 

absence of radiation, by crystal violet staining. The results are shown in Figures 5.17, 
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5.18 and 5.19, for Dotarem, AGuIX and SPIONs respectively. For AGuIX and SPIONs, 

the toxicity was measured both for 1 hr and 24 hr exposure to the nanoparticles.  

 

 

 

Figure 5.17: Plating efficiency as a measure of toxicity for a 24 hr exposure to 0.2 

mM, 2 mM or 20 mM of Dotarem in the absence of radiation. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as 

mean ± SD. Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 0.001, 

***: P < 0.0001. 
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Figure 5.18: Plating efficiency as a measure of toxicity for a 1 hr or 24 hr exposure 

to 1 mM of AGuIX of 1 mM in the absence of radiation. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as 

mean ± SD. Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 0.001, 

***: P < 0.0001. 
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Figure 5.19: Plating efficiency as a measure of toxicity for a 1 hr or 24 hr exposure 

to 0.1 mM SPIONs in the absence of radiation. 

(a) H460, (b) MiaPaCa2, (c) DU145, (d) MCF7, (e) U87 and (f) HEPG2. (n=3) Plotted as 

mean ± SD. Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 0.001, 

***: P < 0.0001. 

 

The majority of cell lines with each contrast agent show no significant 

decrease in plating efficiency (an indication of toxicity), aside from with 20 mM 

Dotarem for HEPG2 cells, and the U87 and HEPG2 cells at the 24 hr time point with 
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SPIONs, compared with the control samples. There is also variability in the plating 

efficiency for some cell lines between various experiments, particularly for MiaPaCa2 

and MCF7 cell lines.  

5.2.2.3. Calculated Dose Enhancement Factors 

 

The dose enhancement factor was calculated using the clonogenic results, by 

comparing the dose required by the combination of radiation with contrast agents 

to give the same surviving fraction as 8 Gy with radiation alone. Results for Dotarem, 

AGuIX and SPIONs respectively are presented in Table 5.7, 5.8 and 5.9. 

 

Cell Line 
DEF 

0.2 mM 2 mM 20 mM 

H460 1.07 ± 0.03 1.03 ± 0.03 1.14 ± 0.07 

MiaPaCa2 1.03 ± 0.01 1.03 ± 0.02 1.13 ± 0.10 

DU145 0.99 ± 0.14 1.05 ± 0.04 1.07 ± 0.01 

MCF7 1.04 ± 0.15 0.94 ± 0.20 0.98 ± 0.017 

U87 1.01 ± 0.08 0.90 ± 0.21 1.00 ± 0.38 

HEPG2 0.93 ± 0.16 0.94 ± 0.41 0.95 ± 0.37 

 

Table 5.7: DEF for varying concentrations of Dotarem with 24 hr exposure, for 6 cell 

lines when in combination with 225 kVp X-rays. 
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Cell Line 
DEF 

1 hr 24 hr 

H460 0.99 ± 0.19 1.03 ± 0.13 

MiaPaCa2 1.00 ± 0.16 0.95 ± 0.28 

DU145 1.03 ± 0.13 1.08 ± 0.07 

MCF7 1.13 ± 0.07 1.00 ± 0.21 

U87 0.95 ± 0.37 0.98 ± 0.34 

HEPG2 0.92 ± 0.16 0.83 ± 0.35 

 

Table 5.8: DEF for AGuIX at 1 mM concentration for 1 hr and 24 hr exposure, for 6 

cell lines when in combination with 225 kVp X-rays. 

 

Cell Line 
DEF 

1 hr 24 hr 

H460 1.18 ± 0.10 1.27 ± 0.03 

MiaPaCa2 1.09 ± 0.10 1.11 ± 0.10 

DU145 1.17 ± 0.07 1.12 ± 0.01 

MCF7 0.95 ± 0.39 0.97 ± 0.20 

U87 0.96 ± 0.21 0.99 ± 0.35 

HEPG2 1.28 ± 0.03 1.08 ± 0.31 

 

Table 5.9: DEF for SPIONs at 0.1 mM concentration for 1 hr and 24 hr exposure, for 

6 cell lines when in combination with 225 kVp X-rays. 

 

There are no large DEFs found for Dotarem, with a range of 0.90 – 1.14. This 

was also the case for AGuIX which had a range of 0.83 – 1.13. However, for SPIONs, 

the values ranged from 0.96 – 1.28, with H460 at 24 hr exposure and HEPG2 at 1 hr 

exposure displaying the largest DEF with a 28 % increase in radiosensitivity, 

suggesting radiosensitisation by the SPIONs. 
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5.2.2.4. Predicted Dose Enhancement Factor 

 

The DEF was predicted by using an approximation of the ratio of energy 

absorption in the medium plus contrast agent, compared to the medium alone, as 

laid out in Section 2.8.2.5. For Dotarem, the range of 1.002, 1.020 and 1.195 for 

concentrations of 0.2 mM, 2 mM and 20 mM respectively. This suggests there may 

be a very small dose enhancement for the higher concentrations, but no real change 

for lower concentrations. For AGuIX, the predicted DEF was found to be 1.350, for a 

concentration of 1 mM which is substantially higher than for Dotarem. However, for 

the SPIONs, the mass of Iron oxide added to the cells was very low, leading to a 

predicted DEF of 1.000. This suggests no radiosensitisation would be seen for 

treatment with SPIONs at a concentration of 0.1 mM. A comparison between the 

experimental and predicted DEFs are shown in Figure 5.20, indicating again the cell-

specific nature of radiosensitisation and that both biological and physical dose 

enhancement occurs. 
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Figure 5.20: Comparison of experimental and predicted DEFs for 3 contrast 

agents. 

With (a) Dotarem 0.2 mM, (b) Dotarem 2 mM, (c) Dotarem 20 mM, (d) AGuIX 1 mM 

and (e) SPIONs 0.1 mM. Presented as mean ± SD, with (d) and (e) for both 1 hr and 

24 hr exposure of contrast agents and (a,b and c) showing just a 24 hr exposure to 

Dotarem. 

 

5.2.3. Combined Radiation, Magnetic Fields and Contrast Agents 

 

In order to determine the impact of magnetic fields combined with contrast 

agents on radiosensitisation, the experimental setup at NPL was used, as described 

in Section 2.1 with a photograph showing the setup in Figure 2.2. 6 MV X-rays were 

used, for a magnetic field strength of 1.5 T.  
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5.2.3.1. DNA Damage by Immunofluorescence Assay 

 

A DNA damage assay was performed for 2 cell lines, H460 and DU145, for a 

dose of 0 or 1 Gy in the presence or absence of 1.5 T magnetic field and fixed both 1 

hr and 24 hrs post irradiation. This was carried out for cells treated with either 20 

mM Dotarem, 1 mM AGuIX or 0.1 mM SPIONs. Graphs are shown in Figures 5.21 and 

5.22 for H460 and DU145 respectively. 

 

 

 

Figure 5.21: DNA damage assay comparing different contrast agents with H460 cells 

for magnetic field strengths of 0 T and 1.5 T, treated with 1 Gy 6 MV radiation. 

(a) 0 Gy fixed at 1 hr timepoint, (b) 1 Gy fixed at 1 hr timepoint, (c) 0 Gy fixed at 24 

hr timepoint, and (d) 1 Gy fixed at 24 hr timepoint. (n=3) Plotted as mean ± SD. 

Statistics from One-Way ANOVA with Tukey’s multiple correction test as; *: P < 0.05, 

**: P < 0.001, ***: P < 0.0001. 
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Figure 5.22: DNA damage assay comparing different contrast agents with DU145 

cells for magnetic field strengths of 0 T and 1.5 T, treated with 1 Gy 6 MV radiation.  

(a) 0 Gy fixed at 1 hr timepoint, (b) 1 Gy fixed at 1 hr timepoint, (c) 0 Gy fixed at 24 

hr timepoint, and (d) 1 Gy fixed at 24 hr timepoint. (n=3) Plotted as mean ± SD. 

Statistics from One-Way ANOVA with Tukey’s multiple correction test as; *: P < 0.05, 

**: P < 0.001, ***: P < 0.0001. 

 

SPIONs had a significant increase in DNA damage for both cell lines compared 

to controls for a dose of 1 Gy, for both 0 T and 1.5 T, fixed 1 hr post irradiation. This 

was not the case for any of the other contrast agents, except for Dotarem at 0 T for 

DU145s. This suggests radiosensitisation for SPIONs using 6 MV X-rays. However, an 

impact of the magnetic field on the SPIONs for a dose of 1 Gy is only observable in 

DU145 cells. There is an indication that the magnetic field is impacting DNA damage 

repair, as H460s treated with SPIONs have a significant increase in DNA lesions at a 
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dose of 1 Gy fixed at 24 hr timepoint. DU145 cells see this impact for both SPIONs 

and AGuIX. No significant increase in inherent toxicity was seen for the 0 Gy 1 hr cells 

for any contrast agents added to H460 cells, however all combinations had a 

significant increase in DU145 cells, except for Dotarem with 0 T magnetic field 

strength. The statistics in Figures 5.21 and 5.22 are a measure of the significant 

difference from controls, however the statistics comparing each contrast agent with 

and without the magnetic have also been calculated and are presented in Appendix 

6. 

 

5.2.3.2. Clonogenic Assay 

 

Clonogenic assays were carried out to investigate the effect on cell survival of 

the magnetic field combined with contrast agents and 6 MV X-rays. Graphs showing 

comparisons of different contrast agents is shown in Figures 5.23 and 5.24 for H460 

and DU145 cells respectively. The corresponding !/# ratios are presented in Tables 

5.10 and 5.12. The calculated DEFs are also presented in Tables 5.11 and 5.13.  

 

 

 

Figure 5.23: Clonogenic survival curves for H460 cells in combination with contrast 

agents and magnetic fields. 

Concentrations of 20 mM Dotarem, 1 mM AGuIX and 0.1 mM SPIONs, for (a) 0 T and 

(b) 1.5 T magnetic field. (n=1) Plotted as mean ± SEM. 
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Cell Line 
Magnetic Field Strength (T) 

0 T 1.5 T 
!(Gy-1) #(Gy-2) !/#(Gy) !(Gy-1) #(Gy-2) !/#(Gy) 

Control 
0.196 ± 
0.036 

0.060 ± 
0.005 

3.27 ± 
0.96 

0.058 ± 
0.023 

0.088 ± 
0.003 

0.66 ± 
0.29 

Dotarem 
0.136 ± 
0.027 

0.101 ± 
0.004 

1.35 ± 
0.33 

0.195 ± 
0.045 

0.120 ± 
0.006 

1.62 ± 
0.48 

AGuIX 
0.151 ± 
0.037 

0.109 ± 
0.005 

1.39 ± 
0.43 

0.224 ± 
0.049 

0.124 ± 
0.007 

1.81 ± 
0.53 

SPION 
0.043 ± 
0.076 

0.108 ± 
0.011 

0.40 ± 
0.82 

0.157 ± 
0.019 

0.133 ± 
0.003 

1.18 ± 
0.17 

Table 5.10: Corresponding $/% ratios for Figure 5.22, from the linear quadratic 

equation. 

 

Contrast Agent 
DEF 

0 T 1.5 T 

Dotarem 1.00 ± 0.04 1.01 ± 0.07 

AGuIX 1.03 ± 0.06 1.01 ± 0.07 

SPION 1.17 ± 0.03 1.09 ± 0.03 

Table 5.11: Calculated DEF for Figure 5.22, compared with controls at 8 Gy. 

 

 

Figure 5.24: Clonogenic survival curves for DU145 cells in combination with 

contrast agents and magnetic fields. 

Concentrations of 20 mM Dotarem, 1 mM AGuIX and 0.1 mM SPIONs, for (a) 0 T and 

(b) 1.5 T magnetic field. (n=1), Plotted as mean ± SEM. 
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Cell Line 
Magnetic Field Strength (T) 

0 T 1.5 T 
 !(Gy-1) #(Gy-2) !/#(Gy) !(Gy-1) #(Gy-2) !/#(Gy) 

Control 
0.240 ± 
0.060 

0.033 ± 
0.008 

7.38 ± 
5.06 

0.133 ± 
0.054 

0.029 ± 
0.008 

4.56 ± 
4.09 

Dotarem 
0.071 ± 
0.024 

0.032 ± 
0.003 

2.19 ± 
1.07 

0.200 ± 
0.085 

0.034 ± 
0.012 

5.88 ± 
7.00 

AGuIX 
0.041 ± 
0.014 

0.038 ± 
0.002 

1.09 ± 
0.45 

0.041 ± 
0.088 

0.054 ± 
0.012 

0.77 ± 
2.34  

SPION 
0.118 ± 
0.016 

0.043 ± 
0.002 

2.72 ± 
0.53 

0.135 ± 
0.008 

0.037 ± 
0.001 

3.64 ± 
0.32 

 

Table 5.12: Corresponding $/% values for Figure 5.23, from the linear quadratic 

equation. 

 

Contrast Agent 
DEF 

0 T 1.5 T 

Dotarem 0.79 ± 0.12 1.15 ± 0.34 

AGuIX 0.82 ± 0.09 1.14 ± 0.16 

SPION 0.96 ± 0.10 1.10 ± 0.05 

 

Table 5.13: Calculated DEF for Figure 5.23, compared with controls at 8 Gy. 

 

Figure 5.23 suggests that treatment with SPIONs lowers the surviving fraction 

both with and without an applied magnetic field with H460 cells. The Extra Sum-of-

Squares F-Test suggested that the linear quadratic curves were significantly different 

to each other for H460s at 0 T and 1.5 T (P<0.0001), and DU145 curves being 

significantly different at 0 T only. Statistics for this data are presented in Appendix 7. 

When considering whether the magnetic field impacted each contrast agent 

individually, graphs were plotted in Figures 5.25 and 5.26 for H460 and DU145 cells 

respectively, with the calculated DEFs presented in Tables 5.14 and 5.15. 
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Figure 5.25: Clonogenic survival curves for H460 cells in combination with a 

magnetic field. 

Magnetic field strength of 1.5 T, for (a) control – no contrast agent, (b) 20 mM 

Dotarem, (c) 1 mM AGuIX, and (d) 0.1 mM SPIONs. (n=1), Plotted as mean ± SEM. 

 

Contrast Agent 
DEF 

1.5 T 

Control 1.06 ± 0.62 

Dotarem 1.06 ± 0.08 

AGuIX 1.03 ± 0.07 

SPION 1.00 ± 0.04 

 

Table 5.14: Calculated DEF for Figure 5.24, compared with 0 T values at 8 Gy. 
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Figure 5.26: Clonogenic survival curves for DU145 cells in combination with a 

magnetic field. Magnetic field strength of 1.5 T, for (a) control – no contrast agent, 

(b) 20 mM Dotarem, (c) 1 mM AGuIX, and (d) 0.1 mM SPIONs. (n=1), Plotted as mean 

± SEM. 

 

Contrast Agent 
DEF 

1.5 T 

Control 0.83 ± 0.23 

Dotarem 1.26 ± 0.38 

AGuIX 1.18 ± 0.28 

SPION 0.95 ± 0.04 

 

Table 5.15: Calculated DEF for Figure 5.25, compared with 0 T values at 8 Gy. 

 

It is observed in Figure 5.25 and Figure 5.26, that DU145 cells were affected 

more greatly by the applied static magnetic field. However, this impact is only seen 
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for Dotarem and AGuIX, with the control cells having the opposite effect, with a 

higher surviving fraction for the 1.5 T magnetic field.  

 

5.2.4. Uptake of Contrast Agents by ICP-MS 

 

ICP-MS was used to quantify the amount of contrast agent taken up into each 

cell line, with the methods laid out in Section 2.8.1. The results for Dotarem 

(presented as the mass of gadolinium per cell) is presented in Figure 5.27, for 

concentrations of 0.2, 2 and 20 mM for a 24 hr exposure. The results for AGuIX and 

SPIONs, for concentrations of 1 mM and 0.1 mM respectively, to represent the 

concentrations used for in vitro experiments, are presented in Figures 5.28 and 5.29. 

 

 

 

Figure 5.27: Uptake measurements of Dotarem using ICP-MS. 

The mass of gadolinium per cell for concentrations of 0.2, 2 and 20 mM for a 24 hr 

exposure. Presented as mass ± SEM (n=3). 
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Figure 5.28: Uptake measurements of AGuIX using ICP-MS. 

The mass of gadolinium per cell for a concentration of 1 mM for a 24 hr exposure. 

Presented as mass ± SEM (n=3). 
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Figure 5.29: Uptake measurements of SPIONs using ICP-MS. 

The mass of iron oxide per cell for a concentration of 0.1 mM for a 24 hr exposure. 

Presented as mass ± SEM (n=3). 

 

Figure 5.27, of Dotarem uptake, shows a positive correlation between the 

concentrations and the mass of gadolinium uptake. However, for all contrast agents, 

there is a large variation in the uptake, suggesting a cell specific nature. In order to 

determine whether the amount of uptake correlates with the radiosensitivity of each 

of the concentrations, graphs are presented of mass of uptake against the number 

of DNA damage foci, in Figures 5.30, 5.31 and 5.32 for Dotarem, AGuIX and SPIONs 

respectively, for doses of 0 – 2 Gy and for exposure times of 1 hr and 24 hrs.  
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Figure 5.30a,b: Uptake vs DNA damage foci number for Dotarem exposures. 

For concentrations ranging from 0.2 – 20 mM, for (a) 1 hr and (b) 24 hr exposures for 

all 6 cell lines and radiation doses; (i) 0 Gy, (ii) 1 Gy and (iii) 2 Gy. Presented as mean 

± SEM. (n=3). 
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Figure 5.31a,b: Uptake vs DNA damage foci number for AGuIX exposures. 

For AGuIX concentration 1 mM, for (a) 1 hr and (b) 24 hr exposures for all 6 cell lines 

and radiation doses; (i) 0 Gy, (ii) 1 Gy and (iii) 2 Gy. Presented as mean ± SEM, with 

Spearman correlation coefficient, &. (n=3) 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 
 

 289 

 

 

Figure 5.32a,b: Uptake vs DNA damage foci number for SPION exposures. 

For SPION concentration 0.1 mM, for (a) 1 hr and (b) 24 hr post-irradiation for all 6 

cell lines and radiation doses; (i) 0 Gy, (ii) 1 Gy and (iii) 2 Gy. Presented as mean ± 

SEM, with Spearmen correlation coefficient, &. (n=3) 

 

From figure 5.30, it is clear that there is positive correlation between the 

increasing concentration of Dotarem and the number of DNA damage foci per cell. 

This suggests that the amount of gadolinium taken up by the cells has an impact on 

radiosensitivity. As for AGuIX and SPIONs, there is no strong correlation for any dose 

for either  1 hr or 24 hr exposure to the nanoparticles (determined to be strong if 

greater than +/- 0.7 (401)), shown by the Spearman correlation coefficients. 

However, it was not understood whether this is due to background levels of DNA 

damage in control values, and not radiosensitisation. Therefore, in order to 
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determine whether the correlation is due to radiosensitisation, as opposed to the 

inherent toxicity of the contrast agents, graphs have been presented for the DNA 

damage corrected for controls, with the 0 Gy foci numbers, as well as the foci 

numbers for cells without exposure to nanoparticles, subtracted from the foci 

numbers of irradiated cells. This shows only the radiosensitising effects, presented in 

Figures 5.33, 5.34 and 5.35 for Dotarem, AGuIX and SPIONs respectively. 

 

 

 

Figure 5.33a,b: Uptake vs DNA damage foci number for Dotarem exposures 

corrected for controls. 

For concentrations ranging from 0.2 – 20 mM, for (a) 1 hr and (b) 24 hr exposures for 

all 6 cell lines and radiation doses; (i) 1 Gy and (ii) 2 Gy. Presented as mean ± SEM. 

(n=3) 
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Figure 5.34a,b: Uptake vs DNA damage foci number for AGuIX exposures corrected 

for controls of radiation and AGuIX. 

For AGuIX concentration 1 mM, for (a) 1 hr and (b) 24 hr exposures for all 6 cell lines 

and radiation doses; (i) 1 Gy, (ii) 2 Gy. Presented as mean ± SEM, with Spearman 

correlation coefficient, &. (n=3) 
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Figure 5.35a,b: Uptake vs DNA damage foci number for SPION exposures corrected 

for controls of radiation and SPIONs. 

For SPION concentration 0.1 mM, for (a) 1 hr and (b) 24 hr exposures for all 6 cell 

lines and radiation doses; (i) 1 Gy and (ii) 2 Gy. Presented as mean ± SEM, with 

Spearman correlation coefficient, &. (n=3) 

 

Once corrected for controls, Dotarem maintains a positive correlation at the 

1 hr timepoint between the mass of uptake and the number of DNA damage foci, 

whilst for AGuIX and SPIONs, no strong correlation found suggesting that any 

radiosensitisation is caused by cell line specific toxicity and not correlated with the 

amount taken up into the cells.  
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5.3. Discussion 

 

The extensive literature review carried out at the beginning of this project 

indicated the 6 most common treatment sites that were being investigated in the 

literature in regards to MR-Linacs. This was then used as the basis for selecting the 

cell lines that have been used throughout the project, with one cell lines chosen for 

each site. The specific cell lines chosen where decided on based on what was 

currently available, as well as using cell lines that had been researched previously by 

members of the research group and that represented a range of radiosensitivities. It 

is evident that the MR-Linac may be used for a range of cancers, and therefore it was 

important to investigate the potential benefits of the MR-Linac of a range of 

treatment sites. Further to this, the treatment sites chosen were further validated 

when observing the MRI-Linear Accelerator Consortium that was set up in 2016 to 

facilitate a smooth introduction of MR-Linacs into heath care, based on evidence and 

experience from numerous centres around the world (402). As part of this 

consortium, a number of treatment sites were chosen to be the focus of their 

research, which included 5 of the 6 sites chosen here, with the liver being the 

exception. The treatment sites selected by the consortium were; brain, breast, cervix, 

oesophagus, lung, oropharynx, pancreas, prostate and rectum.  It was stated that the 

reasons for their choice was based on a number of factors including the incidence, 

potential increase in local control, decreased toxicity, or improved quality of life 

(QoL) that treatment with an MR-Linac could deliver (402). Therefore, this project is 

in good alignment with the current direction that the work developing the clinical 

application of MR-Linacs is headed. 

Looking firstly at the results with Dotarem, an example of a conventional 

gadolinium contrast agent, there is a significant increase in DNA damage with 

increasing concentrations of Dotarem. For all cell lines, the DNA damage was 

significantly increased for 2 mM and 20 mM, for both 1 Gy and 2 Gy radiation (P < 

0.05), suggesting radiosensitisation. Also, in terms of inherent toxicity, treatment 

with Dotarem gave a significant increase in DNA damage for all cell lines at 20 mM (P 

< 0.05), inferring that Dotarem alone may impact the other cellular biological 
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processes, such as induction of oxidative stress and ROS production. However, the 

clonogenic survival was not altered for any cell line at any Dotarem concentration, 

with the lack of significant change indicated by the Extra Sum-of-Squares F-Test, with 

statistics presented in Appendix 5. There was also no significant decrease in plating 

efficiency for Dotarem, aside from HEPG2 cells at 20 mM, contradicting the 0 Gy DNA 

damage results. This is further validated by the DNA damage measured 24 hrs post-

irradiation. Although a statistical difference was measured for all cell lines at 20 mM 

apart from U87, from Figure 5.8, this difference in foci number was small, and it is 

clear that most of the initial damage seen at the 1 hr timepoint has been repaired by 

24 hrs. This suggests that, whilst Dotarem appears to increase levels of DNA damage 

within the nucleus, this damage is repairable and doesn’t affect the cells’ ability to 

survive and produce colonies.  

 

Comparing the results with Dotarem to that with AGuIX, a gadolinium 

nanoparticle, the only largely significant increase in DNA damage for 1 Gy and 2 Gy 

dose was in HEPG2 cells (P < 0.0001), and an increase in inherent toxicity was only 

seen for HEPG2 and H460 cells (P < 0.001), with no significant change in toxicity seen 

for any other cell line. This significant change was also seen for HEPG2 cells at the 24 

hr timepoint, suggesting some impairment of DNA damage repair. This was indeed 

backed up with the clonogenic assay, in which only a few combinations saw a 

significant change in their linear quadratic curves, those being MCF7 and HEPG2 cells 

for 1 hr exposure, and also DU145 cells at 24 hr exposure to the nanoparticles (P < 

0.05). The indication from these results is that AGuIX is more cell line dependant 

regarding its radiosensitising affects than Dotarem in combination with 225 kVp X-

rays.  

 

The work presented here with Dotarem and AGuIX can be compared with the 

work of Taupin et al. which investigated the different radiosensitising effects of both 

conventional (Magnevist®) and nanoparticle gadolinium contrast agents (253). A 

range of low energy, 25 – 80 keV, monochromatic X-rays were used as well as a 1.25 

MV cobalt source to investigate higher energies. At the lower energies, Taupin et al. 
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saw a greater radiosensitisation in terms of a cell survival with the nanoparticles than 

with the conventional contrast agent. This echoes somewhat the results with 

Dotarem and AGuIX, in which no change in clonogenic survival was seen with 

Dotarem, but yet a significant change for a small number of cell lines with AGuIX. It 

is not possible to compare the dependence on different cell lines as Taupin et al. 

tested F98 rat glioma cells, compared with the 6 human cancer cell lines used in this 

study.  

 

Further to this, AGuIX has been demonstrated to cause radiosensitisation in 

various cell lines in vitro. Luchette et al. found a significant decrease in clonogenic 

cell survival of treated HeLa cells at both 220 kVp and 6 MV (254). The 220 kVp energy 

is comparable with the 225 kVp energy used for this study, however, as the 

experiment was carried out using HeLa cells, it only adds to the theory of 

radiosensitisation from AGuIX being cell line specific. The significant decrease in cell 

survival was also reported by Detappe et al. for Panc1 pancreatic cancer cells, for 

both 220 kVp and 6 MV at a concentration of 0.5 mM (252). AGuIX has also been 

shown to increase radiosensitisation in vivo, with Dufort et al. suggesting an increase 

in survival time for 9L glioma cells in rats when treated in combination with 

chemoradiation (239). HEPG2 cells, which were shown to have statistically decreased 

cell survival when treated with AGuIX for an incubation period of 1 hr has also been 

shown to be radiosensitive both in vitro and in vivo by Hu et al (291). The sensitisation 

enhancement ratio (SER), which is comparable to the DEF in this thesis, was found to 

be 1.52 for the in vitro experiment for 300 kV X-rays and a concentration of 0.5 mM 

AGuIX. AGuIX also significantly decreased the tumour diameter compared with 

controls in vivo. This validates the results found for HEPG2 cells in this study.  

 

The SPIONs showed the greatest radiosensitisation ability of the 3 contrast 

agents, both in terms of DNA damage and clonogenic cell survival. There was a 

significant increase in inherent toxicity for all cell lines except for U87 (P < 0.05), and 

for all cell lines at both 1 Gy and 2 Gy, except for U87 and 2 Gy (P < 0.05). This perhaps 

indicates that U87 are more resistant to the biological effects of SPIONs, as they also 
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showed no change in clonogenic cell survival. However, a significant change in 

toxicity in regard to plating efficiency was only seen with HEPG2 and MCF7 cells for 

24 hr exposure to the SPIONs. SPIONs were effective radiosensitisers in particular for 

H460 and DU145 cells, that had a significant change in the Linear Quadratic curve for 

both 1 hr and 24 hr exposure (P < 0.0001), calculated using the Extra Sum-of-Squares 

F-Test presented in Appendix 5. HEPG2 cells also had a large decrease in cell survival 

for the 24 hr exposure, suggesting that the biological toxicity of the HEPG2 cells 

occurs over a longer time period than for H460 and HEPG2. The clonogenic results 

for H460s are validated by the 24 hr timepoint for DNA damage, in which a statistical 

increase was seen for all doses. However, this was not the case for the DU145 cells, 

in which no statistical difference was observed.  

 

A study by Kirakli et al. performed a clonogenic assay with MCF7 cells in 

combination with SPIONs at 6 MV (262). Dose enhancement was seen at 2 Gy only, 

with the other doses mimicking the results for MCF7 cells in this study, which 

reported no radiosensitisation. This is contradicting the results shown in Figures 

5.16a and b. SPIONs have also been shown to increase radiosensitivity at 10 MV in 

MTG-B breast adenocarcinoma cells that have been treated with SPIONs for 72 hrs 

(265). Khoshgard et al. investigated the radiosensitisation of SPIONs on HeLa and 

MCF7 cells treated with dextran-coated SPIONs at a concentrations of 80 μg/ml, and 

found the DEF to be 1.19 ± 0.04 and 1.21 ± 0.06 (266). This also contrasts the results 

of this study with MCF7 cells.  

 

A recent study by Ahmad et al. investigated the comparison between gold, 

gadolinium and iron oxide nanoparticles for radiosensitisation, performing both 

clonogenic and immunofluorescence assays. AGuIX was used alongside an iron oxide 

nanoparticle with a diameter of 140 nm, for 2 cell lines; U87 and MCF7, and 6 MV X-

rays (267). U87 cells were found to have the largest dose enhancement with AGuIX 

for the clonogenic assay, whilst the iron oxide nanoparticles saw the largest 

enhancement along with the gold nanoparticles. However, it is worth noting that all 

3 nanoparticles had a significant decrease in cell survival with both cell lines. This 
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contradicts the clonogenic assays performed with AGuIX for this thesis, in which U87 

and HEPG2 cells were the least affected cell lines to AGuIX and SPIONs, but much 

greater radiosensitisation found with other cell lines. In terms of DNA damage, 

Ahmad et al. found that the iron oxide nanoparticles had the highest levels of residual 

damage, and even though AGuIX showed the highest initial damage, iron oxide 

proved to repair the damage the least (267). This adds weighting to the DNA damage 

assay performed for this study, in which SPIONs saw the greatest radiosensitisation 

in terms of DNA damage.  

 

In order to compare directly the results for Dotarem, AGuIX and SPIONs, it is 

important to acknowledge the difference in concentrations used. Dotarem was used 

at a range of 0.2 – 20 mM, AGuIX was used at 1 mM and SPIONs used at 0.1 mM. This 

emphasises more greatly the effect that SPIONs have on inherent toxicity, DNA 

damage, and also clonogenic survival. SPIONs had the greatest effect on clonogenic 

survival, with a concentration of one-tenth that of AGuIX, which saw much less 

radiosensitisation on the whole. In terms of DNA damage, Dotarem saw a significant 

increase only at the higher concentrations of 2 mM and 20 mM. This suggests SPIONs 

have a much greater impact on radiosensitisation. The purpose of selecting the 

different concentrations compared was based on the current literature and also 

previous work within the Radiobiology research group. The range of Dotarem 

concentrations was designed to cover a range above and below the concentration 

used in the publication by Taupin et al. (253). As for AGuIX, this 1 mM concentration 

has been shown to be effective in previous work from our group, and initially, SPIONs 

were selected to have the same concentration in order to give a direct comparison. 

However, when SPIONs were used at 1 mM in H460 cells, they were incredibly toxic 

as nearly all of the cells died, and therefore the concentration was then reduced to 

0.1 mM. The impact of this concentration of SPIONs on the cell viability of H460 cells 

is evaluated in Chapter 6.  

 

For AGuIX and SPIONs, the impact of exposure time to the nanoparticles was 

investigated, by irradiating the cells both 1 hr and 24 hrs after the nanoparticles were 
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added, for the clonogenic assay. AGuIX does not appear to follow a trend between 

the different cell lines, with MCF7 and HEPG2 being radiosensitised at 1 hr but not 

24 hr, and DU145 being radiosensitised at only 24 hr. The differences may be due to 

nanoparticles inducing either short- or longer-term toxicity to the different cell lines. 

For SPIONs, there is more consistency, with both H460 and DU145 cells showing a 

significant change in cell survival for both exposure times. However, HEPG2 cells saw 

this change only for the 1 hr exposure time. It is possible that the HEPG2 cells were 

more efficient at removing the SPIONs from the cells, so the dose enhancement after 

24 hrs was lessened, decreasing radiosensitivity however this contradicts the uptake 

data shown in Figure 5.29 in which HEPG2 had, by far, the highest level of uptake of 

all the cell lines, for a 24 hr exposure to SPIONs. It is also important to mention the 

differences seen in the control graphs between the 1 hr and 24 hr timepoint. 

Although the radiation was the same, and there was no treatment with 

nanoparticles, the control graphs differ. The most probable reason for this is that, for 

the 24 hr exposure, the control cells would have been in only 500 μl of media for 

much longer than the 1 hr exposure, as opposed to the 2 ml they are usually 

incubated in. This would have reduced the cells’ availability of sugars and nutrients 

that are required for growth.  

 

The uptake data, calculated using ICP-MS reveals that all contrast agents had 

a cell specific nature of uptake, ranging widely between cell lines. For Dotarem, ICP-

MS was performed for 3 concentrations, and so it can be seen that there is an 

increase in Gadolinium mass per cell for increasing concentrations of Dotarem, as 

expected. When plotted against the numbers of DNA damage foci, it is clear that 

there is a positive correlation at the 1 hr time point in particular, suggesting that the 

concentration of Dotarem within the cell has an impact on the radiosensitisation. 

However, this is not the case for AGuIX and SPIONs, in which a no strong correlation 

was found between the mass of contrast agent found within each cell and the 

numbers DNA damage foci for any cell line at both exposure times. It is important to 

note, though, that the results are skewed by HEPG2 cells which had the highest level 

of uptake in SPIONs. These results contradict a study by Ahmad et al. in which a 
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positive relationship was found for AGuIX and SPIONs between ICP-MS uptake and 

levels of DNA damage for 140 nm SPIONs, however a negative relationship was found 

between uptake and dose enhancement (267). While the mechanism of uptake 

remains unclear from this chapter, is has been suggested by Detappe et al., that for 

AGuIX, the nanoparticles are located primarily in the cytoplasm inside vesicles for 

pancreatic cells, suggesting that radiosensitisation may not require the nanoparticles 

to reach the cell nucleus (252). 

 

It is important to acknowledge the challenges of direct comparison between 

of the 225 kVp X-rays used in this study, and 6 MV energy most commonly used for 

clinical radiotherapy. At lower energies, the photoelectric effect (PE) is dominant, 

which has an absorption coefficient proportional to Z3. However, at higher energies, 

including the 6 MV energy, the Compton effect is dominant, which is proportional to 

Z (28). Therefore, it can be said that the use of high Z number contrast agents and 

nanoparticles are more beneficial in terms of dose enhancement at lower energies. 

As 225 kVp is the peak energy of the beam, much of the spectrum falls within the 

photoelectric range, suggesting that any results for this experimental setup are not 

comparable to the dose enhancement that may be observed clinically, as the 

absorption of the X-rays would be much greater. However, there is more to consider 

than just comparing the photoelectric effect with the Compton effect. There are 

differences in the ratios of absorption between gadolinium and water which occur 

predominantly in the region of 10 – 100 keV (403). The 2 mm Cu filter that is used 

will have attenuated most of those X-rays, and so reducing the impact of the 

difference in absorption coefficients. For SPIONs in particular, the k-edge of iron is < 

10 keV, and so this effect is reduced even further (403). However, the mass 

absorption ratio at 100 keV is still large and so the x-rays will still be absorbed more 

strongly than with a 6 MV linac. With these caveats, some comparison between 225 

kVp x-rays with that of 6 MV can be made. It is also worth mentioning that the 

biological sensitisation is not purely dose-dependent, and while differences in 

radiation absorption will be present, some comparison can be made. 
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This links directly to the discussion of both predicted and calculated DEFs. 

Taken from the LQ model from the clonogenic assays, Dotarem had a range of DEFs 

found to be 0.90 – 1.14 for the varying concentrations. The DEF, which is measured 

as a ratio of doses to create the same biological effect, has been approximated here 

to be the ratio of absorption coefficients for the predicted DEF. It was found to be 

1.002, 1.020 and 1.195 for 0.2 mM, 2 mM and 20 mM respectively. The predicted 

DEF was negligible for the lower concentrations and may be indicative of the lack of 

radiosensitisation seen in both the immunofluorescence and clonogenic assay.  The 

predicted DEF for AGuIX was found to be 1.350, which is substantially higher than 

that of Dotarem, however the actual DEF calculated ranged from 0.83 – 1.13 across 

all cell lines. This is lower than expected, suggesting the lack of toxicity in terms of 

the biological response to AGuIX from the cells. Delorme et al. compared predicted 

DEFs with experimental DEF for both conventional and nanoparticle gadolinium 

contrast agents, and found that at lower energies (30 – 80 keV) the experimental DEF 

were higher than predicted, owing to the biological action of the contrast agents 

(387). This contradicts with the results of this study for AGuIX. They found that at the 

higher 1.25 MeV energy, the gadolinium nanoparticles gave significant 

radiosensitisation when no effect was predicted using Monte Carlo modelling (387). 

The predicted DEFs are backed up by Roeske et al. who investigated DEF for a range 

of energies, for all elements with Z numbers of 25 – 90 (391). 

 

However, there are interesting differences when comparing the predicted 

and calculated DEF for SPIONs. Due to the very small concentration of SPIONs used, 

the DEF was predicted to be 1.000 based on assumptions described in Section 2.8.2.5, 

which can be assumed to be near 1, ie no dose enhancement. In contrast, the actual 

DEF for the clonogenic assays ranged from 0.96 – 1.28, with H460 at 24 hr exposure 

and HEPG2 at 1 hr exposure displaying the largest DEF. This emphasises that point 

that radiosensitisation can be driven by two contributions; the physical dose 

enhancement caused by the high absorption coefficient of the contrast agents, and 

the biological implications in terms of inherent toxicity that the contrast agents have 

on the cells. Nanoparticles have been shown to increase oxidative stress and 
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generate reactive oxygen species (ROS), causing free radical damage (212,404), 

leading to increased DNA damage and cell death, although most of this research has 

been focussed on the use of gold nanoparticles in particular (213,214,237,405). It has 

also been reported that nanoparticles can cause cell cycle arrest in G2 phase, putting 

them in the most radiosensitive part of the cell cycle (242,406), thus increasing their 

radiosensitivity.  

 

For the DNA damage assay with 225 kVp irradiations, the distribution in the 

number of foci (representing DSBs) was presented as a histogram. The purpose of 

this was to indicate whether the spread of the foci was normally distributed, and 

whether there may be 2 subsets forming. The impact of 2 subsets forming would be 

indicative of cells in different stages of the cell cycle, with different levels of 

radiosensitivity (35). This was not seen for any cell lines at any concentration of 

contrast agent, as all but 1 of the combinations had a skewness that was between ± 

1, which is the commonly used limit at which the data is considered to be significantly 

skewed (407).  

 

The results for investigating the impact of combining a magnetic field with 

contrast agents and 6 MV X-ray, indicate from the DNA damage assay that SPIONs 

significantly increase DNA damage at a dose of 1 Gy, both with and without a 

magnetic field, fixed 1 hr post-irradiation. This validates the results for SPIONs at 225 

kVp, suggesting that it is radiosensitive at both kV and MV energies, making it 

clinically relevant. However, the impact of the magnetic field on initial DNA damage 

is only seen for DU145 cells. SPIONs are known to be superparamagnetic which gives 

them great potential to cause vibrations and heating effects when used in 

combination with an MRI (205), however this effect is only observed in the presence 

of an alternating field, not with the static field that is used in this experimental setup. 

For the 0 Gy cells fixed at the 1 hr time point, there was no significant increase in 

inherent toxicity seen for any contrast agent with H460s, however all contrast agents 

had a significant increase in DU145 cells. This contradicts with the increased levels of 

DNA damage found using the 225 kVp exposures, and may be due to variables in the 
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experimental setup. For example, the time that the cells were out of the incubator 

for the setup at NPL was much greater due to the biology lab being located further 

away from the linac. Also, the flasks had to be filled completely with media to remove 

any air gaps, which prevents gas exchange. These different factors between 

experimental setup could have had implications on the levels of DNA damage seen. 

It is also possible that the magnetic field has an effect on free radicals produced, as 

they carry charge, however this effect is expected to be minimal. The main aim of 

this experiment was to understand the extent to which the radiation response is 

affected by the magnetic field. 

 

The clonogenic survival curves in the presence of the magnetic field and 6 

MV, shown in Figure 5.23, suggest that SPIONs cause radiosensitisation both with 

and without magnetic fields for H460 cells. This validates the DNA damage data for 

this setup, but also it validates the earlier 225 kVp exposures, in which H460 cells saw 

the most significant decrease in surviving fraction. However, the survival curves for 

DU145 cells were only found to be statistically different at 0T. Also, when comparing 

the impact of the magnetic field on each of the contrast agents individually, only the 

DU145 cells treated with AGuIX was impacted significantly, suggesting that for most 

combinations, the magnetic field has no impact on cell survival or DNA damage on 

the cell that were investigated, although this was for 1 repeat only.  
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5.4. Conclusion 

 

This chapter has firstly selected 6 cell lines that were thought to be the most 

relevant in indicating where the treatment with MR-Linacs may be directed in the 

future. It extensively investigates both DNA damage and cell survival of each of the 6 

cell lines, treated with 3 different contrast agents. It begins to evaluate the 

differences in treatments between conventional and nanoparticle contrast agents, 

as well as the difference between gadolinium and iron oxide nanoparticles. This may 

become valuable if MR-Linacs were to use contrast agents in future, allowing 

contrast agents to be used both diagnostically and therapeutically. Preliminary 

investigations have also been carried out combining these contrast agents with static 

magnetic fields, for a 6 MV setup available at NPL. Whilst the biology of the impact 

of magnetic fields on DNA damage when combined with contrast agents is not clear, 

this is a first step in introducing the concept of MRI combined with contrast agents 

and radiotherapy for the future of MR-Linacs. 

5.5. Limitations and Future Work 

 

One of the limitations, as mentioned in the discussion, is the difference in 

experimental setup between the 6 MV exposures at NPL, and the 225 kVp exposures 

carried out in the PGJCCR. This will have introduced other variables and extra sources 

of error into the experiment. The other main limitation of this work is that the 

magnetic field exposures were carried out only for a static magnetic field. SPIONs are 

known to be superparamagnetic in alternating fields, and also there is evidence in 

the literature that fast-twitching gradient fields cause DNA damage, and so future 

work should aim to investigate the use of SPIONs in a full MRI setup to quantify this 

effect. Unfortunately, the clonogenic assays in combination with magnetic fields and 

6 MV X-rays were only performed for n=1 due to limitations caused by the Covid-19 

pandemic. Therefore, the results can only be relied upon as a pilot study and further 

work is needed to verify these results.  
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Future work should also aim to investigate how the concentrations of AGuIX 

and SPIONs alter the radiosensitisation and further experiments should be carried 

out at a range of clinically relevant concentrations. Normal cell lines should be 

introduced to understand the radiosensitisation caused to healthy tissue, and also 

investigations into functionalised SPIONs with more research into possible coatings 

and chelating agents.  
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6.1. Introduction 

 

As described in Chapter 5 and also in Section 1.8.2.1, SPIONs have been 

investigated over recent years for many different applications, from their uses as MRI 

contrast agents, to their capabilities in hyperthermia and targeted drug delivery 

(205), yet for this thesis, the focus with SPIONs is on their potential radiosensitising 

properties. In Chapter 5, SPIONs were proven to increase radiosensitisation both in 

terms of DNA damage, but also cell killing, and in particular for the H460 lung cancer 

cell line. Therefore, the purpose of Chapter 6 is to investigate further the impact of 

SPIONs on H460 cells, determining the inherent toxicity through a number of cell 

viability assays and measurements of ROS, as well as clonogenic survival before 

finally testing the potential for radiosensitisation of H460s treated with SPIONs in 

vivo, in a mouse subcutaneous xenograft model.  

 

Cell viability assays are used as a measure of toxicity and involve quantifying 

the proportion of viable cells (ie. The cell that are still alive and functioning) after a 

treatment. A number of viability assays exist including crystal violet staining, in which 

the viable cells are stained, and the optical density is measured with a plate reader 

to quantify the proportion of cells remaining compared with controls (408). Another 

cell viability assay is the MTT assay, which uses colourimetry to measure the 

metabolic activity of the cell by mitochondrial respiration, reducing MTT and causing 

a colour change which is measured to determine the viability of cells compared with 

controls (409). For the crystal violet assay, cell viability is really a measure of the 

number of surviving cells, whereas MTT takes cell viability as a measure of the 

metabolic activity of cells. Kirakli et al. measured the cell viability of citrate-coated 

SPIONs on ovary and breast cancer cell lines via a trypan blue viability assay, which 

works much the same as the crystal violet assay, and also an MTT assay for a 24 hr 

exposure to the SPIONs (262). No cytotoxic effect was found for any cell line for both 

assays, suggesting any radiosensitisation found is a synergistic effect. However, Khoei 

et al. found a decrease in cell viability for the use of iron oxide nanoparticles with a 

Trypan Blue assay for DU145 prostate cells for increasing concentrations (264). 
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Further toxicity measurements have been carried out by Fakhimikabir et al. showing 

no change in cell viability (410). 

 

As well as measuring cell viability, the impact of nanoparticles on inherent 

toxicity and radiosensitisation can be investigated by measuring the ROS present 

after treatment. As discussed in 1.8.2, one of the rationales for using nanoparticles 

as radiosensitisers is due to their ability to generate high levels of ROS, thought to be 

due to the charge of the nanoparticles and their coatings reacting with oxygen 

(212,215,238). ROS are highly reactive and go on to cause further ionisations and 

DNA damage. However, there is also evidence that certain nanoparticles may reduce 

levels of ROS by acting as scavenging agents, depending on the coatings used 

(244,245). It is thought that SPIONs may increase ROS production through the Haber-

Weiss reaction, in which iron ions generate hydroxyl radicals, the most reactive form 

of ROS (411). The Fenton reaction, in which the oxidation of iron molecules generates 

hydroxyl radicals, may also be a contributor in the increase in ROS for the use of 

SPIONs (412,413). 

 

Therefore, it is important for this project to understand how SPIONs may be 

impacting ROS production in H460 cells both with SPIONs alone and in combination 

with radiation. Klein et al. quantified both cell viability (through trypan blue and MTT 

assays) as well as ROS production (measured via oxidation of DCFH to the fluorescent 

DCF dye) for citrate coated SPIONs on MCF7 cells at a concentration of 0.1 mg Fe (2+ 

and 3+)/ml, and after a dose of 3 Gy (413). No significant change was observed for the 

MTT assay, yet a significant increase in ROS production was found, suggesting that 

even if agents increase levels of ROS, this may not lead directly to DNA damage and 

even if so, cells may easily repair this damage. 

 

In order to evaluate the use of SPIONs as future clinical radiosensitisers, this 

effect needs to be demonstrated in vivo as well as in vitro. SPIONs have been 

investigated in vivo for their imaging properties in enhancing contrast in MRI scans 

(209,369,414,415) as well as for many other medical applications. However, there is 
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a lack of evidence in the literature in regard to the radiosensitising effects of SPIONs 

in vivo, emphasising the importance of this Thesis in terms of quantifying the 

radiosensitising effects of SPIONs in solid tumours, for any development to be made 

in the future for the benefit of patients.  
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6.2. Results 

 

6.2.1. Impact of SPION Concentration on Cell Viability 

Cell viability assays are used to determine the toxicity from the treatment of 

SPIONs, in the absence of radiation, by measuring the proportion of surviving cells 

compared with control samples. Crystal violet and MTT staining was used to stain 

cells adhered to the base of 96 well plates, with the layout shown in Figures 2.29 and 

2.30 using the method described in Section 2.8.4 and 2.8.5. The results for varying 

concentrations of SPIONs from 0 - 2 mM is presented in Figure 6.1 and 6.2 for crystal 

violet and MTT staining respectively.  

 

 
Figure 6.1: Cell viability by crystal violet staining for SPION concentrations from 0 – 

2 mM for both 1 hr and 24 hr exposure, using H460 cells.  

By measuring optical density (n=3), plotted as relative optical density on a log scale 

as mean ± SEM. Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 

0.001, ***: P < 0.0001. 
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Figure 6.2: Cell viability by MTT staining for SPION concentrations from 0 – 2 mM 

for both 1 hr and 24 hr exposure, using H460 cells.  

By measuring optical density (n=3), plotted as relative optical density on a log scale 

as mean ± SEM. Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 

0.001, ***: P < 0.0001. 

 

For the crystal violet viability assay, there is a statistically significant decrease 

in relative optical density at 0.05 and 0.1 mM at the 1 hr time point and at 0.5 mM 

for a 24 hr exposure time, compared with no significant differences for the MTT 

assay. The errors within the results are quite large, however there is a general trend 

with the MTT assay for the viability of cells to decrease for increasing concentrations 

after a 24 hr exposure time, although a recovery in cell viability is seen for the 1 hr 

exposure time at higher concentrations.  
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6.2.2. Impact of SPION Exposure Time on Cell Viability 

 

Using the same methods as in 6.2.1, the impact of SPION exposure time was 

also sampled for exposure times of 1 – 24 hrs, using the 96 well plate layout shown 

in Figure 2.30 for a SPION concentration of 0.1 mM. Each timepoint was corrected 

for the control value at each timepoint, to remove the impact of cell proliferation 

that would occur over the time course. Results for crystal violet and MTT assays are 

shown in Figures 6.3 and 6.4 respectively. 

 

 

 

Figure 6.3: Cell viability by crystal violet staining, for exposure times of 1 – 24 hrs 

for 0.1 mM SPIONs using H460 cells. 

Compared by measuring optical density (n=3), plotted as mean ± SEM. 
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Figure 6.4: Cell viability by MTT, for exposure times of 1 – 24 hrs for 0.1 mM SPIONs 

using H460 cells. 

Compared by measuring optical density (n=3), plotted as mean ± SEM. 

 

Initially, the relative optical density increases with time. However, the error 

bars overlap, and no significance was found for any time point. For the MTT assay, 

there is a decrease in optical density, suggesting that longer time points reduce cell 

viability more, however this was not found to be significant. P-values from statistics 

calculations for the crystal violet and MTT assays are presented in Appendix 8 and 9 

respectively. 
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6.2.3. Evaluation of Reactive Oxygen Species 

 

To test for ROS, namely hydrogen peroxide, a ROSGlo testing kit was used, as 

described in Section 2.8.6. Due to a limited number of samples available to test, 

concentrations of 0.01 – 1 mM were used for 1 hr and 24 hr exposure times of SPIONs 

to H460 cells, and measured using a plate reader testing for luminescence. A higher 

luminescence indicates the presence of higher levels of ROS. The results are shown 

in Figure 6.5. Statistics p-values are presented in Appendix 10. 

 

 

Figure 6.5: ROS testing for SPION concentrations from 0 – 1 mM for both 1 hr and 

24 hr exposure, using H460 cells. 

By measuring luminescence (n=3), plotted as normalised luminescence on a log scale 

as mean ± SEM. Statistics from two-tailed T test represented as; *: P < 0.05, **: P < 

0.001, ***: P < 0.0001. 
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For the 24 hr exposure time, there is a significant increase in ROS normalised 

to the control samples at 0.1 and 0.5 mM. There is an even greater increase at 1 mM 

although this is not significant due to the large error. The 1 hr exposure time saw no 

significant change in luminescence for any concentration. 

 

6.2.4. Impact of SPION Concentration on Clonogenic Survival 

 

In chapter 5, clonogenic assays were carried out for 6 cell lines at 0.1 mM. To 

test for the impact on clonogenic survival from varying concentrations of SPIONs, a 

clonogenic assay was carried out using H460 cells at concentrations from 0 – 0.5 mM 

for exposure times of 1 hr and 24 hrs. Plating efficiencies shown in Figure 6.6 

respectively, and the survival curves are shown in Figure 6.7 with corresponding !/# 

ratios presented in Table 6.1. 
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Figure 6.6: Plating efficiency as a measure of toxicity for (a) 1 hr and (b) 24 hr 

exposure to 0 – 0.5 mM SPIONs in the absence of radiation. 

Presented as mean ± SEM (n=3). 
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Figure 6.7. Clonogenic survival for SPION concentrations of 0 – 0.5 mM. 

For exposure times of (a) 1 hr and (b) 24 hrs. Presented as mean ± SEM (n=3), with 

statistics carried out using the Extra-Sum-of-Squares F-Test determining whether one 

LQ curve could fit all datasets. 
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SPION 
Concentration 

1 hr Exposure Time 24 hr Exposure Time 
! # !/# ! # !/# 

Control 
0.125 ± 
0.110 

0.034 ± 
0.015 

3.612 ± 
1.103 

0.054 ± 
0.048 

0.060 ± 
0.007 

0.905 ± 
0.630 

0.05 mM 
0.135 ± 
0.106 

0.042 ± 
0.015 

3.214 ± 
1.039 

0.088 ± 
0.041 

0.064 ± 
0.006 

1.390 ± 
0.473 

0.1 mM 
0.190 ± 
0.116 

0.036 ± 
0.016 

5.290 ± 
0.593 

0.185 ± 
0.053 

0.057 ± 
0.007 

3.262 ± 
0.453 

0.5 mM 
0.126 ± 
0.106 

0.055 ± 
0.015 

2.315 ± 
1.037 

0.203 ± 
0.056 

0.070 ± 
0.008 

2.906 ± 
0.430 

 

Table 6.1: Corresponding $/% ratios for Figure 6.6, from the linear quadratic 

equation. 

 

Figure 6.7 shows that the clonogenic survival statistically decreases for 

increasing concentrations of SPIONs for both 1 hr and 24 hr exposure times, 

particularly at 8 Gy. Statistics were carried out using the Extra Sum-of-Squares F-Test 

which determines whether one curve of best fit would adequately fit all datasets. T-

Tests at the 8 Gy dose point show a statistical decrease in cell survival for the 0.5 mM 

concentration of SPIONs for a 24 hr exposure (p < 0.05). There is a decrease in the 

plating efficiency for higher concentrations of SPIONs for a 24 hr exposure of SPIONs 

from Figure 6.6, however the decreases were not statistically significant.  

 

6.2.5. In Vivo Xenograft Model 

 

To test the impact of SPIONs in vivo, 16 mice with H460 subcutaneous 

tumours were divided into 4 sub-groups; control, SPIONs only, radiation only, and 

SPIONs plus radiation. SPIONs were injected at a concentration of 1 mM 15 minutes 

prior to irradiation with 220 kVp X-rays at a dose of 12 Gy, and the tumour growth 

was monitored over time to determine whether the treatment impacted the rate of 

tumour growth. All methods are described in Section 2.9. A 12 Gy dose was chosen 

based off previous experience in the research group using H460 cells for in vivo 
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experimentation. Graphs representing the tumour volume of each individual mouse 

are shown in Figure 6.8, and then the median tumour volume for each sub-group is 

represented in Figure 6.9. 

 

 

Figure 6.8: Tumour volume measurements with time (days) for individual mice.  

Measured in 3 dimensions and approximated to the volume of a sphere.  

 

Figure 6.9: Median tumour volume measurements with time (days) for all mice in 

each sub-group.  

Measured in 3 dimensions and approximated to the volume of a sphere. Presented 

as median ± SEM 
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Figure 6.8 shows the slowest tumour growth for mice that received radiation 

in combination with SPIONs. The SPION only sub-group also showed slower tumour 

growth than the controls, suggesting a toxic effect on H460 cells, as well as 

radiosensitisation. There were some outliers also, indicated by Figure 6.8, suggesting 

a different level of radiosensitisation with some mice than others, with 2 mice 

showing a more rapid increase in tumour growth. 

 

In order to quantify the radiosensitising effects of SPIONs, a graph is shown 

in Figure 6.10 indicating the average time taken for the tumour volume for each sub-

group to reach 300 mm3. 

 

Figure 6.10: Average time for tumour volume measurements to reach 300 mm3 for 

each sub-group. 
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All sub-groups had a statistical increase in the time taken for the tumour 

volume to reach 300 mm3 (P < 0.05), with the SPION plus radiation sub-group having 

the largest increase in time, with an increase of 19.8 ± 4.1 days from the control 

group with 4.2 ± 0.5 days to 24 ± 4 days. Statistics are presented in Appendix 11. 

 

In order to check for any obvious adverse effects of the treatment on the 

health of the mice, their mass was monitored over the course of the treatment. 

Results are presented in Figure 6.11, and shows that the radiation only sub-group 

had a small decrease in mass, yet all other sub-groups remained consistent 

throughout the study. 

 

 

 

Figure 6.11: Mouse mass (g) over time, for each sub-group. 

Presented as median ± SEM. 
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6.3. Discussion 

 

The purpose of this chapter was to take the combination of H460 lung cancer 

cells with SPIONs, which have been shown in Chapter 5 to be optimal for 

radiosensitisation and carry out further study into the effects of this. Firstly, the cell 

viability of H460s that are exposed to SPIONs was tested using 2 different assays; 

crystal violet staining and MTT, to test for the inherent toxicity of SPIONs. The ROS 

production was also tested, as well as the impact of different concentrations of 

SPIONs on clonogenic survival. The radiosensitisation impact of SPIONs was then 

finally validated in an in vivo experiment using a mouse xenograft model treated with 

1 mM SPIONs and irradiated.  

 

Beginning firstly with the cell viability assays, the impact of increasing 

concentrations of SPIONs was only seen with the crystal violet staining, with 

significant decreases in relative optical density at 0.05 and 0.1 mM for a 24 hr 

exposure time. All concentrations had optical densities lower than the control value, 

but for the crystal violet staining, and also MTT at the 1 hr time point, the optical 

density appeared to recover for the higher concentrations. It is not clear the reason 

for this, however all concentrations had large errors, owing to the unreliability of the 

assay, with variations between each repeat. It is worth noting, though, that for the 

MTT assay for a 24 hr exposure, the optical density remained low for all 

concentrations, suggesting that there is an inherent toxicity for SPIONs when 

combined with H460 cells. The lack of significant changes in cell viability suggests that 

any radiosensitisation seen is a synergistic effect from the combination with 

radiation.  

 

  Comparing the results of these cell viability assays with the literature, Kirakli 

et al. used a trypan blue assay as well as an MTT assay to assess the viability of cells 

exposed to citrate-coated SPIONs at a concentration of 0.1 mg/ml for a 24 hr 

exposure time and found no significant cytotoxicity, which agrees with the MTT 

results of this study (262). This is also in agreement with Fakhimikabir et al. who saw 
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no change in cell viability for SPIONs conjugated with folic acid on cervical cancer 

cells (410). Khoei et al. also used a trypan blue assay to assess cell viability with 

citrate-coated SPIONs in combination with DU145 prostate cells, however they found 

a significant decrease in cell viability for increasing concentrations of SPIONs (264). 

This agrees with the crystal violet assay here to a point, however it is clear that there 

is disagreement in the literature in regards to the cytotoxicity of SPIONs. More 

research is needed to investigate this for a range of SPION coatings and sizes. 

 

Testing for ROS indicated a significant increase in the production of hydrogen 

peroxide for increasing concentrations of SPIONs for a 24 hr exposure time. Although 

the only significant increases were seen at 0.1 and 0.5 mM, there is an even further 

increase in luminescence at 1 mM, suggesting that the 24 hr exposure of SPIONs had 

a much greater impact on ROS production than just a 1 hr exposure time. This will 

increase oxidative stress and further DNA damage to the cancer cells. ROS are 

believed to be short lived, and so this difference is likely to be aligned with the 

clonogenic response seen, as opposed to the uptake of SPIONs. Klein et al. suggested 

that the increase in ROS production from SPIONs is due to the induction of the Haber-

Weiss reaction and the Fenton reaction (413). It is thought that iron ions generate 

hydroxyl radicals through the Haber-Weiss reaction and that the oxidation of iron 

molecules generates hydroxyl radicals through the Fenton reaction (411–413), 

although it is unknown what the impact of SPIONs is on other forms of ROS. The 

consequence of this for SPIONs, is that this increase in ROS production may make 

them more desirable nanoparticles for use as radiosensitisers than other commonly 

used elements such as gold and gadolinium. Klein et al. tested for ROS production 

after a radiation dose of 3 Gy in combination with 0.1 mg Fe/ml SPIONs, concluding 

that the increase in oxidative stress caused by the radiation was important in aiding 

an increase in the Haber-Weiss and Fenton reactions (413). Whilst this chapter 

investigated ROS production for SPIONs alone without the presence of radiation, it is 

worthwhile acknowledging the potential that this holds if SPIONs were used as 

nanoparticle radiosensitisers in the future. This increase in ROS production may also 

be the reason for the statistical decrease in cell survival found for increasing 
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concentrations of SPIONs using the clonogenic assay found in Figure 6.7. However, 

no there was no statistical change found in plating efficiency seen with no irradiation, 

contradicting the ROS data. 

 

Thus far, the radiosensitisation from the combination of SPIONs with 

radiation was only performed in vitro. It is important to investigate in vivo also to 

include the impact of the solid tumour microenvironment in terms of uptake of the 

nanoparticles as well as the other body systems. The in vivo experiment used in this 

chapter involved intra-tumoural injections of 1 mM SPIONs into H460 xenograft 

tumours in mice. All subgroups had a significant delay in tumour growth (p < 0.05), 

shown in Figure 6.10, with the subgroup combining SPIONs with radiation taking the 

longest time for the tumour volume to reach 300 mm3, with an average of 24 ± 4 

days compared with just 4.2 ± 0.5 days for the control group. In figure 6.11 a small 

decrease in the mass of the mice treated. This could be due to side effects from the 

radiation, however this effect is not seen when radiation is combined with SPIONs, 

and it is unknown whether this impact on mass is significant for the well-being of the 

mouse. It is possible that the SPIONs are having a protective nature on the mouse in 

terms of side effects that may impact the mass. This proof-of-concept study indicates 

the potential for SPIONs to be used as a nanoparticle radiosensitiser clinically.  

 

While there are no in vivo studies in the literature combining SPIONs with 

radiation, it can be compared with in vivo studies for AGuIX, which is a nanoparticle 

currently being used in a Phase 1 clinical trial, and so has been proven as a 

radiosensitiser (246). Dufort et al. reported an increase in median survival time as a 

factor of 3.10 and 4.75 greater compared with control groups for injections of AGuIX 

at 1 hr and 24 hrs prior to microbeam radiation (416). Comparing directly with the 

SPION study, the increase in survival time was 5.71 factor increase, suggesting from 

preliminary data that SPIONs are more effective radiosensitisers that AGuIX, when 

used in H460 cells. However, there are significant differences in the experimental 

setup, with Dufort et al. using rats bearing 9L gliosarcoma cells that were implanted 

into the brain, compared with the subcutaneous xenograft model used for this study 
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(416). Dufort et al. also irradiated the rats using synchrotrom microbeam radiation, 

as opposed to the parallel opposed beams used in this study, and so the results 

cannot be directly compared. The lack of literature in regards to in vivo studies with 

SPIONs validates the need for this study.  

 

The key approach of this chapter was to take a cell line that has been proven 

to increase radiosensitivity, furthering this analysis to understand the causes of this 

increase and provide more information for the potential of SPIONs to be used 

clinically. The potential for SPIONs to be used in the treatment of lung cancer, as 

indicated with the H460 cells, could provide huge benefit to patients, to increase the 

dose to the tumour whilst preserving healthy tissues, and providing a more targeted 

approach to treatment.  
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6.4. Conclusion 

 

In conclusion, SPIONs have been shown to significantly increase ROS 

production for an exposure time of 24 hrs, owing to the decrease in clonogenic cell 

survival seen for increasing concentrations of SPIONs. Cell viability assays were 

inconclusive, with different results also reported found in the literature also, 

suggesting that further research is needed to investigate the inherent toxicity of 

SPIONs. For the first time, SPIONs have been used in vivo as radiosensitisers in 

combination with 220 kVp X-rays, and have been shown to cause a significant tumour 

growth delay.  

 

6.5. Limitations and Future Work 

 

The limitations in this chapter are largely around the in vivo experiment in the 

number of animals used for each subgroup, which was impacted by the Covid-19 

global pandemic. The study is therefore used as a pilot and can be taken forward as 

part of a larger study into the radiosensitising effects of SPIONs. Future work involves 

verifying the inherent toxicity of SPIONs, perhaps through using other viability assays 

combined with radiation, as well as determining the mechanism by which the SPIONs 

are taken up by the cells and the location the SPIONs are found within the cells, 

through TEM microscopy.  
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Chapter 7: 

7.      Discussion and Conclusions 
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7.1. Discussion 

 

MR-Linacs are an emerging technology for delivering highly conformal and 

targeted radiotherapy. However, with any new treatment, research is required to 

understand, not only the benefits of the treatment, but ways in which the treatment 

can be enhanced, and the potential for it to provide an even better outcome for 

patients. The idea of using MRI contrast agents as radiosensitisers comes from 

evidence in the literature of high Z number contrast agents causing DNA damage and 

dose enhancement to cells. It is also necessary to investigate whether the magnetic 

field from the MRI itself impacts on the efficacy of the radiotherapy. Therefore, this 

Thesis aimed to quantify any radiosensitisation that may occur from the combination 

of radiation with clinically used contrast agents and furthermore with static magnetic 

fields in Chapters 5 and 6. The project also investigated the use of nanoparticle 

contrast agents, namely AGuIX and SPIONs, which are gadolinium and iron oxide 

nanoparticles respectively, with the theory that the preferential uptake into tumours 

would create a more targeted and enhanced dose delivery whilst preserving the 

surrounding healthy tissue. 

 

The hypothesis of this Thesis was that combining metal nanoparticles, both 

gadolinium and iron oxide, with MRI and radiotherapy may increase tumour control 

and overall patient survival. Throughout the 4 results chapters, this hypothesis was 

tested. Chapter 3 was an important starting point for the project, performing 

fundamental dosimetry for a combined linac and static magnetic field exposure setup 

at NPL, ensuring that any changes in dose caused by the magnetic field were 

accounted for to ensure an accurate dose delivery. The outputs from this chapter, 

using Alanine, Gafchromic Film and an ionisation chamber, were fundamental to the 

in vitro experiments in Chapter 5 that tested the combination of radiation with 

magnetic fields on both yields of DNA damage and clonogenic cell survival. Chapter 

3 also tested the uniformity of the dose in the magnetic field, at the location that 

cancer cells would be placed, and determined the number of monitor units needed 

to deliver the required dose for in vitro experiments. The fundamental dosimeters 
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were not significantly altered in the presence of a 1.5 T magnetic field, compared 

with the experimental dosimeters, microDiamond and DoseWire, which were 

significantly impacted, indicating more research is required into the impact of 

magnetic fields on dose detection. 

 

Chapter 4 clarified the clinical relevance of the contrast agents used for in 

vitro experimentation by quantifying the contrast enhancement on clinical CT and 

MRI scanners. This was then compared with contrast enhanced patient scans, from 

a cohort of patients with brain metastases treated with SRS, to estimate the 

corresponding concentrations to be used in Chapter 5. Dotarem and SPIONs were 

deemed to be used at clinically relevant concentrations, but AGuIX was found to be 

higher than the concentration that would be present in the patient scans. However, 

in general, no radiosensitisation was seen with AGuIX, and so it is assumed that this 

would also be the case at the lower, clinically relevant concentrations. Although the 

exact concentration of contrast agents within a tumour is unknown, the mass of 

gadolinium and iron oxide taken up by individual cells was measured in Chapter 5 

using ICP-MS. The results revealed a cell line specific nature of uptake for all contrast 

agents used, as well as a cell line specific radiosensitisation, with no strong 

correlation found between the uptake of the nanoparticles AGuIX and SPIONs with 

yields of DNA damage. Dotarem was tested at 3 concentrations, however, which 

presented a positive correlation between the concentration given to cells and the 

quantity of uptake.  

 

The second use of patient SRS brain MRI scans in Chapter 4 was in 

determining whether clinical and radiomics features could predict OS in patients 

receiving SRS treatment for brain metastases. This links to the work with contrast 

agents in that contrast enhancement is used routinely in brain MRI imaging. The MRI 

intensity was used as a clinical feature, however it was not found to be a significant 

predictor or OS alone from the KM curves. It was found to be a significant predictor 

when used in combination with 2 radiomics features using multivariate analysis, 

however these features were predictive alone, and so this adds no benefit to the 
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model. The SRS study in Chapter 4 has great importance for future SRS patients, with 

the hope being that future treatments will take into account the clinical and 

radiomics features that are found to be predictive of patient outcome. The model 

would have benefited from a larger patient dataset, however a working protocol has 

been established for predicting outcome with both KM curves and HRs that could be 

reused for larger datasets, and the principle underlying the concept have been tested 

which will be improved upon in future work.  

 

Chapter 5 included extensive in vitro assays, utilising results from Chapter 3 

and 4, to quantify radiosensitisation of 3 contrast agents with 6 cancer cell lines, for 

225 kVp X-rays as well as 6 MV X-rays in combination with a 1.5 T magnetic field. 

Using 225 kVp X-rays, Dotarem was found to significantly increase yields of DNA 

damage, yet did not decrease clonogenic cell survival, and so this DNA damage was 

assessed to be repairable by the cells. SPION treatment, however, led to a significant 

increase in DNA damage for all cell lines except for U87 cells, and they were found to 

be effective radiosensitisers using a clonogenic assay, in particular for H460, DU145 

and HEPG2 cells, with AGuIX having a much more cell line specific radiosensitisation. 

When 6 MV X-rays were used in combination with a 1.5 T magnetic field, SPIONs 

were found to increase DNA damage suggesting that SPIONs cause radiosensitisation 

at both kV and MV energies, however only DU145 cells showed any impact from the 

magnetic field. SPIONs are superparamagnetic, vibrating and heating in the presence 

of an alternating field, and so it is theorised that they may have a larger impact on 

radiosensitisation when used with a clinical MRI scanner equipped with an 

alternating field, as opposed to the static magnetic field used for this study.  

 

From Chapter 5, SPIONs were identified as radiosensitisers when combined 

with H460 cells. Therefore, they were taken forward in Chapter 6 to be investigated 

further, assessing cell viability testing for inherent toxicity from SPIONs, as well as 

testing for ROS production and evaluating clonogenic survival for a range of SPION 

concentrations (0 – 0.5 mM). The cell viability assays were inconclusive which 

corresponds with the conflicting evidence in the literature, however a significant 
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increase in ROS was found, indicating an increase in oxidative stress from the SPIONs. 

The final part of this Thesis, which tested the pre-clinical evidence of these findings, 

was an in vivo experiment, carried out for H460 cells irradiated in combination with 

1 mM SPIONs in a mouse xenograft model. A significant decrease in the rate of 

tumour growth was found in mice receiving a combination of 220 kVp X-rays at a 

dose of 12 Gy with an intratumoural injection of SPIONs, for the first time. This in 

vivo experiment is the next step in validating SPIONs as a radiosensitiser for future 

radiotherapy treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Physical and Biological Characterisation of Clinically Relevant Combined MRI-Radiation 
Exposures with Conventional and Nanoparticle Contrast Agents 
 

 331 

7.2. Conclusion 

 

With the clinical role of MR-linacs, this Thesis has tested some of the 

consequences of combined radiation and magnetic field exposures undertaken in the 

presence of metal contrast agents. It is predicted that, through extensive 

experimentation and future work, SPIONs may be used in radiotherapy treatments, 

both as contrast enhancers, but also radiosensitisers, increasing levels of cell death 

and protection of healthy tissue in combination with a magnetic field. Further 

extensive research is still required, but this Thesis has presented the potential that 

SPIONs, as well as Dotarem and AGuIX, could have on clinical treatments, although 

an impact of the magnetic field on radiosensitisation was not found. In this Thesis, 

SPIONs were used for the first time as radiosensitisers in an in vivo model. Using 

clinical imaging, it is also predicted that the study with retrospective SRS patients in 

Chapter 4 will be built upon for larger patient sets, eventually aiding clinicians when 

making difficult decisions as to the best treatment for patients, based on clinical and 

radiomics predictions.  
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7.3. Future Directions 

 

SPIONs are superparamagnetic, causing them to vibrate and heat up, giving 

them the potential for further DNA damage in cancer cells. However, this mode of 

action was not specifically tested in this Thesis, and so future work should aim to 

quantify any radiosensitisation caused by the superparamagnetic properties of 

SPIONs. This could be carried out using an alternating field, either alone or a part of 

a full MRI scanner, in which the RF field and the gradient fields are alternating, which 

is required for the superparamagnetic properties of SPIONs. Eventually, SPIONs need 

to be tested with a clinical MR-Linac, to combine radiotherapy, alternating magnetic 

fields and contrast agents all together to test their potential in providing more 

optimal radiotherapy treatments for patients. This would be the experimentation 

that should take place immediately following this thesis, to align with the current 

implementation of MR-Linacs within healthcare in the UK. 

In terms of understanding the radiosensitising properties of contrast agents, 

further research should be carried out to determine the mechanism of uptake within 

the cells, as well as determining the location within the cell that the contrast agents 

are found. The impact of the nanoparticle size should also be tested, using SPIONs in 

a range of sizes and coatings, to predict the most effective combination of 

treatments.  

Radiomics provides a lot of potential to aid clinicians in decision making, with 

indications of certain features that may predict a better survival. However, this is not 

possible currently, primarily of the reason that the literature contains a wide range 

of methodologies which makes it impossible to directly review the outcomes. 

Therefore, for the future, there needs to be collaboration between a range of centres 

to establish a standardised approach to radiomics that will allow for a large validation 

cohort to better understand the role that radiomics could play in a healthcare setting. 

This would also require standardisation of MRI scanning parameters, which is a 

current issue, as images vary a large amount depending on the many imaging 

parameters available. If radiomics is to be expanded to a range of centres it is 

essential that MRI standardisation also takes place.   
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Appendix 1: Statistics for Different 

Dosimeters at Varying Magnetic Field 

Strengths 
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Two-Tailed T-Test 

 

Statistics Comparing Dosimeters at Each Magnetic Field Strength 

 

Alanine 

 

 0 T 0.5 T 1 T 

0.5 T 0.6335   

1 T 0.2820 0.2491  

1.5 T 0.3616 0.6593 0.5441 

 

GAFchromicTM Film  

 

 0 T 0.5 T 1 T 

0.5 T 0.8859   

1 T 0.9745 0.8478  

1.5 T 0.5922 0.6593 0.5441 

 

Ionisation Chamber 

 

 0 T 0.5 T 1 T 

0.5 T <0.0001   

1 T 0.0002 0.2302  

1.5 T <0.0001 <0.0001 <0.0001 
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microDiamondTM 

 

 0 T 0.5 T 1 T 

0.5 T <0.0001   

1 T <0.0001 0.0010  

1.5 T <0.0001 0.0032 0.4852 

 

DoseWireTM 

 

 0 T 0.5 T 1 T 

0.5 T <0.0001   

1 T <0.0001 0.0068  

1.5 T <0.0001 0.0026 0.0686 
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Two-Tailed T-Test 

 

Statistics Comparing Magnetic Fields for Each Dosimeter 

 

0 T 

 

 Alanine 
GAFchromicTM 

Film 

Ionisation 

Chamber 
microDiamondTM 

GAFchromicTM 

Film 
0.8196    

Ionisation 

Chamber 
0.0032 0.4572   

microDiamondTM 0.0032 0.7557 <0.0001  

DoseWireTM <0.0001 <0.0001 <0.0001 <0.0001 

 

0.5 T  

 

 Alanine 
GAFchromicTM 

Film 

Ionisation 

Chamber 
microDiamondTM 

GAFchromicTM 

Film 
0.8903    

Ionisation 

Chamber 
0.2669 0.2669   

microDiamondTM 0.0081 0.1034 <0.0001  

DoseWireTM <0.0001 0.0002 <0.0001 <0.0001 
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1 T 

 

 Alanine 
GAFchromicTM 

Film 

Ionisation 

Chamber 
microDiamondTM 

GAFchromicTM 

Film 
0.3979    

Ionisation 

Chamber 
0.2669 0.2669   

microDiamondTM 0.0081 0.1034 <0.0001  

DoseWireTM <0.0001 0.0002 <0.0001 <0.0001 

 

1.5 T 

 

 Alanine 
GAFchromicTM 

Film 

Ionisation 

Chamber 
microDiamondTM 

GAFchromicTM 

Film 
0.9397    

Ionisation 

Chamber 
0.3354 0.5809   

microDiamondTM 0.0027 0.0311 <0.0001  

DoseWireTM <0.0001 0.0006 <0.0001 <0.0001 
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Appendix 2: Investigating Directional 

Dependence of the microDiamondTM 
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microDiamond Measurements at 0° and 180° 

 

 Dose (cGy)/MU  

Magnetic Field Strength 

(T) 

0 ° 180 ° 

0 T 0.0937 ± 0.0001 0.0287 ± 0.0001 

0.5 T 0.0881 ± 0.0002 0.0252 ± 0.0001 

1 T 0.0835 ± 0.0005 0.0230 ± 0.0001 

1.5 T 0.0841 ± 0.0006 0.0166 ± 0.0001 
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Appendix 3: All Clinical and Radiomics 

Features KM Curves 
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Age 

 
Gender 

 
KPS 
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RPA 

 
BED 

 
Melanoma 
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Metastases 

 
Total Tumour Volume 

 
Large Tumour Volume 
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Small Tumour Volume 

 
MRI Intensity 

 
MRI-Treatment Time 
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GLRLM_SRE Large 

 
Shape Elongation Large 

 
Shape Flatness Large 
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Shape Sphericity Large 

 
Stats Max Large 

 
Stats Range Large 
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Stats RMS Large 

 

Stats p90 Large 

 
GLRLM_SRE Small 
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Shape Elongation Small 

 
Shape Flatness Small 

 
Shape Sphericity Small 
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Stats Max Small 

 
Stats Range Small 

 
Stats RMS Small 
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Stats p90 Small 
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Appendix 4: Graphs Combining Clinical 

and Radiomics Features (Statistically 

significant (p < 0.05)  
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Combining 2 Clinical Features; 

 

Total Tumour Volume & Metastases 

 
Small Tumour Volume & Age 

 

Small Tumour Volume & KPS 
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MRI-Treatment Time & Small Tumour Volume 

 
Combining 2 Radiomics Features; 

Stats Max Large & GLRLM_SRE Large 

 
Stats RMS Large & Stats Max Large 
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Shape Flatness Small & GLRLM_SRE Small 

 
Shape Flatness Small & Shape Elongation Small 

 
Shape Sphericity Small & Shape Flatness Small 
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Stats Max Small & Shape Elongation Small 

 
Stats Range Small & Shape Elongation Small 

 
Stats RMS Small & Shape Flatness Small 
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Stats p90 Small & Shape Flatness Small 

 
 

Combining Clinical and Radiomics Features; 

GLRLM_SRE Large & Melanoma 

 
GLRLM_SRE Large & Small Tumour Volume 
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Shape Sphericity Large & KPS 

 
Stats Max Large & Small Tumour Volume 

 
Stats RMS Large & Small Tumour Volume 
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Stats p90 Large & Small Tumour Volume 

 
GLRLM_SRE Small & Melanoma 

 
GLRLM_SRE Small & Small Tumour Volume 
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Shape Elongation Small & BED 

 
Shape Elongation Small & Large Tumour Volume 

 
Shape Elongation Small & Small Tumour Volume 
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Shape Elongation Small & MRI Intensity 

 
Shape Flatness Small & Age 

 
Shape Flatness Small & KPS 
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Shape Flatness Small & RPA 

 
Shape Flatness Small & BED 

 
Shape Flatness Small & Melanoma 
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Shape Flatness Small & Metastases 

 
Shape Flatness Small & Large Tumour Volume 

 
Shape Flatness Small & Small Tumour Volume 
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Shape Flatness Small & MRI Intensity 

 
Shape Flatness Small & MRI-Treatment Time 

 
Shape Sphericity Small & BED 
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Shape Sphericity Small & Small Tumour Volume 

 
Stats RMS Small & Large Tumour Volume 

 
Stats p90 Small & Large Tumour Volume 
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Appendix 5: Statistics for Clonogenic 

Survival using the Extra Sum-of-Squares 

F-Test 
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Dotarem 

Cell Line P-Value 

H460 0.3538 

MiaPaCa2 0.5817 

DU145 0.5278 

MCF7 0.1059 

U87 0.9416 

HEPG2 0.8162 

 

AGuIX 

Cell Line P-Value 

1 hr 24 hr 

H460 0.9215 0.2547 

MiaPaCa2 0.9986 0.4262 

DU145 0.6390 0.0108 

MCF7 0.0096 0.9842 

U87 0.3505 0.8954 

HEPG2 0.0033 0.4149 

 

SPION 

Cell Line P-Value 

1 hr 24 hr 

H460 <0.0001 <0.0001 

MiaPaCa2 0.0379 0.0627 

DU145 0.0044 <0.0001 

MCF7 0.4531 0.4274 

U87 0.1088 0.7364 

HEPG2 0.0001 0.2964 
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Appendix 6: Statistics for Contrast 

Agents with Magnetic Fields using 

AVONA with Tukey’s Multiple Correction 

Test 
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Contrast Agents Compared with Controls for 0 T and 1.5 T Magnetic Field 

 

0 Gy 1 hr timepoint 

 

Cell Line Contrast Agent 0 T 1.5 T 

H460 

Dotarem 0.3441 0.9901 

AGuIX >0.9999 0.9998 

SPION 0.6124 0.9646 

DU145 

Dotarem >0.9999 <0.0001 

AGuIX <0.0001 <0.0001 

SPION <0.0001 <0.0001 

 

1 Gy 1 hr timepoint 

 

Cell Line Contrast Agent 0 T 1.5 T 

H460 

Dotarem 0.9862 0.1091 

AGuIX 0.9995 0.4848 

SPION <0.0001 <0.0001 

DU145 

Dotarem <0.0001 0.9913 

AGuIX 0.0848 0.9583 

SPION <0.0001 <0.0001 
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0 Gy 24 hr timepoint 

 

Cell Line Contrast Agent 0 T 1.5 T 

H460 

Dotarem 0.9342 0.9987 

AGuIX 0.7659 >0.9999 

SPION <0.0001 0.0360 

DU145 

Dotarem 0.9908 0.8466 

AGuIX 0.7097 0.0713 

SPION 0.0013 0.0528 

 

1 Gy 24 hr timepoint 

 

Cell Line Contrast Agent Control 0 T Control 1.5 T 

H460 

Dotarem 0.5719 0.3707 

AGuIX 0.7117 0.0518 

SPION 0.9991 <0.0001 

DU145 

Dotarem 0.9955 >0.9999 

AGuIX 0.7922 <0.0001 

SPION >0.9999 <0.0001 
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Comparing 0 T to 1.5 T for Each Contrast Agent 

 

Cell Line Treatment 
Contrast Agent 

Control Dotarem AGuIX SPION 

H460 

0 Gy 1 hr 0.9513 0.2141 0.9917 >0.9999 

1 Gy 1 hr 0.6853 >0.9999 0.9918 >0.9999 

0 Gy 24 hr >0.9999 0.3415 0.9467 0.3738 

1 Gy 24 hr 0.9939 0.9997 0.9991 <0.0001 

DU145 

0 Gy 1 hr >0.9999 <0.0001 0.9734 0.6425 

1 Gy 1 hr 0.0743 0.0201 0.9460 <0.0001 

0 Gy 24 hr 0.9822 0.8132 0.0064 0.9524 

1 Gy 24 hr 0.9960 >0.9999 <0.0001 <0.0001 
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Appendix 7: Extra Sum-of-Squares F-Test 

for the Combination of 6 MV X-rays with 

Contrast Agents and 1.5 T Magnetic Field 
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Comparing Contrast Agents for Each Magnetic Field – ie. Control v Dotarem v AGuIX 

x SPION 

 

Cell Line 

Magnetic Field Strength 

(T) 
 

0 T 1.5 T 

H460 <0.0001 <0.0001 

DU145 <0.0001 0.7424 

 

Comparing Magnetic Field for Each Contrast Agent – ie. 0 T vs 1.5 T 

 

Cell Line Contrast Agent 

Control Dotarem AGuIX SPION 

H460 <0.0001 <0.0001 0.4251 0.9235 

DU145 0.0027 0.0020 0.9815 0.0836 
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Appendix 8: Statistics for Cell Viability 

Assay by Crystal Violet Staining using 

Student’s T-Test 
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Varying Concentrations of SPIONs Compared with Controls for 1 hr and 24 hr 

Exposure 

 

Concentration (mM) P-Value 

1 hr Exposure 24 hr Exposure 

0.01 0.0509 0.1030 

0.05 0.0296 0.2051 

0.1 0.0462 0.0617 

0.5 0.0554 0.0491 

1 0.3211 0.6695 

2 0.2964 0.2696 

 

Varying Exposure Times to 0.1 mM SPIONs compared with 1 hr Timepoint 

 

Exposure Time (Hrs) P-Value 

2 0.3054 

4 0.2442 

6 0.8731 

24 0.8472 
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Appendix 9: Statistics for Cell Viability 

Assay by MTT using Student’s T-Test 
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Varying Concentrations of SPIONs Compared with Controls for 1 hr and 24 hr 

Exposure 

 

Concentration (mM) P-Value 

1 hr Exposure 24 hr Exposure 

0.01 0.8837 0.3464 

0.05 0.5861 0.2669 

0.1 0.5071 0.2413 

0.5 0.4845 0.2783 

1 0.8615 0.2857 

2 0.7358 0.2857 

 

Varying Exposure Times to 0.1 mM SPIONs compared with 1 hr Timepoint 

 

Exposure Time (Hrs) P-Value 

2 0.4718 

4 0.6873 

6 0.1760 

24 0.2111 
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Appendix 10: Statistics for ROS Assay 

using Student’s T-Test 
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Varying Concentrations of SPIONs Compared with Controls for 1 hr and 24 hr 

Exposure 

 

Concentration (mM) P-Value 

1 hr Exposure 24 hr Exposure 

0.01 0.8837 0.1404 

0.1 0.5589 0.0220 

0.5 0.7304 0.0146 

1 0.7088 0.0524 
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Appendix 11: Statistics for In Vivo 

Tumour Volumes 
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Comparison of the time for tumour volumes to reach 300 mm3 for in vivo sub-

groups compared with controls 

 

In Vivo Sub-Group P-Value 

SPIONs only 0.0044 

Radiation only 0.0005 

SPIONs plus radiation 0.0013 

 

 

 


