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Abstract

Radiotherapy is a key part of cancer treatment, used in around 60–70% of patient cases, but

conventional approaches have limitations in dose conformality and normal-tissue sparing.

Emerging modalities exploit beam modifications in the temporal domain (ultra-high dose-rate

radiotherapy—FLASH) and spatial domain (Spatially Fractionated Radiation Therapy—SFRT),

alongside innovative delivery systems, to improve therapeutic outcomes. The Laser-hybrid

Accelerator for Radiobiological Applications (LhARA) is conceived as a uniquely flexible

international facility dedicated to studying the biological response to ionising radiation, with a

design enabling exploration of these new modalities.

FLASH and SFRT have shown potential to reduce normal-tissue toxicities, though the

underlying mechanisms remain unclear. A systematic review was conducted to assess the

impact of key beam parameters across published FLASH and SFRT experiments, using a

semi-quantitative approach to evaluate normal-tissue sparing and tumour control, and to

guide the LhARA design. The FLASH review indicated a correlation between dose rates and

tissue sparing, while the SFRT review suggested that dosimetric parameters play a critical role in

Minibeam Radiation Therapy (MBRT), whereas Microbeam Radiation Therapy (MRT) appears

to be more strongly influenced by the beam’s geometric properties.

To address gaps in the SFRT review, a tumour and normal-tissue environment was modelled

in TOPAS to simulate broader beam configurations. Discrepancies with the literature likely stem

from the linear-quadratic model’s inability to capture complex processes such as the radiation

bystander effect. To explore this and investigate repair kinetics following SFRT, an in vitro

experiment tracked radiation-induced damage: irradiated ‘peaks’ exhibited an exponential

repair response that slowed toward a plateau, though setup limitations restricted information

on the non-irradiated ‘valleys’.

Additionally, a machine learning–based beamline optimisation framework was developed,

parametrising laser-driven beams to identify optimal component positions and maximise

transmission efficiency, supporting integration with LhARA and future radiotherapy accelerator

facilities.
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1. Radiotherapy

1.1 Cancer development and progression

Cancer is a leading cause of mortality globally. It is a disease caused by genetic mutations

that trigger cells to multiply and divide uncontrollably. In a healthy state, the process of DNA

regeneration involves cell growth and division through a process called mitosis. During mitosis,

a cell will replicate its chromosomes to create two identical daughter nuclei. This process

occurs when cells are damaged or reach the end of their lifespan, leading to cell death and

the regeneration of new cells in their place [3]. Figure 1.1 outlines the differences between this

normal cell cycle and the abnormal cell cycle that leads to cancer.

Figure 1.1: An illustration of the differences between the normal cell cycle and the abnormal
cell cycle that leads to tumour formation.

Theprocess beginswith anaccumulation of independent events that cause genemutations.

Initial mutations alter the proliferation rate of a cell by multiplying and dividing excessively,

repeatedly replicating this damaged DNA. This leads to an accelerated increase in the

number of cells and results in a state of hyperplasia, where the tissue cell count rises. Further

mutation can change the shape or density of the dividing cells, creating atypical hyperplasia,

a precancerous accumulation of abnormal cells. Although still considered precancerous at

this stage, it can rapidly progress as the cells continue to divide. Once the cell reaches this

stage, it becomes malignant (cancerous). The six hallmarks of cancer have been defined to
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characterise malignant cells, based on observations and clinical evidence [4]. These are:

1. Sustaining proliferative signalling: Cancer cells override normal growth controls,

continuously activating signals that drive cell division, growth, and survival, allowing them

to proliferate uncontrollably.

2. Evading growth suppressors: Cancer cells bypass key tumour suppressor pathways that

usually control proliferation or trigger cell death, allowing uncontrolled growth despite

signals that would stop normal cells.

3. Activating invasion and metastasis: Cancer cells often lose E-cadherin, a protein that

keeps epithelial cells (cells that line surfaces and cavities of the body, forming protective

barriers) tightly connected. This is thought to be the driving force of cells detaching,

migrating, and invading other tissues, causing metastasis.

4. Enabling replicative immortality: Normal cells stop dividing after hitting limits like

senescence (typically non-proliferative but viable) or crisis (involves cell death). Cancer

cells can bypass these barriers, enabling them to divide indefinitely. This is known as

immortalisation.

5. Inducing angiogenesis: Tumours need nutrients and oxygen and must remove waste

to grow, like normal tissues. Cancer cells activate an ’angiogenic switch’ that drives

continuous blood vessel growth, ensuring the tumour gets the resources it requires.

6. Resisting cell death: Cancer cells avoid apoptosis, the programmed cell death pathway

that typically removes stressed or damaged cells.

As detailed in the third hallmark of cancer, malignant cells lack the adhesive properties of

normal cells due to the loss of E-cadherin, allowing them to detach and spread through the

lymphatic system or bloodstream (metastasis). As a result, these cells can migrate and invade

distant tissues as well as the surrounding tissue, encouraging the formation of new tumours in

other anatomical regions.

Given the complexity of cancer progression and the potential for metastasis, treatment

strategiesmust be carefully planned, considering the individual patient. Effectivemanagement

often requires multifaceted treatment approaches to target the complex characteristics of

cancer. Key treatments include:

• Chemotherapy: a drug regimen administered to inhibit the growth of cancers.

• Immunotherapy: stimulating or altering the immune system to allow for better tumour

targeting by the body.

• Radiotherapy: damaging tumours with radiation to prevent the growth and division of

cancer.
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• Hormone therapy: hormone-sensitive cancers can be treatedwith hormones or hormone-

blocking drugs to interfere with the growth and spread of cancer.

• Surgery: surgically removing the tumour, if the tumour is localised in a solid mass.

1.2 Fundamentals of radiotherapy
Radiation is characterised as the propagation of energy through a medium or vacuum.

Radiation can be ionising or non-ionising.

Ionising radiation can ionise matter because its quantum energy exceeds the ionisation

potential of the target material. This ionisation can be direct or indirect, depending on the

type of radiation:

• Directly ionising radiation refers to a one-step ionisation process, whereby the radiation

deposits energy, mainly through Coulomb interactions with the orbital electrons of the

atoms in the target material. All direct ionising interaction mechanisms are detailed in

Section 1.5.2.

• Indirectly ionising radiation requires a two-step process to deposit energy to the target

material. Rather than the primary radiation source creating a direct impact, secondary

particles are generated, which creates the Coulomb interaction with the target material,

absorbing the energy of the radiation indirectly. All indirect ionising interaction

mechanisms are detailed in Section 1.5.1.

Non-ionising radiation cannot ionise matter because the ionisation potential of the target

material is higher than the quantum energy of the incident radiation. Both forms of radiation

can be used to control or eliminate malignant cells in a process called ’radiation therapy’, or

’radiotherapy’ as it is more commonly known.

Radiotherapy is estimated to be used in the treatment of approximately 60 to 70% of

cancer patients, either as an isolated treatment or in combination with surgery and systemic

therapies such as chemotherapy or immunotherapy [5]. Section 1.1 details how malignant

cells proliferate excessively. To prevent these cells from reproducing, radiotherapy techniques

aim to trigger DNA breaks in the mutated cells upon radiation absorption, thus eradicating

the damaged cells and halting their rapid division.

The primary objective of radiotherapy is to eliminate the malignant cells while minimising

the exposure of surrounding healthy tissue to high radiation doses. While radiotherapy can

be used to kill mutated cells, radiation absorption can also be the cause of mutations in cells

that were healthy before treatment. This means that although a high dose of radiation can

kill tumour cells, it can also damage surrounding tissue, potentially initiating an abnormal
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cell cycle and leading to the formation of secondary cancers. For this reason, radiotherapy

is constantly being developed, being shaped from its early applications to modern, highly

targeted techniques.

1.3 Advancements in radiotherapy

Bortfeld et al. identified four categories of progress by which the radiotherapy field has been

refined to its current status [6]. These categories are:

1. Discoveries leading to radiotherapy advancement.

2. Advancements in radiotherapy techniques.

3. Advancements in imaging.

4. Advancements in treatment planning.

Radiotherapy has evolved significantly since thediscovery of the X-ray by Röntgen in 1895 [7]. In

the year after the discovery of X-rays, there were multiple documented clinical applications of

X-rays, attempting the treatment of skin conditions [8], stomach cancer [9] and breast cancer

[10]. In these early stages of X-ray radiotherapy, therapeutic use remained experimental, with

generally poor outcomes and common side effects. Since these first applications, a wide

range of treatment modalities have been developed, each designed to deliver a specific

therapeutic dose regimen to a diverse range of tumours. Key advances in the radiotherapy

field are outlined in Table 1.1.

A pivotal advance in radiotherapy was the first generation of high-energy beams. In 1951,

Johns et al. published the results of their experiment delivering MeV ‚-rays via a 1,000-Curie

Cobalt-60 teletherapy machine, enabling the targeting of deep tumours [11]. This was a

significant development in radiotherapy, where previously, radiotherapy was administered by

delivering radiation directly within or near the targeted tissue. These techniques, for example

brachytherapy, are categorised as internal radiotherapy. The first generation of high-energy

beams allowed for external radiotherapy to be studied, leading to other external radiotherapy

delivery technique advancements, such as the first construction of a linear accelerator (linac)

at Stanford University. The first linac installed for medical applications was trialled in 1952 at

Hammersmith Hospital, and by 1953, radiotherapy was delivered by linac for the first time

[12]. The implementation of the linac enabled Hammersmith Hospital to introduce electron

radiotherapy, paving the way for charged particle radiotherapy (CPT).

The development and implementation of the first cyclotron led to the first irradiation of

patients with protons at Lawrence Berkeley in 1954 [13]. Ion therapy was first implemented
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clinically 40 years later, after much experimentation in Japan, using carbon beams as the

incident radiation for the world’s first heavy ion accelerator designed for medical use [14]. CPT

revolutionised the field of radiotherapy by improving the precision and biological effectiveness

of cancer treatment.

Table 1.1: A timeline of events that led to developments in radiotherapy, organised by the four
categories of development, with a key listing the categories and corresponding colour code.

Year Advancement Citation
1895 Discovery of X-rays [7]
1896 Discovery of radioactivity [15]
1896 First clinical applications of X-ray therapy [8], [9], [10]
1897 Discovery of the electron [16]
1898 Discovery of Radium [17]
1901 First radium brachytherapy (lupus treatment) [18]
1904 First radium cancer treatment (cervical cancer) [19]
1909 First GRID (spatially fractionated) therapy [20]
1919 Discovery of the proton [21]
1931 First cyclotron invented &installed [22]
1938 Nuclear magnetic resonance discovered [23]
1945 First synchrotron invented &installed [24]
1951 First cobalt-60 teletherapy unit [11]
1952 First medical linac installed [12]
1953 First medical linac treatment [12]
1954 First proton irradiation [13]
1955 First computer-aided treatment planning [25]
1958 First clinical proton therapy (pituitary) [26]
1967 Cobalt-60 Gamma Knife invented for radiosurgery [27]
1971 First clinical CT scanner [28]
1972 Inverse treatment planning and optimisation programme

developed
[29]

1977 First human MRI image [30]
1990 Development of 3D treatment planning [31]
1993 Initiation of multileaf collimator for radiation field shaping [32]
1994 First carbon-ion radiotherapy patient [14]
1994 Intensity-modulated radiation therapy (IMRT) introduced [33]
1998 First PET/CT combined scanner [34]
2003 Imaging integrated into treatment for image-guided therapy

(IGRT)
[35]

2017 First 1.5 T MRI-Linac patient treatment [36]
2018 First human FLASH-RT treatment [37]

Key:
Blue Discoveries leading to radiotherapy advancement.
Green Advances in radiotherapy techniques
Red Advances in treatment planning
Orange Advances in imaging
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While advancements in charged particle therapy focused on improving the physical

precision and biological effectiveness of dose delivery, parallel progress in imaging and

treatment planning enabled precise imaging, localisation, and monitoring of tumours, which

aided in reducing some of the adverse effects of radiotherapy. One standout technological

advancement in imaging was the discovery of magnetic resonance imaging (MRI). Notably,

since the development of the first clinical MRI in 1977 [30], MRIs have evolved to be able to be

implemented in real-time, providing soft-tissue visualisation of the patient during radiotherapy;

the first patient treatment being successfully delivered in 2017 with a 1.5 T MRI-Linac [36].

1.4 Internal radiotherapy
Section 1.3 outlines brachytherapy as one of the earliest forms of radiotherapy. It is administered

by placing a radiation source, a radionuclide (radioactive isotope), into cancerous tissue.

These radionuclides undergo spontaneous nuclear decay, emitting ionising radiation. This is

characteristic of unstable atomic nuclei that stabilise by emitting energy in the form of particles

or electromagnetic radiation [38]. The decay of a radionuclide follows an exponential law:

N(t) = N0e
−–t ; (1.1)

where N0 is the initial number of radioactive nuclei, – is the decay constant and N(t) is the

number of undecayed nuclei at time t [39].

A fundamental parameter in brachytherapy is the half-life T1=2 of a radionuclide, defined

as the time required for half of the initial nuclei to decay. It is related to the decay constant

by:

T1=2 =
ln 2

–
; (1.2)

where again – is the decay constant [39].

The activity A of the radionuclide, which quantifies the number of decays per unit time, is:

A(t) = –N(t); (1.3)

where again – is the decay constant and N(t) is the number of undecayed nuclei at time t

[39].

The choice of radionuclide is based on the physical characteristics and how suited they

are to that specific tumour. One characteristic is the dose rate capability. There are three
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dose-rate classifications in brachytherapy: low dose rate (LDR, 0.4–2 Gy/h), medium dose rate

(MDR, 2–12 Gy/h), and high dose rate (HDR, exceeding 12 Gy/h). Higher source energies,

i.e. sources with decay products of higher energy such as 192Ir, are used for temporary

brachytherapy with HDR sources compared to permanent LDR brachytherapy [38]. 192Ir can

only be used for temporary brachytherapy because of its half-life of 73.83 days. For permanent

LDR brachytherapy, shorter-lived sources such as 125I (half-life 59.4 days) or 103Pd (half-life 17.0

days) are used, as these decay to negligible activity within months of implantation [38]. The

mode of brachytherapy depends on the tumour site; e.g. temporary brachytherapy is more

commonly used to treat cervical cancers. In contrast, permanent brachytherapy is more

commonly used to treat prostate cancers [40].

Brachytherapy has the advantage of a very high dose gradient around the radionuclide,

which allows for a high level of conformality for dose localisation, unlike with external

radiotherapy. However, the technique is only feasible for tumour sites that are easily accessible,

and the procedure is much more invasive compared to external radiotherapy.

1.5 External radiotherapy
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Photons Neutrons Electrons Protons Carbon Ions

Figure 1.2: A graph to compare the dose deposition profiles of therapeutically relevant particles.
The graph uses blue, grey, and green lines, respectively, to describe how photons, neutrons,
and electrons have their largest dose deposition in the first layers of tissue, while protons
(red lines) and carbon ions (purple) release most of their energy at a precise depth. Line
style is used in addition to colour for accessibility. See the key above the diagram for more
information.
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In external beam radiotherapy (EBRT), radiation is generated outside the body and directed

at the tumour. EBRT can be implemented using several clinically relevant particles. These

can be both charged particles (electrons, protons and ions), which are directly ionising and

non-charged particles (photons and neutrons), which are indirectly ionising. Each type of

particle has distinct physical properties that characterise its respective dose distribution and

radiobiological outcomes. As highlighted in Figure 1.2, the dose profiles of each particle differ

significantly.

The following subsections detail the interaction mechanisms that characterise the dose

profiles of each particle type illustrated in Figure 1.2, highlighting their viability for radiotherapy

techniques depending on this profile.

1.5.1 Indirectly ionising radiation

Photon beams (X-rays or ‚-rays) are indirectly ionising radiation. Photons transfer energy to

charged secondary particles (electrons or positrons) via several photon-matter interaction

mechanisms, each with different dependencies on photon energy (h‌, h = Planck’s constant

= 6.62607015·10−34 Js, v = radiation frequency) and the electron binding energy (EB- the

energy required to remove an electron from its atomic shell) of the target atom.

The cumulative effects of these distinct photon-matter interaction mechanisms are

responsible for the dose deposition profile of photon beams seen in Figure 1.2. These interaction

mechanisms are:

• Compton effect : Compton scattering is the dominant interaction in soft tissue at

therapeutic photon energies ranging from 30 keV to 100 MeV [41]. It involves the inelastic

scattering of a photon by a quasi-free (outer shell) electron, producing a recoil electron

and a scattered photon. The amount of energy transferred to the electron depends

on both the incident photon energy and scattering angle. Since this interaction results

in ejected charged particles (recoil electrons), it is the principal mechanism by which

photon beams deposit dose in tissue. The Compton energy transfer coefficient increases

with h‌, while the total attenuation coefficient decreases gradually with energy.

• Photoelectric effect : The photoelectric effect occurs when the incident photon is

completely absorbed by a tightly bound orbital electron, typically from an inner shell,

resulting in the ejection of a photoelectron and subsequent atomic relaxation. This

interaction occurs when the photon energy, hv , exceeds the binding energy, EB, of the

electron. At keV photon energies, the photoelectric effect is the dominant interaction

mechanism in soft tissue and especially in materials with a higher atomic number, Z,
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(e.g. bone) [42]. The photoelectric attenuation coefficient varies strongly with material

properties, approximately as Z3=(h‌)3 in water and tissue, and even more steeply (Z4–Z5)

in high Z materials. Due to this high interaction probability, a large fraction of incident

photons is absorbed near the surface of the irradiated medium, which leads to an

immediate rise in dose depositions, contributing to this initial peak at the beginning

of the photon dose profile [43, 44]. At MeV energies, the photoelectric effect has a

negligible contribution to dose deposition due to the steep energy dependence of the

photoelectric attenuation coefficient: as photon energy increases, the probability of

photoelectric absorption falls rapidly due to the inverse cubic relation.

• Pair production: At photon energies exceeding the threshold of 2mec2 = 1.022 MeV (twice

the rest mass of the electron), the incident photon may interact with the Coulomb field

of a nucleus (or, less commonly, an orbital electron) to produce an electron–positron

pair. These particles deposit energy through ionisation, with the positron annihilating

into two 511 keV photons. This process becomes increasingly probable at higher photon

energies, the cross-section (probability) scaling approximately with Z2, and contributes

to the broadened dose deposition observed in high-energy beams and media with a

high atomic number Z [42].

• Photonuclear reactions: At very high photon energies, photons may be absorbed by

nuclei, causing nuclear excitation and the emission of secondary particles. These

photonuclear interactions exhibit a broad resonance (giant dipole resonance) centred

around 23 MeV for low-Z nuclei and around 12 MeV for high-Z nuclei [42]. The atomic

cross-sections of photonuclear reactions are small compared to those of photoelectric,

Compton, and pair production processes, typically amounting to only a few per cent of

total attenuation.

Photons can also interact via coherent (Rayleigh) scattering, an elastic interaction in which

the incident photon is scattered by the synchronous oscillation of electrons in the atom, with

energy transfer to the medium. Because this is an elastic interaction and does not produce

secondary charged particles, this has no bearing on dose deposition [42, 45].

The dose deposition profile of a photon beam in tissue (see Figure 1.2) reflects the behaviour

of these interaction mechanisms. As the beam enters tissue, secondary electrons produced

by Compton scattering begin depositing energy, resulting in a rise in dose depositions. For

low energies, this rise is driven by the photoelectric effect. The maximum dose occurs at the

point of electronic equilibrium. Beyond this depth, the attenuation of primary photons leads

to an exponential fall-off in deposited dose, primarily via Compton scattering and, at higher
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energies, pair production. The exponential decay law can approximate this attenuation:

Bouguer–Lambert–Beer exponential attenuation law:

I(x) = I0e
−—x ; (1.4)

where I(x) is the unscattered photon intensity at depth x , I0 is the initial beam intensity, and

— is the linear attenuation coefficient, which varies depending on the medium and the

dependence on both energy and atomic number [46].

Neutron beams present a similar dose deposition profile, being also indirectly ionising

radiation. Unlike photons, neutrons interact with matter through the nuclear force. Neutrons

can undergo five principal types of nuclear interactions: elastic scattering, inelastic scattering,

neutron capture, nuclear spallation, and nuclear fission.

• Elastic scattering: In elastic scattering, a neutron collides with a nucleus, transferring

part of its kinetic energy and causing it to recoil. High-energy recoil protons travel short

distances before depositing energy through Coulomb interactions with nuclei and orbital

electrons in the medium [47]. Elastic scattering dominates neutron energy transfer in

tissue due to the abundance of protons, contributing mainly to the initial peak that

shapes the dose profile of neutrons.

• Inelastic scattering: In inelastic scattering, the neutron is captured by a nucleus in the

medium. It is ejected in a different direction at a lower energy, leaving the nucleus in

an excited state. The nucleus will de-excite by emitting high-energy ‚-rays. Inelastic

scattering is most probable at intermediate to high neutron energies and is significant in

materials with heavier nuclei, where multiple excited states are possible [47]. The dose

contributions of the inelastic scattering mechanism are from secondary ‚-rays, which

create more of a background dose rather than contributing to the shape of the dose

profile.

• Neutron capture: Neutron capture occurs when a thermal neutron bombards a nucleus,

absorbing the neutron before de-exciting by emitting either protons or ‚-rays, similar

to inelastic scattering [47]. Inelastic scattering occurs for fast, higher-energy neutrons,

whereas neutron capture requires slow, low-energy thermal neutrons, making it less

relevant for external beam radiotherapy.

• Nuclear spallation: Nuclear spallation involves the fragmentation of a nucleus into

multiple smaller fragments due to neutron bombardment. Most energy released from
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spallation is carried away by the heavier fragments, depositing energy locally, with small

amounts of energy being transported to remote locations by de-excitation ‚-rays and

neutrons [47]. Spallation reactions primarily occur at neutron energies exceeding clinical

therapy levels and thus play a minimal direct role in standard neutron therapy.
Neutrons can also undergo interactions via nuclear fission, where heavy fissile nuclei (e.g.

uranium-235) absorb neutrons and split into lighter nuclei, releasing large amounts of energy

and secondary particles. This process is pivotal to nuclear reactors but not clinically relevant.

Neutrons lose energy primarily through elastic scattering in tissue (with secondary contributions

from inelastic scattering, neutron capture, and minimal involvement, if any, from spallation or

fission reactions under typical therapeutic conditions), gradually reducing neutron energy and

intensity with depth. The energy deposition from the resulting recoil protons contributes directly

to the dose profile. The attenuation of neutron intensity with depth can be approximated by

an exponential decay law similar to that of photons:

Intensity decay law (neutrons):

I(x) = I0e
−Σx ; (1.5)

where I(x) is neutron fluence at depth x , I0 is the initial neutron fluence, and Σ is the

macroscopic neutron cross-section, dependent on neutron energy and tissue composition

[48].

However, unlike photon interactions, neutron attenuation involves continuous energy

degradation due tomultiple scatterings rather than discrete interactions. Thus, while the overall

depth-dose profile of neutrons is broadly similar to that of photons, exhibiting a comparable

dose rise near the surface and a gradual fall-off with depth, as illustrated in Figure 1.2, subtle

differences in the neutron profile are present. For example, neutrons can show a slightly higher

surface dose or a marginally slower fall-off, reflecting the continuous energy degradation from

multiple scatterings rather than discrete absorption events.

1.5.2 Directly ionising radiation

Directly ionising radiation refers to charged particles, including electrons, protons, and heavier

ions that interact directly with the atomic electrons of the medium through electromagnetic

(Coulomb) forces. Unlike photons or neutrons, which ionisematter indirectly through secondary

particles (charged ones), charged particles produce dense, continuous ionisation along

their paths [49]. These direct interactions can be categorised into collisional and radiative
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interactions.

Collisional interactions occur between the incident charged particle and orbital electrons

of atoms in the absorbing material. These can be subdivided into two types: hard and soft,

based on the impact parameter, b, and atomic radius, a. The impact parameter refers to the

distance between the incident particle and the atomic nucleus, and the atomic radius is the

radius of the atom. These characteristics are demonstrated in Figure 1.3.

incident particle

b

orbital electron

a

Close (Hard) Collision
b ≈ a

incident particle

b orbital electron

a

Far (Soft) Collision
b ≫ a

Figure 1.3: Diagram to show the two types of collisional interactions: hard and soft, depending
on their impact parameter b and their atomic radius a.

• Soft (distant) collisions: Soft or distant collisions occur when the impact parameter b of

the charged particle trajectory is much larger than the atomic radius, a, of the atom it is

interacting with (b ≫ a). During these interactions, the incident charged particle interacts

with the whole atom or the weakly bound external shell electrons, leading to minimal

energy transfer per event. However, due to these interactions occurring so frequently,

approximately 50% of a charged particle’s energy is lost by soft collisional interactions

[50].

• Hard (close) collisions: Hard or close collisions occur when the impact parameter, b,

of the charged particle trajectory is of the order of the atomic radius, a, of the atom

it is interacting with (b ≈ a). During these interactions, the incident charged particle

can have direct Coulomb interactions with atomic orbital electrons, ejecting these as

‹-rays capable of further ionisations. The large energy transfer occurring during the

interaction means that even though the number of hard collisions experienced by a

charged particle is small, hard collisions still account for approximately the other 50% of

energy losses [50].

Radiation (Coulomb) interactions involve interactions between charged particles and

atomic nuclei (b ≪ a). For electrons, this interaction can produce significant energy loss
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through the emission of Bremsstrahlung radiation (photons). However, for heavier charged

particles (protons and ions), radiation losses are negligible due to their greater mass [50].

Stopping power
As a charged particle traverses a medium, it can withstand a large number of interactions

before being attenuated, unlike non-charged particles such as photons and neutrons. These

interactions can result in energy transfer or scattering and are characterised by a specific

cross-section, ff. The attenuation of the charged particle as it travels through the medium

and thus the resulting dose profile depend on the characteristics of both the particle and

the material. The rate of this attenuation, the energy loss per unit of path length, is referred

to as the ‘linear stopping power’. There are two types of stopping power related to charged

particle interactions. These are radiative stopping power and collisional stopping power.

Collisional stopping power, Scol , is the stopping power of charged particles upon collisional

interactions. Both heavy charged particles (e.g. protons and ions) and light charged particles

(electrons and positrons) are attenuated through these interactions. Collisional stopping power

can be divided into the two subtypes of collision, with Ssoft
col characterising the soft collisional

stopping power and Shard
col characterising the hard collisional stopping power [50].

Radiation (nuclear) stopping power, Srad , is the stopping power of charged particles upon

radiative interactions. Heavy charged particles experience these interactions on a negligible

scale compared to losses due to collision, whereas light charged particles experience more

significant energy loss through these interactions [50].

The total stopping power, Stot, for a charged particle of energy travelling through amedium

can be approximated by the sum of the radiative stopping power and the two types of

collisional stopping power [50]:

Total stopping power (light charged particles):

Stot = Srad + Ssoft
col + Shard

col ; (1.6)

Stopping Power for heavy charged particles
For heavy charged particles, the Srad ≈ 0, as this contribution is negligible compared to the

collisional stopping power.

Total stopping power (heavy charged particles):

Stot ≈ Ssoft
col + Shard

col ; (1.7)

Each charged particle interaction involves an energy transfer, W , characterised by the
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atomic energy-loss differential cross section, ff(n) [51]:

Atomic energy-loss differential cross section:

ff(n) =

Z Wmax

Wmin

W n dff

dW
dW ; (1.8)

where:

•• ff(n): the nth moment of the energy-loss differential cross section,

• dff
dW : probability of transferring energy (W ),

• Wmin;Wmax: minimum and maximum energy transfer limits [51].

The stopping power, S, can be evaluated as the ratio of the average energy loss in a

collision, ⟨W ⟩:

Energy loss:

⟨W ⟩ =
Z Wmax

Wmin

W n dff

dW
dW ; (1.9)

Stopping power, S, is therefore defined as energy loss per unit path length, s:

Stopping power:

S ≡ −dE
ds

=
⟨W ⟩
–

= Nff(1); (1.10)

where:

•• S: stopping power (energy loss per unit path length),

• E: particle energy,

• s: path length,

• N: number density of target atoms,

• –: mean free path = (Nff(0))−1,

• ff(1): first moment of dff
dW [51].

This can be broken down into soft and hard collision contributions for heavy charged

particles.

For soft collisions:

Soft collision contribution (heavy particles): Using a classical oscillator model, energy loss

per electron at impact parameter, b, is approximated as:

14



W (b) ≈ 2z2e4

mev2b2
; (1.11)

where:

•• z : projectile charge number,

• e: elementary charge,

• me : electron mass,

• v : projectile speed,

• b: impact parameter [51].

Integrating over impact parameters greater than cutoff, a:

Ssof tcol = 2ıNZ

Z ∞

a
W (b)bdb =

4ız2e4NZ

mev2
ln

„
bmax
a

«
=

4ıNZz2e4

mev2

»
ln

„
2‚2mev

2

~!

«
− ˛2

2

–
; (1.12)

where:

•• Z: atomic number of the medium,

• bmax: upper cutoff related to mean excitation energy,

• ˛ = v=c,

• ‚ = (1− ˛2)−1=2,

• !̄: mean excitation frequency,

• c: speed of light,

• ~ = h
2ı =1.05·10−34Js: reduced Planck’s constant [51].

For hard collisions:

Hard collision contribution (heavy particles): The differential cross section is:

dffhard
dW

=
2ız2e4

mev2
1

W 2
; (1.13)

Integrating over energies from cutoff, Wmax(a), to maximum, Wmax , gives:

Shardcol = NZ

Z Wmax

Wmax (a)
W
dffhard
dW

dW =
2ız2e4NZ

mev2

»
ln

Wmax

Wmax(a)
− ˛2

„
1− Wmax(a)

Wmax

«–
; (1.14)

where Wcutoff is an artificial cutoff energy separating soft and hard collisions [51].

Combining soft and hard contributions (Equation 1.7) creates the total stopping power
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approximation known as the Bethe-Bloch for heavy charged particles, SBethe−Bloch [51]:

Stopping power for heavy charged particles (Bethe-Bloch):

SBethe−Bloch =
4ız2e4NZ

mev2

»
ln

2mev
2‚2Wmax

(~!̄)2
− ˛2

–
; (1.15)

Protons are heavy, positively charged particles with a single unit of charge (z = 1) and

a rest mass much greater than that of electrons. Their dose deposition in matter follows a

distinct profile characterised by a sharp Bragg peak. The Bragg peak region refers to the

sharp maximum in energy deposition occurring near the end of a charged particle’s range,

where the stopping power, and consequently the ionisation density, dramatically increases

before the particle comes to rest. In this region, the proton transfers most of its energy, resulting

in a steep dose falloff immediately beyond the peak as the number of ionisations rapidly

diminishes and the proton stops.

The dominant term driving this peak is the inverse velocity-squared dependence, v−2,

which causes the stopping power, S, to increase rapidly as the proton slows down. Initially,

a fast-moving proton has a small stopping power due to its large velocity. However, as it

interacts with electrons via soft distant collisions and hard close collisions, it gradually slows,

decreasing v−2 and thus S. The logarithmic term has some influence on proton stopping due

to its dependence on ‚2 and Wmax, the maximum energy transferable to a single electron.

Wmax is limited by the proton mass, M, restricting energy transfer per collision. It is given by

Equation 1.16 [51]:

Maximum transferable energy:

Wmax =
2mec

2˛2‚2

1 + 2‚me=M + (me=M)2
; (1.16)

As a result of stopping power, energy is deposited steadily at first, but accelerates sharply

near the end of the range, forming the Bragg peak. The Bragg peak region is the characteristic

that makes protons and ions the most desirable for radiotherapy, as the dose can be localised

when targeting tumours to line up the small volume of tissue where the energy is deposited,

where the protons and ions will release most of their energy upon impact with the tumour

to maximise dose depositions in the tumour. To cover the whole tumour region with a peak

dose, a Spread-Out Bragg Peak is used. The Spread-Out Bragg Peak (SOBP) is formed by

superimposing multiple Bragg peaks at varying energies to create a uniform dose distribution

over a finite depth range. The SOBP enables precise irradiation of the tumour region while

maintaining the high dose conformality and sparing surrounding healthy tissue.
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Heavy ions, such as carbon (z = 6) or oxygen (z = 8), are also characterised by the

Bethe-Bloch approximation. The z2 scaling from the Bethe-Bloch formula means that for the

same velocity, a carbon ion deposits approximately 36 times more energy per unit length

than a proton. The mass of the ion also increases, M in the denominator of Wmax, further

limiting energy transfer in individual collisions, but increasing the number of small losses. As

the ion slows (v−2 decreases), a pronounced increase in stopping power, SBethe−Bloch, results

in a sharper, more intense Bragg peak than for protons. The large mass ensures minimal

lateral scattering, and the ion path remains nearly straight. However, heavy ions also undergo

nuclear interactions (fragmentation), producing secondary particles that contribute to the

dose beyond the Bragg peak, demonstrated by the dose profile tail seen in Figure 1.2 [52].

These non-ionising collisions are not part of the Bethe-Bloch formalism but must be

considered in dose modelling. Despite this, radiative losses are still negligible due to the ion’s

high mass, and the dominant energy deposition mechanism remains collisional ionisation.

Stopping Power for light charged particles

Electrons and positrons significantly differ from heavy particles due to relativistic effects and

bremsstrahlung radiation.

For soft collisions:

Soft collision contribution (light particles):
The total stopping power of light charged particles is the sum of three components:

Se
±

tot = Ssoft
col + Shard

col + Srad; (1.17)

This is similar to heavy particles, but electrons/positrons have maximum energy transfers

approaching their kinetic energy [50]:

Se
±

soft =
4ıNZe4

mev2

»
ln

„
2mev

2‚2”

(1− ˛2)I2

«
− ˛2

–
; (1.18)

where:

• I: the mean excitation potential,

• ”: the boundary cutoff [51].

For hard collisions:

The difference in stopping power between electrons and positrons arises from the distinct

scattering processes that govern their hard collisions with atomic electrons. These are Møller
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[53] and Bhabha [54] scattering:

Møller scattering describes the elastic scattering process:

e− + e− → e− + e− (1.19)

which governs hard collisions of incoming electrons with target atomic electrons. Because

the interacting particles are identical fermions, the cross section must account for the

antisymmetry of the wavefunction. This process permits large energy transfers and significant

angular deflections. The Møller cross section leads to the correction term F−(fi) in the electron

stopping power equation [50].

Bhabha scattering describes the process:

e+ + e− → e+ + e− (1.20)

which governs hard collisions of positrons with target electrons. Since the particles are

not identical, the differential cross section differs from Møller’s and includes both direct and

exchange diagrams. Bhabha scattering leads to the correction term F+(fi) in the positron

stopping power equation [50].

Hard collision contribution (electrons):

Se
−

hard =
2ır2emec

2NAZ

A˛2

»
ln

„
T

I

«
+ ln

“
1 +

fi

2

”
+ F−(fi)− ‹

–
; (1.21)

with fi = T=mec
2, and F−(fi) = (1− ˛2)

h
1 + fi2

8 − (2fi + 1) ln 2
i
[50].

Hard collision contribution (positrons):

Se
+

hard =
2ır2emec

2NAZ

A˛2

»
ln

„
T

I

«
+ ln (1 + fi) + F+(fi)− ‹

–
; (1.22)

with F+(fi) = (1− ˛2)
h
9
8 + fi2

8 − (fi + 1)2 ln 2
i
[50].

For radiative interactions:

As electrons/positrons accelerate in the electric fields of nuclei, they emit bremsstrahlung

radiation. The rate of energy loss scales with energy, T , and the square of the atomic number,Z2

[50]:
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Radiative stopping power (Bremsstrahlung):

Srad =
4¸r2eNAZ

2

A
T ln

„
2T

mec2

«
; (1.23)

where ¸ is the fine structure constant (a measure of electromagnetic interaction strength

with a value of ∼ 7.3·10−3 [55]).

Thus, the combined stopping power for electrons and positrons is [50]:

Total stopping power (electrons):

Se
−

tot =
4ıNZe4

mev2

»
ln

„
2mev

2‚2”

(1− ˛2)I2

«
− ˛2

–
+

2ır2emec
2NAZ

A˛2

»
ln

„
T

I

«
+ ln

“
1 +

fi

2

”
+ F−(fi)− ‹

–
+

4¸r2eNAZ
2

A
T ln

„
2T

mec2

«
;

(1.24)

Total stopping power (positrons):

Se
+

tot =
4ıNZe4

mev2

»
ln

„
2mev

2‚2”

(1− ˛2)I2

«
− ˛2

–
+

2ır2emec
2NAZ

A˛2

»
ln

„
T

I

«
+ ln (1 + fi) + F+(fi)− ‹

–
+

4¸r2eNAZ
2

A
T ln

„
2T

mec2

«
;

(1.25)

Electrons, unlike protons and ions, are light and identical to the target electrons they

interact with. The soft collision term (from Equation 1.18) describes low-energy excitations of

bound electrons and shares a similar structure to that of heavy particles. The hard collision

component (from Equation 1.21) allows for very large energy transfers and strong angular

deflections.

Here, the kinetic energy, T , the log terms, and the correction F−(fi) all account for electron-

electron interactions. The v−2 term again governs the increase in stopping as the particle

slows, but large-angle scattering and random trajectories mean that the dose is deposited

across a broad region. Rather than a Bragg peak, the dose increases rapidly near the surface

due to electron build-up (resulting from secondary electrons produced in early collisions), then

falls off exponentially with increasing tissue depth, as demonstrated in Figure 1.2. This radiative

loss scales with Z2 (see Equation 1.23), so it becomes dominant in high-Z materials (e.g. lead)

or at high energies. The radiative component adds a low-dose tail that extends well beyond

19



the electron’s range.

1.5.3 An evaluation of particles for external radiotherapy
X-rays (photons) are the most widely used modality in radiotherapy. As highlighted in Section

1.5.1 and Figure 1.2, the dose profile of photons is characterised by an exponentially decreasing

dose with depth and a considerable exit dose. This makes photons suitable for deep-seated

tumours but also results in less conformal dose distributions and increased normal-tissue

exposure. Electron beams deposit energy over a few centimetres with a sharp distal dose

fall-off, making them ideal for superficial targets, which provides excellent skin sparing and

minimal deeper tissue exposure. Unfortunately, similar to photons, electron particle therapy

can also result in less conformal dose distributions and increased exposure to normal tissue.

Fast neutrons exhibit dense ionisation tracks and are highly effective against radioresistant or

hypoxic tumours. However, their lack of a defined range and spatial precision significantly

limits their clinical use. Protons are characterised by a Bragg peak in their dose profile with

negligible exit dose, allowing for highly conformal dose delivery to deep targets and significant

sparing of surrounding healthy tissues. Heavier ions have a sharper Bragg peak than protons,

but with a fragmentation tail due to nuclear fragmentation.

While varying particle types in radiotherapy can treat different tumours, offering dose

conformality and radiobiological improvement, further research is still needed to mitigate the

adverse effects and limitations associated with these particle types.

1.6 Limitations of radiotherapy
A limitation of radiotherapy is the non-selective biological effects on both cancerous and

healthy tissues. Malignant cells typically exhibit greater radiosensitivity and defective DNA

repair mechanisms compared to normal tissues (which can be exploited when designing a

treatment regimen), but normal tissues remain susceptible to radiation-induced injury.

Toxicities are generally classified as acute, subacute, or late. Acute effects, such as

mucositis, dermatitis, and fatigue, appear during or shortly after treatment and are typically

reversible. Late toxicities, including fibrosis, vascular damage, organdysfunction, and secondary

malignancies, may manifest months or years later and are often permanent [56].

The risk and severity of toxicity depend on several factors:

• Dose regime: Higher total dose or dose per fraction can increase all radiation-induced

toxicities.

• Volume of irradiated tissue: Larger irradiated regions increase the risk of both acute and

20



chronic complications.

• The patient: Age, pre-existing medical conditions and genetics will contribute to the

individual patient’s biological response.

• Other forms of cancer treatment: Other therapies, suchas chemotherapy, canexacerbate

symptoms and response to radiation.

• Anatomical region treated: Symptoms can vary depending on where the tumour is

located. Proximity to organs can also increase the severity and risk of these complications.

While there are risks that cannot be reduced (patient age/genetics, anatomical location,

etc.), there remains considerable scope to optimise the delivery of dose, thus decreasing

at least two risk factors (dose regimen and irradiation volume). Advances in beam shaping,

modulation strategies, particle selection, and fractionation schemes enable more precise

targeting of malignant tissue, reducing the radiation impact on surrounding healthy tissue.

Joiner et al. [57] proposed four areas of radiotherapy that could further the advances listed

in Table 1.1 and reduce some of the limitations present with current radiotherapy practices.

The suggestions were:

1. Improving the standards of radiation dose regimes and delivery systems.

2. Advancing radiation dose distribution techniques.

3. Integrating image-guided radiotherapy.

4. Integrating radiobiological principles into treatment planning and research.
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2. Radiobiology

As demonstrated in Section 1.6, the success of radiotherapy is determined by the biological

response to radiation. To optimise an irradiation regime, these biological responses must be

fully understood.

2.1 The DNA cycle– damage, repair and death

The radiobiological response to radiation is governed by DNA damage. The two primary forms

of radiation-induced DNA damage are single-strand breaks (SSBs) and double-strand breaks

(DSBs). The DSB is a primary cause of cell death and occurs when both strands of the DNA

molecule in the double helix are broken. As highlighted in Section 1.5, cellular damage during

radiotherapy can be caused directly or indirectly, depending on the type of particle in the

incident beam [58]. If the damage is limited to an SSB, the cell cycle can repair this damage,

and the cell can return to its natural cell function; however, a DSB can cause chromosomal

instability if not accurately repaired. This is particularly dangerous during mitosis [59]. If a DSB

occurs and is detected before mitosis, the cell can still be repaired, interrupting the cycle until

fully repaired before proceeding to the mitosis stage. In contrast, if DSBs arise during mitosis,

cells no longer pause the cycle, continuing to divide with damaged chromosomes. This can

result in the phenomenon labelled ’mitotic catastrophe’, a failure of proper cell division that

often leads to cell death and is one of the primary mechanisms by which radiation kills cells

[59]. Other potential outcomes for irradiated cells include [60]:

• Apoptosis: a programmed form of cell death.

• Senescence: the cell remains alive and metabolically active but no longer divides in the

normal cell cycle.

• Terminal Differentiation: the cell exits the cycle and adopts a final, specialised state

(becomes a functional part of the tissue, e.g. a nerve cell or skin cell).

In addition to regulated outcomes such as apoptosis, senescence, or terminal differentiation,

necrosis (cell death due to extreme stress or trauma) may occur in response to severe DNA

damage, for example, post-irradiation at a high radiation dose.

Beyond SSBs and DSBs, ionising radiation induces a wide range of DNA damage types
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that contribute to cellular lethality. Ionising radiation can directly alter DNA bases (creating

oxidised or modified bases), remove bases entirely (forming abasic sites), and create chemical

bonds between DNA strands (interstrand crosslinks) or between DNA and nearby proteins

(DNA-protein crosslinks) [61]. A fundamental category of radiation damage is clustered DNA

lesions, defined as two or more individual lesions occurring within 10 – 20 base pairs along the

DNA helix, which occur 3 – 4 times more frequently than isolated DSBs [61]. The biological

significance of clustered damage lies in its resistance to cellular repair: when multiple lesions

exist in proximity, repair enzymes working on one lesion can inadvertently create additional

strand breaks at neighbouring damage sites, effectively converting a repairable cluster into

a lethal DSB. Therefore, despite representing only a fraction of total DNA damage events,

clustered DNA lesions contribute disproportionately to radiation-induced cell death and

chromosomal instability [61].

To characterise the cellular response to radiotherapy, Steel et al. introduced the concept

of the ‘Rs’ of radiobiology [62]. These are defined as:

• Repair: Cells (particularly normal tissue cells) can repair sublethal DNA damage between

radiation doses. If the radiotherapy treatment is spaced out into multiple sessions, there

will be time in between doses for repair kinetics to take effect. This introduces the idea of

fractionation (splitting the effective dose into smaller doses to allow the healthy tissue

time to regenerate and repair between doses). Tumour cells typically exhibit slower DNA

repair kinetics compared to normal tissue, making it critical to optimise fractionation

regimens to provide sufficient time for normal tissue repair while limiting the tumour cell

recovery window. This was observed by Short et al. [63] during an experiment comparing

DNA damage responses and repair in glioma cell lines compared to normal human

astrocytes after clinically relevant radiation doses. The experiment concluded that the

glioma cell lines repaired DSBs more slowly and less effectively than the normal human

astrocytes.

• Reassortment/Redistribution: Cells are more sensitive to radiation in some cell cycle

phases. During the radiotherapy regime, surviving cells may redistribute into these more

radiosensitive phases between fractions [64]. Normal tissues experience slower cell

turnover (they do not proliferate as excessively as tumour cells), which means that there

will be less reassortment in these cells. The fractionation regimen should be designed

to find a balance where the normal tissue remains undistributed while the tumour cells

remain radiosensitive.

• Repopulation: Between radiation doses in the fractionation regimen, both tumour and
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normal cells can proliferate, especially in rapidly growing tumours or normal tissue. This

accelerated repopulation can reduce treatment effectiveness in tumours if the process

takes too long, but normal tissue will also have time to regenerate, again requiring a

balanced regimen.

• Reoxygenation: Oxygencan induce radiosensitivity because it can ’fix’ (makepermanent)

radiation-induced DNA damage. This is known as the oxygen fixation hypothesis [65].

Hypoxic (low-oxygen) tumours are more radioresistant. After irradiation kills some tumour

cells, previously hypoxic areas may become surrounded by oxygenated blood,

reoxygenating the tumour and making remaining cells more sensitive to subsequent

fractions [66].

• Radiosensitivity: Eachcell type has adifferent innate susceptibility to radiation, determined

by genetics and phenotype. The same dose can have very different biological outcomes

on different cells, even with the same fractionation regimen.

• Reactivation – Reactivation of the anti-tumour immune response refers to the ability

of radiotherapy to stimulate the immune system to recognise and destroy cancer

cells. This immune activation can enhance local tumour control and, in some cases,

cause regression of distant, non-irradiated tumours (known as abscopal effects) [67].

Recognising and harnessing this response is increasingly important, particularly in

combination with immunotherapies, to maximise the overall therapeutic benefit of

radiotherapy.

The 6 Rs both highlight the importance of an optimal fractionation regimen and the role of

oxygen in cancer therapy.

2.2 Relative Biological Effectiveness and Linear Energy Transfer

Section 1.2 notes that different radiation types (photons, electrons, protons, ions) can deliver

the same dose but result in a different biological effect. This introduces the concept of relative

biological effectiveness (RBE), a measure used to quantify the potency of a radiation type

relative to a reference, typically 60Co ‚-rays or 6 MeV X-rays (photons) [68]. RBE is defined as

the ratio of the reference radiation dose to the test radiation dose required to achieve the

same biological effect:

Relative Biological Effectiveness:

RBE =
dose of reference radiation

dose of test radiation ; (2.1)
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In clinical radiotherapy, RBE is a key parameter of treatment planning, enabling treatment

to be determined based on the effectiveness of the incident radiation.

For instance, the commonly used RBE value for proton therapy is 1.1, a clinically significant

increase in effectiveness relative to photons (10% increase in biological effectiveness) [69],

which would suggest, solely based on RBE, that protons are a more effective treatment than

standard X-ray radiotherapy. The value of 1.1 was determined by a range of in vitro and limited

in vivo studies, many of which focused on late-responding normal tissues and tumour control

endpoints. Paganetti et al. [70] reviewed available experimental data and found that RBE

values for protons at the middle of the Spread-Out Bragg Peak typically range from 0.7 to 1.6,

with a mean near 1.1 in most therapeutic contexts. Further radiobiological experiments have

corroborated these findings [69]; however, RBE is not a constant; it depends on several factors.

Key factors include: fractionation/dose regimen, target tissue type, depth of the target and

Linear Energy Transfer (LET) of the particle being used.

Less efficient cell killing

Optimum LET

Overkill

Linear energy transfer (keV/—m)

RB
E

SF = 0.8
SF = 0.1
SF = 0.01

Figure 2.1: A graph to show RBE as a function of LET for different surviving fraction levels,
highlighting the overkill phenomenon observed due to very high LET radiations.

LET is the energy deposited by a particle per unit track length (keV/—m) used to describe

the density of ionisation in particle tracks. Low-LET radiation (for example, ‚-rays: ‚-rays have

an LET of ∼0.3 keV/—m) produce sparse ionisation, while high LET radiation (for instance,

alpha particles: ¸-particles have an LET of ∼100 keV/—m) cause dense ionisation tracks [71].

Generally, RBE increases with LET up to a certain point. As LET rises, radiation causes more

complex, clustered DNA damage, making it less repairable and more lethal per Gy. RBE
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typically peaks around LET ∼100-200 keV=—m for mammalian cells (cells from mammals);

beyond that, extremely high LET can cause ’overkill’ (energy wasted beyond what is needed

to kill the cell, see Figure 2.1), causing RBE to plateau or even drop at very high LET [71].

2.3 Dose-response relationships and the linear-quadratic model

As more data emerges, there is uncertainty as to whether RBE models are reliable enough for

clinical precision. Modern therapy centres have implemented RBE-weighted dose calculations

with biophysical models to ensure a uniform biological effect across the treatment volume

[72]. Other quantitative models are constantly being developed to aid in treatment design,

for example, the cell survival curve and the linear-quadratic model.

The linear-quadratic (LQ) model is the most widely used model to fit cell survival data

and guide clinical fractionation strategies [73]. The model assumes that cell death results

from two types of events: ’one-track’ (single radiation track) lethal damage and ’two-track’

(damage from two separate tracks that interact to form a lethal lesion). The yield of lethal

lesions, (Y (D)), is defined as the expected (mean) number of lethal lesions induced per cell at

a given absorbed dose, D.

Yield of lethal lesions:

Y (D) = ¸D + ˛D2; (2.2)

where D is the dose, and ¸ and ˛ are tissue-specific radiosensitivity parameters [74].

The linear term ¸D of Equation 2.2 represents the ’one-track’ lethal damage, while the

quadratic term ˛D2 represents the ’two-track’ lethal damage [75]. This interpretation is not

mechanistically derived but conceptualises how damage yields scale with dose.

Assuming that lethal lesions are formed independently and follow Poisson statistics, the

surviving fraction (SF , the probability that a randomly selected cell remains clonogenically

viable) of cells corresponds to the probability that a cell sustains zero lethal lesions:

Survival fraction:

SF (D) = exp[−(¸D + ˛D2)]; (2.3)

where again D is the dose, and ¸ and ˛ are tissue-specific radiosensitivity parameters [74].
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This is the standard LQ survival equation. The coefficients ¸ and ˛ are obtained by plotting

how the fraction of surviving cells decreases with dose; this is characterised in radiobiology

using a cell survival curve. A cell survival curve plots how the surviving fraction changes

depending on dose, plotted on a logarithmic scale. ¸=˛ (with units of Gy) is the dose at

which the linear and quadratic components of cell kill are equal (i.e. ¸D = ˛D2). At low

doses, damage is linear primarily (dominated by ¸), whereas at higher doses the quadratic

component (˛) causes the survival curve to bend downward, demonstrated in Figure 2.2.

Figure 2.2 displays a survival curve that depicts the difference between tissues with a

low ¸=˛ ratio and a high ¸=˛ ratio. Tissues with a high ¸=˛ have more linear survival curves,

meaning that they are relatively insensitive to dose fractionation, accumulating damage per

fraction. Tissues with low ¸=˛ have a pronounced survival curve, meaning that they are more

sensitive to dose fractionation. A small dose per fraction causes less lethal interactions in low

¸=˛ tissues than the same total dose in fewer, larger fractions. This suggests that tissues with

low ¸=˛ benefit from fractionation [58].

Dose (Gy)

Su
rv
iv
in
g
Fr
ac

tio
n

¸=˛ = 10 Gy
¸=˛ = 3 Gy

Figure 2.2: Cell survival curves for different ¸=˛ ratios using the LQ model.

Typically, it is thought that most tumours have a higher ¸=˛ and most normal tissues exhibit

a lower ¸=˛. However, emerging research into a variety of tumours has shown that some

tumours can also have a lower ¸=˛ than the surrounding normal tissue, for example, prostate

tumours. These types of tumours will need a carefully curated ’hypofractionated’ regimen to

balance the tumour and normal-tissue effects [57].

Clinical applications of the LQ model, therefore, include careful fractionation planning. By
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accounting for the ¸ and ˛ components, isoeffective doses can be calculated for different

fractionation schemes. The concept of Biologically Effective Dose (BED), a way to quantify the

level of biological response caused by the therapeutic regimen, arises from the LQ formalism

[76]:

Biologically Effective Dose:

BED = nd

„
1 +

d

¸=˛

«
; (2.4)

where n is the number of fractions, d is the dose per fraction, and again ¸ and ˛ are

tissue-specific radiosensitivity parameters.

This formula allows comparison of different fractionation regimens on a standard scale.

The LQ model explains why fractionation spares tissues with low ¸=˛ while accumulating lethal

damage in tumours. Modern radiotherapy planning routinely uses LQ-based calculations to

ensure different treatment schedules achieve the desired tumour BED without exceeding the

BED constraints of normal tissue.

Survival curves (e.g. Figure 2.3) have distinct characteristics based on both dose and

LET. At low doses, the survival curve exhibits a shoulder, reflecting the cell’s ability to repair

sublethal damage. At higher doses, the curve becomes steeper and more linear as lethal

damage accumulates and repair mechanisms are overwhelmed.
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Figure 2.3: Survival curves for low and high LET radiation. High LET radiation produces a linear
dose response, while low LET radiation produces a curve with a shoulder due to sublethal
damage repair.

Higher LET particles kill more cells per dose; thus, their survival curves have a steeper decline.
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Higher LET particles also become straighter with less ’shoulder’ (bending at low doses) [77].

Figure 2.3 depicts this trend, demonstrating the difference between low and high LET.

To explore the linear-quadratic models for specific tissue types, models have been

developed to look specifically at the tumour and normal-tissue responses in isolation.

2.4 Tumour response and TCP (Tumour Control Probability)

The tumour response to radiation is influenced by numerous biological factors, notably intra-

tumour heterogeneity and the 6 Rs of radiobiology. As highlighted in Section 2.1, tumours can

have different radiosensitivities or resistances due to:

• Repair kinetics: The repair kinetics of the specific tumour differ depending on tumour cell

type and its phase during irradiation, e.g. if the cell is in a radioresistant cell cycle phase.

• Oxygenation: Regions of low oxygen in the tumour are more radioresistant to low LET

radiation, so hypoxic tumour cells may require ~2-3 times higher dose to achieve the

same eradication as normoxic cells [78, 79].

• Cell types: Depending on the tumour type, the cell may exhibit radioresistance, for

example, some glioblastomas are believed to possess radioresistant properties [80].

• Fractionation: The manner in which cells repopulate or redistribute between fractions will

alter the tumour response.

Due to these heterogeneities, not all tumour cells are eradicated at a given dose. The concept

of Tumour Control Probability (TCP) is used to model the probability that a treatment will kill

all of the tumour cells. TCP models commonly assume a stochastic process of cell kill and

are thus modelled based on Poisson statistics. The TCP can be characterised simply by the

following equation, considering that the tumour cell survival follows a Poisson distribution [81]:

Tumour Control Probability:

TCP = exp(−N0 · SF ); (2.5)

where N0 is the number of tumour cells before irradiation and SF is the survival fraction.

This equation is the basis of all TCP calculations. The equation is implemented by refining

the survival fraction, SF , using specific properties of the tumour, such as dose per fraction,

number of fractions, and radiosensitivity (¸=˛). The TCP, therefore, incorporates 6R factors like

radiosensitivity, repopulation and reoxygenation in the calculation to predict the radiobiological

response as accurately as possible.
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2.5 Normal-tissue response and NTCP (Normal Tissue Complication Probability)

Normal tissue responses to radiation, like those of tumours, are also influenced by numerous

biological factors and differ between cell/tissue types. These differences can be governed by

acute, late and subacute effects which correlate with distinct radiobiological characteristics:

• Acute effects: Acute normal-tissue effects occur during or immediately after treatment

(≤ a few weeks). Acute effects are typically characterised by a high ¸=˛, meaning

that they are less sensitive to fraction size, for example, Fowler et al. equated early

skin reactions to an ¸=˛ of 9 – 12 Gy [82]. This early damage can often be repaired

quickly between fractions, but even small doses per fraction can cause significant acute

reactions if the total dose is high.

• Late effects: Late normal-tissue effects occur up to years after irradiation and are typically

characterised by a lower ¸=˛, meaning they are more sensitive to fraction size, for

example, Fowler et al. equated late kidney reactions to an ¸=˛ of 2 – 2.4 Gy [82]. Late

damage is typically irreversible and not easily repaired, regardless of the time between

fractions.

• Subacute effects: Some organs exhibit intermediate timescale effects (weeks to months,

longer than acute but shorter than late effects). For example, Fowler et al. equated late

lung reactions to an ¸=˛ of 3 – 7 Gy. However, late lung reactions like fibrosis can begin

as pneumonitis (inflammation) much earlier, progressing to fibrosis at a later stage [83].

Normal Tissue Complication Probability (NTCP) is a calculation that, similarly to TCP, is

used to quantify the probability that a given dose distribution will result in a specific, clinically

defined adverse effect in normal tissue. The NTCP model considers both the dose-response

curve shape and the volume effect. Empirically, complication probability as a function of

dose often follows an S-shaped (sigmoid) curve. The complication probability is near zero

at low doses, then sharply rises beyond a certain threshold, approaching 100% at very high

doses [84]. This dose–response behaviour is commonly characterised using a probit (normal

cumulative distribution) model, which assumes that the probability of complication follows

the cumulative distribution function of a normally distributed underlying response variable

(e.g. Equation 2.6).

Normal Tissue Complication Probability:

NTCP = Φ

„
D − TD50

m · TD50

«
; (2.6)
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where Φ is the cumulative distribution function (CDF) of the standard normal distribution,

D is the effective dose to the normal tissue, TD50 is the dose at which 50% of the tissue

would experience complications, and m is a parameter that describes the steepness of the

dose-response curve.

A popular probit model used to estimate NTCP is the Lyman-Kutcher-Burman (LKB) model

[84]. This model incorporates a volume parameter to account for the volume effect and

dose inhomogeneity, as normal-tissue complications often depend on how much of the

organ is irradiated to a high dose, unlike tumour control, where the probability depends

on how much of the tumour is killed. This equation is the basis of all NTCP formulae. The

equation is implemented by refining the dose, tissue volume and slope parameters using

specific properties of the tissue. Multiple publicly available resources compile tables of these

coefficient values for different tissue types [85] to accurately predict the biological response

to radiation using the NTCP linear model.

2.6 The therapeutic index

The therapeutic index in radiotherapy refers to the balance between tumour control and

normal-tissue toxicity. It can be thought of as the difference between doses required for

tumour eradication versus normal-tissue complications. A high therapeutic index means that

the tumour can be treated effectively while minimising damage to the normal tissue. A low

therapeutic index implies that achieving tumour control is likely to cause significant toxicities

in the normal tissue. Clinically, this is a ’window’ that should be maximised. The tumour control

probability (TCP) should be as high as possible, while keeping the normal-tissue complication

probability (NTCP) as low as possible.

Figure 2.4 depicts conceptual dose-response curves for tumour control (TCP) and normal-

tissue complication (NTCP) as functions of dose. The therapeutic window arrow illustrates the

range of doses where high tumour control is achievable with a low probability of normal-tissue

complications. Treatment advances aim to widen this gap to improve therapeutic outcomes.

There are numerous ways in which modern radiotherapy technology is advancing to improve

this window. A few standouts include:

• Spatial and temporal fractionation: Spatial fractionation (e.g. GRID, lattice, minibeams

and microbeams) may permit delivery of exceptionally high tumour doses by protecting

portions of normal tissue. Section 2.7.2 details these modalities. Combining spatial and

temporal modulation (e.g. a high-dose partial irradiation, then another partial irradiation
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from a different angle at a later time point) has the potential to allow normal-tissue repair

between exposures while progressively eradicating the tumour.

• Dose rate and FLASH: Current literature on FLASH radiotherapy (delivering dose at

ultra-high rates) appears to suggest that ultra-high dose-rate radiotherapy can reduce

normal-tissue complications for the same dose. Tumour control remains stationary,

widening the therapeutic window. Section 2.7.1 expands on this modality.

• Accelerator and technology design: Specifically tailored delivery mechanisms can

improve the therapeutic index by reducing setup margins and uncertainties so that less

normal tissue is exposed to a high-dose field.

Combining these advances allows for optimal radiotherapy regimes to be developed to

maximise tumour treatment while reducing the normal-tissue toxicity (widening the therapeutic

window).

0 20 40 60 80 100
0

20

40

60

80

100

Dose for TCP = 50%Dose for NTCP = 50%

Therapeutic
Window

Dose for TCP = 50% Dose for NTCP = 50%

Radiation Dose (Gy)

Pr
ob

ab
ilit
y
(%

)

Tumour Control Probability (TCP)
Normal Tissue Complication Probability (NTCP)

Figure 2.4: Graph of probability vs. dose with sigmoidal TCP and NTCP curves to depict the
therapeutic window.

2.7 Widening the therapeutic window (new techniques)

The objective of new radiotherapy techniques is to improve the therapeutic ratio, maximising

tumour control while minimising damage to surrounding healthy tissues. As mentioned in

Section 2.6, modifications of the beam delivery in the time and spatial regime are being

explored within particle beam therapy to increase the effectiveness and precision, with the

aim of reducing the toxicities associated with conventional radiotherapy techniques.
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2.7.1 FLASH

Ultra-high dose-rate irradiation, commonly referred to as FLASH radiotherapy, introduces an

innovative approach to particle beam therapy delivery mechanisms.

The biological effects of radiation are influenced by the rate at which the dose is delivered.

Conventional radiotherapy is delivered over several days in fractions of ∼ 2 Gy, each fraction

being delivered at a rate of . 10 Gy/min. The biological effects of different conventional

dose rates in radiotherapy have been extensively studied, revealing complex and sometimes

non-linear responses that depend on the dose-rate range examined.

Hall and Brenner [86] investigated dose rates from 0.1 Gy/hr to several Gy/min and found

that in this range, the lethality of a given dose decreases with dose rate, assumed to be a

result of the repair of sub-lethal damage during prolonged exposures. This protective effect

of lower dose rates is well-established for moderate dose rates (> 100 cGy/min) and forms

the basis for fractionated radiotherapy schedules. However, at very low dose rates (1 – 100

cGy/min), a phenomenon known as the “inverse dose-rate effect” has been observed across

multiple studies, whereby lower dose rates are more effective in inducing genetic damage

and cell death compared to higher dose rates for the same radiation dose [87]. This inverse

effect has been replicated in both in vitro and in vivo experiments.

Although FLASH radiotherapy is less extensively studied than conventional radiotherapy,

a growing body of evidence suggests that delivering radiation at ultra-high dose rates can

achieve tumour control comparable to conventional approaches, while reducing normal-tissue

toxicity [1, 88].

Figure 2.5: Illustration of FLASH-RT vs CONV-RT (conventional radiotherapy). The red beam
indicates conventional radiation, and the blue beam indicates FLASH radiation. The blue
circle around the tumour cell represents the surrounding tissue predicted to be affected by
CONV, which may be spared under FLASH treatment.

The concept of FLASH irradiation was first proposed in the late 1950s when Dewey and

Boag noticed that bacteria irradiated with ultra-high dose-rate electrons showed reduced
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biological damage compared to conventional rates [89]. Further early research [90] showed

that FLASH irradiation significantly reduced normal-tissue damage, particularly in healthy

organs like the skin, lung, and liver. This effect, now known as the ’FLASH effect’, suggests

that ultra-high dose-rate irradiation may have a unique biological impact on normal tissues,

potentially offering a more targeted approach to radiotherapy. Previous experimental studies

observed that the normal-tissue response to FLASH-RT includes fewer clustered DNA damage

sites, fewer dicentric chromosomes and a smaller fraction of G2 cells than are present in the

response to conventional radiotherapy [1, 5].

The most widely researched form of FLASH is ultra-high dose-rate irradiation with electrons.

This is because linear accelerators can produce very high instantaneous dose-rate electron

beams when run in short-pulse modes; therefore, from a delivery perspective, achieving FLASH

dose rates with electrons is easier and more accessible. Proton, photon and ion beams have

also been explored in a more limited range, though delivery mechanisms are advancing to

achieve a broader range of FLASH experiments.

To deliver dose rates in the FLASH regime, a delivery system requires:

• Extremely high beam current or repetition rate.

• Precise control/monitoring mechanisms to avoid overshooting the dose.

• Real-time dosimetry tools that can measure ultra-high dose rates accurately.

Therefore, for a delivery system todeliver dose rates in the FLASH regime, accelerator innovations

are necessary to provide high dose rates and beam monitoring.

Current literature shows that normal-tissue sparing due to ultra-high dose rates has been

observed in mouse, rat, and some pig models for tissues like lung, skin, and brain, and in 2022,

FLASH radiotherapy with protons was administered to human patients for the first time [91].

Daugherty et al. administered 8 Gy in a single fraction of protons delivered at ≥ 40 Gy/s and

found positive results. The trial concluded that complete or partial pain relief was observed in

8 of 12 metastatic sites (7/10 subjects), with complete pain relief responses observed in 6/12

sites, and partial responses observed in 2/12 sites [91]. This clinical trial marked an essential

early step in the clinical investigation of FLASH radiotherapy, demonstrating feasibility and

helping to establish the foundation for future clinical development.

While there are hypotheses on the processes that may give rise to the FLASH effect [92],

its origin is unknown, and the current understanding of the factors that influence the FLASH

effect is limited. It is believed to involve the differential impact of radiation on cellular repair

mechanisms, oxygenation levels, and vascular responses in healthy tissues versus tumour cells

[90]. There have been reports of FLASH and CONV presenting similar results in tissue toxicity,

34



suggesting a lack of a FLASH effect. For instance, Konradsson et al. recorded no significant

difference between FLASH-RT and CONV-RT in both survival and side effects across all doses

of irradiation administered to immunocompetent rats with glioma [93].

Adverse outcomes have been observed in preclinical studies. For example, an in vivo study

by Vozenin et al. observed tumour regression post FLASH-RT, which resulted in euthanasia of a

cat subject [94], demonstrating that while the normal tissue may be spared, there is perhaps

not adequate tumour control. Further research is needed to determine the exact mechanisms

and influences of ultra-high dose-rate irradiation. Additionally, the optimal dose rate, timing,

and fractionation schedules for FLASH therapy have yet to be determined.

2.7.2 SFRT

Spatially Fractionated Radiation Therapy (SFRT) is an innovative approach to radiation therapy

to overcome the limitations of conventional dose distribution. Unlike traditional uniform

dose distributions, SFRT delivers radiation in a highly non-uniform pattern, separating the

incident beam into fractions, illustrated in Figure 2.6, and creating areas of high-dose radiation

interspersed with regions of low dose. This technique is instrumental in treating large, bulky

tumours that are difficult to treat with conventional radiation therapy [2]. The ’filtering’ of the

beam can be carried out by mechanical collimation, with a grid in front of the beam, the

gold standard for SFRT, or magnetic focusing (using magnets to shape the beam), a new and

innovative method thought to preserve energies in the SFRT shaping process.

The original form of SFRT was GRID therapy, named for the resemblance to a grid pattern

of radiation, which was introduced in 1909 by Kohler and was commonly used through the

1930s [95]. In GRID therapy, a single large radiation field is collimated with a block containing

multiple holes. This results in hot spots (peak doses) under the holes and cold spots (valley

doses) in the blocked areas. Typical grids have beamlet diameters of roughly centimetre sizes

spaced by 1 – 2 cm. Since GRID therapy was discovered, several other SFRT modalities have

been developed to refine the biological response. These are:

• Lattice Radiation Therapy (LRT): a 3D version of SFRT where, instead of a 2D grid from

one beam, multiple small high-dose spheres are arranged in a 3D array, delivered with

multiple IMRT fields or arcs. The result is a lattice of high-dose spots within the tumour

volume, while the remainder of the tumour receives a much lower dose [96].

• Microbeam Radiation Therapy (MRT): a form of SFRT that uses arrays of micrometre or

submicrometre ( ≤ 100 —m, typically 25 – 100 —m) width beam [95]. Typically, these

beams are generated by synchrotron X-ray sources, but more recently, proton beams
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have been a favourable mode of delivery for experiments [97].

• Minibeam Radiation Therapy (MBRT): a form of SFRT using beam widths above 100 —m;

typically ranging between 500 and 700 —m [95]. The use of thicker microbeam widths

was observed to yield dose distributions that were not influenced by cardiac pulsations

[95]. This discovery prompted the study of MBRT, which is emerging as a standout in SFRT

research [98]. Figure 2.6 depicts these four types of SFRT compared to conventional

radiotherapy. Currently, a significant number of patients have been treated with GRID

and LRT [95, 99]. Grams et al. recently published the first MBRT patient irradiation results,

reporting that both patients experienced prompt improvement in symptoms and tumour

response, demonstrating the feasibility of MBRT but emphasising the need for clinical

trials to establish safety and treatment efficacy [100].

Figure 2.6: A diagram displaying the different types of SFRT compared to a conventional
beam.

Across these modalities, significant reductions in normal-tissue toxicity have been reported

in the SFRT treatment of both patients and small animal experiments [95, 99, 101, 102]. The

radiobiology of SFRT diverges from classical concepts, observed to spare normal tissues

and control tumours with highly heterogeneous dose distributions. However, much remains

unknown about SFRT, particularly regarding the underlying mechanisms that drive its

effectiveness.

Prezado et al. curated a list of five main biological mechanisms that may influence

the effects of SFRT, along with key unresolved questions, in the recent publication ’Spatially

fractionated radiation therapy: a critical review on current status of clinical and preclinical

studies and knowledge gaps’ [101]. These mechanisms are:

1. Vascular effects: It has been observed that MRT can differentially impact tumour and

normal-tissue vasculature, potentially preserving healthy vessels while damaging immature

tumour vessels [103]. Open questions include whether vascular repair occurs in all SFRT
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techniques and how this relates to immune responses.

2. Immunomodulatory effects: SFRT has been observed to elicit stronger radiation-induced

immune responses, with distinct patterns of immune infiltration compared to conventional

radiotherapy [104]. Open questions include the exact pathways involved and the role

of tumour-associated macrophages.

3. Cell signalling effects: Non-irradiated cells may be affected through radiation-induced

signalling [105]. Further in vivo studies, particularly in normal tissues, are needed to clarify

how these effects are triggered.

4. Systemic effects: There is a limited quantity of experiments that observe that stem cells

in the low-dose ’valley’ regions migrate and proliferate to repair the tissue damaged in

the high-dose ’peak’ areas [106, 107, 108]. This mechanism may contribute to the ability

of SFRT to spare normal tissues, but it remains uncertain whether this is driven by spatial

fractionation or simply high dose delivery.

5. Biochemical effects: Differences in reactive oxygen species (ROS) production and

diffusion between peak and valley dose regions have been theorised to contribute

to the response to SFRT [109]. This mechanism requires experimental confirmation.

One of the most notable phenomena associated with SFRT is the radiation bystander effect.
This is one of the cell signalling effects where cells that are not directly irradiated still exhibit

biological changes, such as DNA damage, apoptosis, and alterations in gene expression

[110].

The radiation bystander effect occurs when neighbouring cells of a directly irradiated cell

experience genetic and biological changes without being directly exposed to radiation. This

phenomenon suggests that radiation-induced signalling pathways, including those involving

reactive oxygen species (ROS), can influence distant, non-irradiated cells. In the context of

SFRT, the bystander effect could amplify the therapeutic effect of the radiation, leading to

enhanced tumour control and reduced normal-tissue damage [111]. The understanding of

this and other potentially underlying mechanisms is still limited and needs development.

Given the complexity of both FLASH and SFRT, further research is essential in understanding

their underlyingmechanisms and optimising treatment protocols. More in-depth clinical studies

and preclinical models are needed to assess the long-term effects, optimal dose rates, and

fractionation schedules for both techniques. Translating FLASH and SFRT from experimental use

to clinical use requires not only biological considerations, but also considerations related to

delivery. Facilities must be capable of delivering ultra-high dose rates, flexible pulse structures,

and complex beam-shaping configurations to deliver both FLASH and SFRT.
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3. Building a Particle Beam

3.1 Requirements for a particle beam facility

A particle beam facility typically requires four beamline stages to deliver the beam to the

patient (if clinical) or an experimental setup (if experimental). These are:

1. Accelerator: Particle accelerators accelerate charged particles, such as protons, heavy

ions, or electrons, to high speeds/high energies required to achieve sufficient penetration

depth. To accelerate protons to therapeutically relevant energies, the particles must be

accelerated to energies between 70 and 250 MeV [112]. The upper end of this range

(∼250 MeV) is required for deep-seated tumours or to compensate for energy losses in

passive scattering systems. Heavier ions, such as carbon, require a higher energy range.

A technical review by CERN notes an energy range of 140 to 430 MeV/u (MeV/u = MeV

per nucleon) for treating deep-located tumours [113].

2. Beam transportation: To transport the beam from source to target, magnets are used to

guide the particles. The particles are typically encapsulated in a vacuum tube that runs

through the cores of the magnets to minimise air interactions/particle attenuation [114].

Dipoles (two-poled magnets) are used to bend the beam, and quadrupoles (four-poled

magnets) and higher-order magnets are used to focus the beam and shape the beam’s

cross-section to match the requirements of the delivery system.

3. Delivery system: Most standard particle beam facilities have a gantry as a method of

beam delivery. The gantry is a large mechanical structure that supports and rotates

the radiation delivery device, allowing for beam delivery from multiple angles, which is

essential for optimising dose conformality. Due to the cost and size of these machines,

new facilities are exploring using other image-guided,magnetically focusedandcompact

designs to optimise dose conformality.

4. The treatment nozzle: The nozzle that shapes and monitors the beam is referred to as the

’treatment nozzle’. There are two standard approaches: passive scattering and active

scanning. Passive scattering broadens the beam to cover the tumour using scattering

foils and modulators. Passive systems are robust for dose conformality, but waste a lot

of beam energy and produce excess neutrons. Pencil-beam scanning (PBS), an active

beam delivery technique, keeps the beam narrow and magnetically shapes and steers
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the beam to optimise conformality. New facilities enable the investigation of similar

magnetic focusing for SFRT techniques, aiming to reduce energy loss between beam

segments, as observed with mechanical collimation (highlighted in Section 2.7.2).

3.2 Accelerators for particle beam therapy
The most common accelerators used in particle beam therapy are linear and circular

accelerators. Linear accelerators (linacs) accelerate particles along a straight path, whereas

circular accelerators (e.g. synchrotrons and cyclotrons) use circular particle trajectories to

achieve particle acceleration. Novel acceleration techniques, such as laser-driven

acceleration, offer a compact and innovative method of acceleration via fields generated

by laser-plasma exchanges.

3.2.1 Linear accelerators
Linear accelerators (linacs) typically accelerate electrons, using oscillating electric fields

within microwave radio-frequency (RF) accelerating cavities to accelerate the electrons to

relativistic speeds. A drift tube linac (DTL), illustrating resonant cavities used to accelerate

particles, is shown in Figure 3.1. For X-ray radiotherapy, the electrons would then be incident

upon a high-Z metal target to generate high-energy bremsstrahlung X-rays, before irradiation

[115]. An example of such a treatment facility would be The Christie NHS Foundation Trust

in Manchester, which operates the Elekta MR-linac for advanced photon radiotherapy [116,

117].

Figure 3.1: Schematic diagram of a linac, demonstrating the accelerating cavities/drift tubes.

Since acceleration occurs only in the electrode gaps, the maximum energy in a linac

is limited by its length. For this reason, while linacs are widely used for photon and electron

therapies, they are limited in their acceleration capacity, unable to generate sufficient energy

required for heavy charged particle beam therapy. However, researchers and technicians at
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STFC Daresbury Laboratory are developing a linac-accelerated proton therapy system called

LIGHT (Linac Image-Guided Hadron Technology) to carry out the first linac-driven patient

proton therapy [118]. Before this development, linacs were typically used only as injectors for

accelerators capable of reaching higher energies, such as cyclotrons and synchrotrons (see

Figure 3.3), which are not constrained by length [119].

3.2.2 Cyclotron

Cyclotrons can surpass the energy gain capabilities of the linac by reusing a circular path,

avoiding the length limitation. Insteadof successive tubes, particles are repeatedly accelerated

between a pair of D-shaped electrodes, as depicted in Figure 3.2. The charged particle

experiences an oscillating electric field as it travels between the electrodes, timed such that

each time the particle crosses the gap, it receives an increase of kinetic energy.

Figure 3.2: Schematic diagram of a cyclotron, demonstrating the accelerating D-shaped
electrodes and the subsequent trajectory of the particles.

The frequency required to synchronise the time it takes for the charged particle to follow

its path with the phase of the electric field is given by the equation [120]:

Angular frequency relation:

! =
qB

m
; (3.1)

where ! is the angular frequency of the electric field, q is the particle charge, m is the

particle mass, and B is the magnetic field [120].
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This relation indicates that for non-relativistic velocities, if the mass and charge are constant,

then the frequency and magnetic field are constant and independent of the particle energy.

When the energy is sufficient, the particle reaches the outer radius and is extracted from the

cyclotron and directed to the treatment room. However, as particles approach relativistic

speeds, their Lorentz factor (Equation 3.2) increases, lengthening the orbital period (Equation

3.3). Isochronous cyclotrons mitigate this by using a shaped magnetic field that increases with

radius to maintain constant revolution frequency despite the increase in ‚.

Lorentz factor:

‚ = (1− (v=c)2)−1=2; (3.2)

where v is the velocity and c is the speed of light.

Orbital period:

T =
2ı‚m0

qB
; (3.3)

where T is the orbital period,m0 is the particle rest mass, B is themagnetic field perpendicular

to the motion and q is the charge of the particle.

Cyclotrons achieve compact, efficient acceleration compared to linacs, making them ideal for

medical applications. For instance, the Clatterbridge Cancer Centre in Liverpool successfully

uses a proton cyclotron for treating ocular tumours [121]. The main drawback of a cyclotron

is that it accelerates particles to a fixed maximum energy, and a degrader is needed to

reduce the energy for specific treatments. This results in energy loss and less efficient use of

the accelerated particles.

3.2.3 Synchrotron
Similar to cyclotrons, synchrotrons use circular acceleration to avoid the length limits associated

with linear acceleration, see Figure 3.3. CNAO (National Center forOncological Hadrontherapy)

in Pavia, Italy, employs synchrotrons for advanced hadron therapy [122]. Unlike cyclotrons,

which use a constant magnetic field and the radius of the particles’ orbit increases with energy,

synchrotrons use time-varying magnetic fields and a fixed-radius orbit to increase the energy

of the charged particles [123].

Acceleration within the synchrotron occurs through resonant structures (RF cavities) placed

at intervals along the particle’s circular path. These structures generate electric fields that
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increase the energy of the charged particles each time they pass through [123]. As the beam

gains energy, the magnetic field is increased so that the bending radius stays constant (or

within a certain aperture) for the higher momentum. The RF frequency is also increased or

phase-locked to maintain ’synchronous’ acceleration. This setup allows for the energy change

to be incremental, allowing for better control over the energy output and less energy loss

during treatment regimes.

Synchrotrons are advantageous because they can deliver variable beam energy without

a degrader. Typically, a treatment plan will require multiple energies to create a Spread-Out

Bragg Peak that covers the tumour depth. Additionally, a synchrotron extracts only a single

energy per cycle, leading to extended treatment times. Their large size also requires substantial

facility space. Faster, more compact acceleration methods are needed to overcome these

limitations.

Figure 3.3: Schematic diagram of a synchrotron, demonstrating the accelerating cavities, drift
tubes, electromagnets, extraction magnets and linac used to inject the particles into the ring.

3.2.4 Laser-driven

In conventional clinical accelerators, therapeutic ion beams are generated using established

ion source technologies, including the Penning source and the Electron Cyclotron Resonance

Ion Source (ECRIS). Historically, Penning sources were widely employed; however, ECRIS

ion sources have largely replaced them at modern heavy-ion accelerator facilities due

to their ability to produce stable, highly charged ion beams [124]. These sources produce

continuous or long-pulse beams that are subsequently accelerated to treatment energies
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using large-scale synchrotrons or cyclotrons. Such systems require substantial accelerator

infrastructure to achieve the necessary beam energies and intensities for clinical use.

Laser-driven accelerators are a novel, experimental approach to compact acceleration

that aims to use high-power laser pulses to generate and accelerate protons and ions. The

concept of a laser-driven accelerator involves firing an intense laser beam at a thin foil target

in a vacuum chamber. The laser rapidly ionises the foil target, generating a dense plasma

and hot electrons that traverse the target. At the rear surface of the target, an intense

electrostatic ’sheath field’ develops, accelerating charged particles to high velocities. This

mechanism is called Target Normal Sheath Acceleration (TNSA) [125], which is characterised

by the generation of a space-charge field that rapidly propels ions and protons from the

target’s rear surface [126], see Figure 3.4.

Figure 3.4: Illustration of the plasma-laser interaction that generates the accelerated
protons/ions.

This method of ion generation has the potential to produce ion beams with very short pulse

durations, allowing for precise energy delivery comparable to synchrotrons, without requiring

considerable facility space [127]. Although still experimental, facilities such as SCAPA (Scottish

Centre for the Application of Plasma-based Accelerators) at the University of Strathclyde [128]

are exploring this technology. However, limitations of laser-driven beams need to be mitigated

before they are ready for clinical use. These include broad and fluctuating energy spectra,

large divergence, low shot-to-shot reproducibility, and limited repetition rates. The Laser-hybrid
Accelerator for Radiobiological Applications (LhARA) has been proposed as a hybrid system

that integrates a laser-plasma source with conventional RF accelerator technologies. This

hybrid approach aims to combine the compactness and high instantaneous dose of laser

acceleration with the beam stability and tunability of traditional systems, potentially offering a
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path toward compact, high-performance accelerators for future therapeutic use [126].

3.3 LhARA
3.3.1 LhARA concept

The LhARA, ’Laser-hybrid Accelerator for Radiobiological Applications’, is conceived as a

uniquely flexible international facility dedicated to the study of the biological response

to ionising radiation [129]. As illustrated in Figure 3.5, the LhARA beamline begins with a

laser-driven source that generates the charged particles. These particles are then captured

and guided using plasma lenses (compact, high-gradient focusing devices) and bending

magnets. The LhARA design aims to support a programme of in vitro radiobiological research

using proton beams with energies up to 15 MeV. To generate higher energies, the beam will

be accelerated by a fixed-field alternating-gradient accelerator (FFA), enabling both in vitro

and in vivo biological experiments with beams of protons of energies up to 127 MeV and ion

beams with energies reaching 33.4 MeV/u.
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Figure 3.5: Schematic of the LhARA beam line. The red arrow depicts the particle flux from the
laser-driven source. The particle beam first passes through the ’Capture’ section, followed by
the ’Matching and energy selection’ sections. From there, the particles can be directed into
the 90◦ bend leading to the low-energy in vitro end station, toward the FFA injection line, or to
the low-energy beam dump. Post-acceleration is achieved using the FFA, after which the
beam is directed to either the high-energy in vitro end station, the in vivo end station, or the
high-energy beam dump. The diagram shows Gabor lenses as light blue cylinders, RF cavities
as grey cylinders, octupole magnets as green discs, collimators as dark green bars, dipole
magnets in blue, quadrupole magnets in red, beam dumps as black rectangles, and kicker
magnets as dark blue rectangles [129].
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3.3.2 LhARA components
Protons and ions are produced and accelerated through the interaction mechanism of a

high-power pulsed laser with a foil target, as outlined in Section 3.2.4. This target normal sheath

acceleration (TNSA) mechanism allows for protons to reach kinetic energies of several tens of

MeV; however, the resulting proton beams exhibit significant divergence and an exponential

energy spectrum [130, 131]. The divergence arises due to the curvature of the plasma surface

during the acceleration process, leading to a broad angular spread of the accelerated ions

[130]. The energy spectrum is typically exponential (up to a sharp cut-off energy) because the

acceleration is driven by a sheath of hot electrons at the rear of the irradiated target, where

fewer ions reach the highest energies [131]. To avoid the shot-to-shot flux variation, the LhARA

beamline is designed to select particles well below the high-energy end of this spectrum (the

maximum cut-off).

The protons and ions will then be captured and focused using electron-plasma lenses

known as Gabor lenses, as shown in Figure 3.6. In a Gabor lens, the electron plasma is

confined by a cylindrical anode within a uniform solenoid, following a design similar to the

’Penning-Malmberg trap’. This configuration allows for a significant reduction in the magnetic

field strength required compared to a solenoid with the same focal length. The Gabor lens

enables efficient capture of the laser-driven beam, accommodating its large divergence and

wide energy spread. After the particles are captured, their energy is selected by focusing the

beam through a collimator.

Figure 3.6: Schematic of a Penning-Malmberg trap style Gabor lens to be used in LhARA.
The solenoid coils and the direction of current flow are represented by blue circles, with dots
indicating current emerging from the plane of the image and crosses indicating current
entering it.

Following focusing and energy selection, the particles are accelerated using a fixed-field

alternating-gradient accelerator (FFA) and guided by magnets to one of the three end
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stations. The two in vitro end stations (high and low energy) will be served by vertical beam

lines, which will be used for the irradiation of 2D monolayer and 3D cell systems in culture.

There are multiple operational considerations needed in the end station design process to

enable a comprehensive biological research programme. These include: automation of cell

culture and plating to minimise variability, robotic systems for sample handling and distribution,

and facilities to enable the irradiation of both cells (at the in vitro end stations) and small

animals (at the in vivo end station). Environmental regulation will also be integrated, with

chambers capable of maintaining physiologically relevant oxygen levels as well as replicating

hypoxic tumour microenvironments [129, 132]. In addition, high-throughput pipelines for

post-irradiation analysis, including colony formation assays, imaging, and molecular profiling,

will be incorporated to manage the large number of samples expected [132]. Together, these

design elements aim to ensure reproducibility and clinical relevance across a wide range of

radiobiological research.

The implementation of FLASH radiotherapy, one of the novel radiotherapy techniques to

be explored at the LhARA facility, demonstrates why such a detailed design is required. As

discussed in Section 2.7.1, oxygenation appears to play a critical role in the FLASH effect, and so

the ability to modulate oxygen tension during irradiation is essential. Therefore, to implement

FLASH radiotherapy, hypoxic conditions are necessary. FLASH radiotherapy also requires

precise control of beam time structure, energy, and particle species to achieve ultra-high

dose rates. By incorporating these capabilities into its baseline design, LhARA will provide the

flexibility required to investigate FLASH and other advanced modalities systematically.

The in vivo end station will include a handling area for small-animal anaesthetisation and

temperature-controlled holder tubes for precise positioning. To enhance alignment precision,

an image guidance system (e.g. computed tomography) may be implemented. The beam

sizes created by LhARA are to be sufficient to give flexibility in the different irradiation conditions,

e.g. pencil scanning & SFRT. Research is ongoing to evaluate whether these beams are best

created with collimators (positioned at the exit of the scanning nozzle) or the novel technique

of magnetically focused MBRT.

3.3.3 Improving radiotherapy with LhARA

Section 1.6 details four areas of radiotherapy, identified by Joiner et al. [57], with the potential to

advance the field. The design of LhARA incorporates the following mechanisms that advance

all four of these areas:

1. Improving the standards of radiation dose regimes and delivery systems: Conventional
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radiotherapy delivery methods often rely on large, complex accelerator systems that limit

the adaptability of dose delivery techniques. Pencil beam scanning can be achieved

due to the fine spatial resolution achievable with LhARA’s beam control and magnetic

optics, which allows for high precision and conformal dose delivery.

2. Advancing radiation dose distribution techniques: The ability to modify dose distributions

is fundamental to radiotherapy effectiveness and safety. LhARA is designed to produce

beams of varying energies in rapid succession for Bragg peak spreading and makes

use of precise magnetic steering and focusing systems to shape the beam for delivery.

Compared to traditional accelerators, which often rely on mechanical energy selection

systems, LhARA’s energy agility and beam manipulation tools reduce system complexity

and enhance treatment precision.

3. Integrating image-guided radiotherapy: LhARA’s pulsed, high-intensity beams are

particularly well-suited to ion-acoustic imaging. The LhARA team has been developing

technology that detects acoustic waves generated by ion energy deposition in tissues,

allowing for real-time beam monitoring and dose deposition mapping [133]. There

are also plans to incorporate computed tomography systems to allow for real-time

visualisations.

4. Integrating radiobiological principles: The design of LhARA allows for the exploration of

novel radiobiological techniques such as FLASH and SFRT. FLASH can be implemented

due to high pulse intensities attainable by the LhARA design, and SFRT is enabled by

its narrow beams and magnetic shaping tools, specifically governed by new research

into magnetic focusing [134]. Magnetic focusing being implemented into the LhARA

allows for spatial and temporal beam modulation without compromising energy, a key

requirement for combining FLASH and SFRT effects in a single treatment protocol.
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4. Particle Beam Therapy Simulation Toolkits

The success of radiotherapy can be furthered by a multitude of time-saving simulation toolkits,

to explore different beamline designs, dosimetry, and test new delivery methods in silico to

guide more accurate experiments and treatment planning. Simulation toolkits designed to

improve particle therapy techniques rely on carefully chosen physical quantities and models

to predict biological and physical outcomes.

4.1 Monte Carlo toolkits
All radiotherapy, including particle beam radiotherapy, relies on precise control and prediction

of dose distributions. Because charged particles have complex interactions in matter, detailed

MonteCarlo simulations (MC simulations) are the gold standard formodelling differentmethods

of beam transport and their respective dose depositions. The Monte Carlo method uses

random sampling techniques to simulate the transport and interaction of particles with matter,

tracking each particle’s path through a virtual medium [135]. MC simulation engines generate

a large number of particle histories and simulate their interactions based on known physics

cross-sections and probabilities. This yields a statistical approximation of quantities such as

energy deposition, dose and secondary radiation production [135].

A standard Monte Carlo particle transport simulation typically involves the following steps

[135]:

• Sampling: The distance to the next interaction is randomly sampled from an exponential

distribution, determined by the particle’s mean free path based on the total cross section.

• Transport: The particle is moved along the sampled path, taking into account the

geometry of the environment and any existing electromagnetic fields.

• Selection: The type of interaction is stochastically chosen according to the relevant

partial cross sections for the particle-material combination.

• Interaction: The chosen interaction is simulated, and any secondary particles are

generated with their properties sampled from appropriate distributions.

This sequence repeats for each particle and its secondary particles until they are either

absorbed or exit the simulation geometry. Monte Carlo simulations play several critical roles in

particle therapy research. Some of these include providing accurate dose calculations by
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accounting for all relevant physical interactions, validating and improving analytical dose

models, and aiding the design and optimisation of treatment planning systems and beam

delivery systems by predicting how particles scatter in beam modulators. These Monte Carlo

methods have become a staple in preclinical particle therapy research, each toolkit system

being refined to tackle a different scope in the field. Three examples of MC simulation toolkits

widely used in the field are Geant4, TOPAS and BDSIM.

4.1.1 Geant4

GEometry ANd Tracking Version 4, most commonly known as Geant4, is a Monte Carlo-based

simulation toolkit using C++ software designed to simulate the passage of particles through

matter [136]. Geant4 was initially created for simulating particle interactions in detectors for

nuclear and particle physics experiments. Nevertheless, from the outset, it was designed as a

flexible framework applicable to many domains, including medical physics.

Geant4 allows a user to define the materials and 3D geometry of the setup, specify the

particle source characteristics, and select relevant physics models to simulate how particles

interact with different media (water or tissue), beamline components, and detectors. The

toolkit includes a wide range of physics models covering electromagnetic interactions down to

lowenergies relevant for radiotherapy, hadronic interactions anddecay processes. Importantly

for particle therapy, Geant4 can model nuclear interactions and fragmentation of ions; this is

crucial for realistic ion tracking to account for the nuclear fragmentation process that occurs

during ion therapy (see Section 1.5.2 for reference).

Geant4 is a versatile andwidely adopted tool in particle therapy researchanddevelopment.

Its applications include [137]:

• Dosimetry: Geant4 can be used to calculate dose distributions in water phantoms

(phantoms are physical or computational test objects representing materials or

anatomical structures for radiation transport and dosimetric studies), patient CT datasets,

or anthropomorphic phantoms, supporting verification of treatment planning systems

and new algorithm development.

• Beamline: An example of an applied use of Geant4 can be implemented in the design

and simulation of beamlines and nozzles. Geant4 packages can be used in conjunction

with other simulation toolkits (e.g. BDSIM) to model particle beams travelling through

beamline elements to predict beam profiles and angular spreads.

• Optimisation: Geant4 can be used to optimise beamlines by tracking energy depositions

in nozzle components, allowing explorations of material thicknesses and positions to
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reduce unwanted radiation.

• Shielding: Geant4 can estimate secondary radiation exposure and determine how

facility designs or absorber designs can reduce unwanted energy/radiation.

• Verification: Geant4 can aid the development of range verification techniques by

simulating emissions along the beam path, aiding the design of detectors for in vivo

range monitoring.

• Radiobiology: Extensions of the Geant4 toolkit, like Geant4-DNA, GATE and TOPAS,

can be used to study fundamental radiobiological parameters and examine biological

response exhibited by different setups.

4.1.2 TOPAS

To make Geant4 more accessible for medical applications, researchers at SLAC and

Massachusetts General Hospital developed TOPAS (TOol for PArticle Simulation) as an extension

of the Geant4 toolkit [138]. TOPAS is a UNIX-based computational framework, designed to

model particle interactions within biological tissues by allowing a user to define the simulation

setup via parameter files that describe the geometry, beam properties and scoring outputs.

TOPAS was explicitly designed for proton therapy simulations but has since been adapted for

many particle types and regimes. For example, it can simulate photon/electron beams or

imaging setups, consistent with Geant4.

TOPAS builds on the core functionality of Geant4 to provide a streamlined and more

focused environment dedicated to particle therapy simulation. It refines Geant4 for this

purpose through the following mechanisms [138, 139]:

• Medical-focusedpackages: TOPASprovides built-in components andgeometries explicitly

tailored to the needs of medical physics, making it highly suited for treatment planning

research.

• DICOM support: TOPASprovides support for readingDigital ImagingandCommunications

in Medicine- Radiation Therapy (DICOM-RT) and CT images for patient-based simulations.

• TOPAS-nBio: TOPAS includes a biological extension (TOPAS-nBio) to simulate DNA-scale

energy deposition events, enabling radiobiological modelling.

• Reproducibility tracking: TOPAS canautomatically track simulation versioning, parameters,

and outputs to improve reproducibility.

TOPAS was explicitly designed to facilitate preclinical and translational research in particle

therapy. Not only has TOPAS become an effective tool for improving the design and analysis

of irradiation setups for preclinical dosimetry, but it has also demonstrated the ability to test
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faster dose calculation methods in various radiotherapy setups since it can produce reference

Monte Carlo doses for patient CTs or test phantoms. The Shanghai Proton and Heavy Ion

Center used TOPAS to model a proton therapy beamline, yielding dose and beam profiles

that helped commission their treatment planning system, specifically with dose verification

and quality assurance [140].

A number of Monte Carlo simulation frameworks are available for modelling particle beam

interactions at macroscopic and microscopic scales. Among the most widely used are GATE

(Geant4 Application for Tomographic Emission) [141], which is optimised for medical imaging

and radiotherapy applications, and Geant4-DNA, an extension of the Geant4 toolkit designed

for simulating radiation interactions with biological matter at the nanometre scale [142].

4.1.3 BDSIM

BeamDelivery Simulation, most commonly referred to as BDSIM, is anotherMonteCarlo particle

tracking toolkit. BDSIM is specifically tailored to simulate accelerator beamlines and beam

delivery systems. Similar to TOPAS, BDSIM is built on Geant4, using Geant4’s framework for

geometry and physics. Differing from TOPAS, BDSIM implements Geant4 with custom beamline

element classes and specific tracking routines for charged particles in a vacuum. It combines

accelerator tracking with Geant4’s physics processes. This allows for efficient tracking of

particles within the beam pipe, while enabling full Geant4 physics processes when particles

interact with beamline apertures [143].

The BDSIM workflow is categorised in the following six steps [143]:

1. Input: BDSIM takes a simple text-based description of the beamline layout using a format

called GMAD, which defines beamline elements (e.g. magnets, drifts, and apertures).

2. Geometry: It builds a full 3D model of the accelerator in Geant4 based on the GMAD

input.

3. Tracking: While particles travel through the vacuum beam pipe without hitting anything,

BDSIM uses an analytical integrator to track.

4. Physics activation: When particles collide/interact with something (e.g. a component),

BDSIM switches to full Geant4 physics to simulate interactions like scattering or energy

loss.

5. Secondaries: Any new particles created during interactions are added into the simulation

and also tracked.

6. Output: BDSIM outputs data using ROOT, and can provide detailed beamline analysis,

e.g. particle loss positions.
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BDSIM is a unique accelerator tracking toolkit that differs from conventional accelerator

tracking kits. Traditional accelerator tools like MAD-X or SixTrack can track particles through

beamline components, but they do not simulate results of collisions or interactions with external

material (e.g. energy loss or secondary particle creation). Because Geant4 can simulate

detailed physics when particles interact with materials, BDSIM can use this to track particles

through the beamline and simulate the results of additional interactions [144].

4.2 Machine learning algorithms
Beamline development is a complex process that involves many components that must

be designed, positioned and calibrated precisely to enable effective particle delivery. To

examine a multitude of options, engineers and physicists would need to simulate a wide

range of beam parameters, adjusting each component to find an optimal solution for each

particle type and energy. While Monte Carlo simulations like those highlighted in Section 4.1

are extremely valuable for evaluating any given configuration, they can be computationally

expensive, making brute-force search over parameter space impractical. Machine learning

(ML) optimisation algorithms present a solution to this issue. ML refers to algorithms that

recognise patterns or behaviours from data and learn to perform tasks without relying on

manually programmed rules.

In ML algorithms, the model approximates a function f : X → Y by minimising an objective

function (often called a loss or cost function) which quantifies how far the model’s predictions

f(x)are from the true outputs (y). A variety ofML algorithms havebeenadapted for optimisation

tasks. Three popular methods for addressing optimisation challenges in beamline design are:

neural networks, genetic algorithms, and Bayesian optimisation [145].

4.2.1 Neural networks
A neural network (NN) is a computational model inspired by the network of neurons in the

human brain. An NN works by representing the input variables as nodes in a layer, with

weighted connections linking them to other nodes. These nodes are organised into different

layers based on their proximity to the input, enabling the network to extract increasingly

abstract features and progressively transform the input data into useful outputs. Figure 4.1

illustrates the node network [146].

For beamline development, NNs can be used to approximate the objective function of a

complex beamline system. For example, given a set of beamparameters as inputs, the network

can predict different beam outcomes, e.g. beam intensity or energy. Once formulated, it
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can be evaluated very quickly and provide an approximation of the true objective. It can

then be optimised using a standard optimising algorithm, for instance by running a gradient

ascent on the network’s input space, to propose the best solution beam parameters for the

beamline [147].

Figure 4.1: Diagram of a simple neural network with three input variables, two outputs, and a
single hidden layer.

NNs are advantageous due to their speed and flexibility, enabling the modelling of

non-linear, high-dimensional mappings between parameters and objectives. The issue with

NNs is that they require a large amount of input data to find patterns in the data. If the

input data does not densely cover the search space, the network’s predictions may become

unreliable in unobserved regions [148].

4.2.2 Genetic algorithms
Just as NNs are inspired by the brain network, genetic algorithms (GA) are inspired by natural

selection and evolution, using the premise of these processes to find optimal solutions in

complex and high-dimensional search spaces [149]. A GA works by generating an initial

population of potential solutions and evaluating them with a ’fitness function’ as a measure

of the solution’s performance. Solutions with higher fitness are more likely to be selected as

parents for the next generation, mimicking the process of natural selection [149].

New solutions (offspring) are created by pairs of selected individuals (parents) exchanging

genetic information to produce offspring that inherit the most favourable traits. This repeats

over several ’generations’, returning the best individuals of each generation with the notion

that, as in natural evolution, the population ’evolves’ towards better regions of the search

space. The aim is to find an optimal solution after sufficient generations [149].

For beamline development, GAs are used to characterise machine settings by inputting the

beam parameters as ’genes’ and allowing the algorithm to find configurations that maximise
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the performance of the beam [150]. GAs can also handle multi-objective optimisation, which

is advantageous for beamline parametrisation if there are two objectives of the beam, for

example, simultaneously maximising beam intensity and minimising energy spread, GAs can

find the best solution for both [151].

GAs are particularly effective for optimising complex, multi-dimensional problems. They are

not confined to local optima, and they do not require any derivative information or smoothness

in the objective function, so that they canbeapplied to less dense datasets [149]. This highlights

an advantage of GAs over other machine learning methods, such as NNs, which typically

require densely sampled data. The main drawback of GAs is their computational expense.

GAs usually require a large number of function evaluations (simulations or experiments) over

many generations to converge towards an optimum.

4.2.3 Bayesian optimisation

Bayesian optimisation (BO) is a popular technique used for beamline optimisation due to

its speed when working with expensive functions. Instead of directly searching the entire

space like other ML algorithms, BO builds a probabilistic surrogate model to approximate

the objective function [152]. This model is then used to determine the next set of points to

evaluate by searching in areas most likely to yield the best improvement. The BO process is

detailed as follows [152]:

1. Initialisation: A few initial points are sampled from the input space. For beamline

development, the search space could be designed to look for different magnet strengths

or positions in a particular range for an optimal result (e.g. energy spectrum).

2. Surrogate model fitting: A surrogate model is fitted to the known data. This is typically

a Gaussian process (GP). A GP is a model that defines a distribution over a function,

assuming a multivariate Gaussian. A GP models the unknown objective function f(x)

(also referred to as the ’cost function’) as:

Gaussian process [152]:

f(x) ∼ GP(m(x); k(x; x′)); (4.1)

where:

•• m(x) is the mean function, often assumed to be zero.

• k(x; x′) is the covariance (kernel) function, which expresses similarity between

points.
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GP surrogatemodels allow for themodelling of complex, high-dimensional systems where

function evaluations are computationally expensive. By providing both predictions and

associated uncertainty estimates, GPs enable informed decision-making under limited

data.

3. Acquisition function maximisation: An acquisition function is used to decide where to

sample next. It balances exploration of uncertain regions and potentially optimal ones.

Expected improvement (EI) and upper confidence bound (UCB) are two popular choices

of acquisition functions.

4. Objective function evaluation:
The point x that maximises the acquisition function is evaluated to generate the new

objective function f(x), adding this to the dataset.

5. Iteration:
Steps 3 and 4 are repeated, searching both the uncertain regions and potentially optimal

ones, making the model more accurate each iteration, while the search focuses around

the optimum.

6. Termination:
The optimisation continues until a predefined stopping criterion is met. For example, in

beamline modelling, if the beamline aims to focus a beam on a specific target within a

particular spot size range, an adequate objective function can be derived to get the

best solution with both position and size. The stopping criterion could be a spot size and

a position in a specific range.

This structured approach allows Bayesian optimisation to identify optima with far fewer

function evaluations than traditional search methods, making it ideal for complex, high-

dimensional, or expensive problems. This is imperative for beamline parametrisation, where

different beamline components require optimal lengths, strengths, and positions, making the

required optimisation computationally expensive. Methods such as NN or GA may be unable

to search the whole search space to find an optimal solution in as short a time frame as BO. BO

using GP as a surrogate model has been used extensively for these simulations in the industry,

a specific example being Dolier et al. [145], who successfully applied Bayesian optimisation

to a laser-driven particle acceleration experiment in simulation. By using BO to choose the

laser and plasma parameters in each iteration, they identified optimal proton beam outputs

1000 times faster (in terms of number of simulations) than an exhaustive grid search over four

parameters.
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5. Thesis Aims & Overview

This thesis explores novel approaches to radiotherapy delivery and treatment modalities, with

the aim of both informing the design of LhARA and identifying the capabilities required for

their effective implementation.

Sections 2.7.1 and 2.7.2 detail the novel treatment modalities of FLASH and SFRT, highlighting

their observed normal-tissue sparing potential during radiotherapy treatment. Section 3.3.3

details how these techniques have the potential to be implemented into the design of

the LhARA facility due to its unique and flexible nature. To determine the range of beam

parameters that will be needed to be implemented at LhARA end stations and better

understand the mechanisms underlying both FLASH and SFRT, a database was compiled,

storing beam parameters and the related biological response of an extensive range of

experiments. This enabled a retrospective analysis of the tumour control and normal-tissue

sparing capabilities of FLASH (presented in Section 6.1) and SFRT (presented in Section 7.1)

depending on the characteristics of the beam used during each experiment.

To compare the literature of SFRT to a classical picture of biology, an in silico experiment,

detailed in Section 7.2, was carried out using TOPAS (the TOPAS software is detailed in Section

4.1.2). This experiment consisted of a proton beam incident on a box of soft tissue, filtered by

a collimator to create a spatially fractionated beam, modifying the collimator dimensions

and position to vary the beam characteristics and replicate the database generated in the

literature review. The purpose of this experiment is to evaluate current linear models used to

calculate tumour control and normal-tissue complications. The aim is to assess the practicality

of these models in addressing gaps in the literature and to identify discrepancies between

model predictions and published data. Such discrepancies may help reveal underlying

mechanisms by showing how the biological response to SFRT deviates from the classical

picture of radiobiology. In addition, these findings can inform the design and operational

parameters of LhARA by clarifying which modelling approaches most accurately predict

biological outcomes in SFRT.

Section 2.1 highlights ’repair’ as one of the six defining cellular responses to radiotherapy. To

gain a deeper understanding of the underlyingmechanisms of SFRT, an in vitro study (presented

in Section 7.3) was designed and carried out to study the time-dependent repair kinetics
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associated with SFRT irradiation. This experiment will enable observation of how damage

and repair evolve in the peaks (irradiated regions) and valleys (non-irradiated regions). This

allows the evaluation of cell signalling effects, specifically the radiation bystander effect. The

radiation bystander effect is considered a potential underlying mechanism of SFRT, as outlined

in Section 2.7.2. Such experiments are planned to be conducted and refined at the LhARA

end stations to further the understanding and advancement of SFRT.

Alongside novel beam modulation methods such as FLASH and SFRT that enable targeted,

conformal treatments, LhARA aims to advance radiotherapy through its unique laser-driven

proton and ion acceleration system. The ’Proof-of-Principle Laser-driven Radiobiology’

experiment, ’PoPLaR’, serves to demonstrate the feasibility of delivering biologically relevant

proton doses using a laser-driven beam. Laser-driven beams are often characterised by high

beam divergence and a broad energy spread of laser-driven proton beams, highlighted in

Section 3.2.4. Shaping and filtering are therefore required to ensure the beam is spatially and

spectrally matched to the biological target. A Bayesian optimisation (a machine learning

optimisation approach detailed in Section 4.2.3) framework was developed and applied

to a linear optic model to characterise and determine optimal quadrupole sizes, strengths

and positions for focusing the beam and narrowing its energy spectrum. The optimal beam

configuration was evaluated in a Monte Carlo TOPAS simulation to account for scattering

and secondary particle production absent in the linear optic model, allowing a detailed

assessment of energy depositions, linear energy transfer, radial dose and radial fluence within

the cellular region of the biological target. Section 8.1 details the step-by-step method of

optimisation, and Section 8.2 details the Monte Carlo simulation. The short-term aim of this work

is to establish an optimisation framework that enables beamconfigurations to be determined in

silico, facilitating the design of beamline components and providing insight into the expected

characteristics of the resulting beam. The long-term aim of this work is to use the framework to

aid PoPLaR experiments and support result interpretation, demonstrating its applicability for

use in the design and construction of LhARA.

This thesis provides a thorough overview of techniques for investigating novel radiotherapy

approaches, identifies gaps in the current field, and proposes strategies to address them to

aid the design of LhARA and advance radiotherapy research.
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6. Ultra-high Dose Rate Radiotherapy Study

Chapter Motivation: FLASH radiotherapy (FLASH-RT) is a novel technique that has shown

the potential to reduce normal-tissue toxicities compared to conventional dose-rate

radiotherapy, representing a promising advancement in clinical treatment. Section 2.7.1

outlines the motivations for the growing interest in FLASH radiotherapy and highlights why

future accelerators should be designed to deliver beams within the ultra-high dose-rate

regime. For this reason, the LhARA collaboration aims to create high-energy, flexible beams

capable of FLASH doses at the high-energy in vitro and in vivo end stations. While this

novel technique may mark a turning point in clinical practice, the exact mechanisms

underlying the causes or influences of the FLASH effect are not yet fully understood. To

effectively implement FLASH into the design of LhARA, it is crucial to analyse how these

parameters influence biological responses, ensuring that relevant beam parameters can

be obtained and flexibility is incorporated into the design to facilitate different biological

response requirements. An in-depth retrospective analysis of the impact of key beam

parameters on the experiment results was conducted. ¨

6.1 Retrospective analysis study of the tumour and normal-tissue responses to FLASH

6.1.1 Materials & methods
The primary focus of this study was the search for patterns in the data from experiments in

which the FLASH effect had been investigated. Searchable databases were created in which

the outcomes of FLASH radiotherapy experiments were stored alongside the parameters

that determined the irradiation conditions. The database was used to search for patterns

and determine which parameters most influence the normal tissue and tumour responses to

FLASH-RT.

A critical investigation of 41 experiments was conducted to derive quantitative measures of

the eradication of malignant cells and the induction of lasting side effects (e.g. skin damage

and other toxicities). Examining each study in isolation allowed parameters to be identified

that might be correlated with the measures of tumour control and normal-tissue sparing. By

combining the data from all experiments, the analysis presented here aims to overcome the

statistical limitations of the individual studies, each of which is insufficient on its own to establish

a clear connection between a particular parameter and the onset of the FLASH effect.
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The crux of FLASH-RT is the increase of the therapeutic window through the delivery of

the therapeutic dose at ultra-high dose rate. It has therefore been hypothesised that the

parameter that would be most directly correlated to the FLASH effect would be the dose

rate. Several preliminary studies, such as the 2017 experiment conducted by Montay-Gruel

et al. [153], which showed that higher dose rates were correlated with memory sparing in

rats, suggest a potential link. To determine the conditions in which a FLASH effect can be

observed, it is imperative to expand these data sets and look for an overarching trend that is

present in all or many studies.

6.1.2 Search criteria
The parameters identified as potentially correlated with the FLASH effect and considered in

this study are listed below:

FLASH parameters:
•• Mean Dose Rate (Gy/s)–the average dose rate across the duration of the irradiation;

• Pulse Dose Rate (Gy/s)–the dose rate delivered by each individual pulse, each pulse

being composed of a number of bunches from the accelerator;

• Pulse Dose (Gy)–the dose in each pulse;

• Total Dose (Gy)–the total administered dose;

• Pulse Width (—s)–the temporal duration of each pulse;

• Total Duration (s)–the total time taken to administer the full dose;

• Repetition Frequency (Hz)–the frequency at which pulses are delivered; and

• Number of Pulses–the number of pulses delivered.

These were selected based on their frequent appearance in prior FLASH studies and their

relevance to the delivery characteristics most likely to influence the biological response, such

as dose, dose rate, and irradiation time. Energy and radiation type were initially included in

the database but later removed from the plots, as there were only three radiation types: X-rays,

electrons, and protons, and the reported energies were often repeated. This repetition arises

because many FLASH experiments were conducted at the same facilities (which are limited

in number) or with the same machines, resulting in insufficient variation to explore meaningful

correlations.

Data from papers published before March 2024 were considered for inclusion in the

present study. Studies were curated from the NIH PMC database, ScienceDirect, and the

ResearchGate search engine using keywords such as “FLASH” and “Ultra-high dose rate”.

Additional studies were identified through the reference lists of the papers retrieved. The
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resulting database was then narrowed according to the PICO framework (Population,

Intervention, Comparison, Outcome) listed in Table 6.1. PICO analysis is a structured approach

developed initially in evidence-based medicine to guide literature searches [154], ensuring a

systematic and reproducible strategy for identifying relevant studies by clearly defining the

key components of interest. In this review, the PICO categories were adapted to guide both

study selection and data extraction. Studies/data points were excluded if they applied FLASH

in combination with another treatment, used an incompatible target (e.g. larger animals),

failed to report the relevant information, or employed a multi-directional array.

Table 6.1: Population, Intervention, Comparison, Outcome (PICO) search strategy used to
select relevant experiments.

Population Intervention
In vitro cells/small animal in vivo models FLASH radiotherapy

Comparison Outcome
Control group/pre-radiation Biological response described/quantified

Table 6.2: A table of normal tissue types in relevant experiments.

Environment Species Cell Line Irradiation Area Reference
in vivo Mouse N/A Brain [155], [156], [157], [158],

[153], [159], [160], [161]

in vivo Mouse N/A Abdomen [162], [163], [164], [165]

in vivo Mouse N/A Skin [166], [167], [168], [169],
[170], [171]

in vivo Mouse N/A Lung [172], [164], [90], [173]

in vivo Rat N/A Skin [174]

in vivo Mouse N/A Thorax [90], [164]

in vivo Mouse N/A Heart [165]

in vivo Mouse N/A Spleen [165]

in vivo Cat N/A Skin [94]

in vivo Minipig N/A Skin [94]

in vivo Rat N/A Brain [93]

in vivo Mouse Human M106 T-cells Blood [175]

in vivo Mouse N/A Pelvis [176]

in vitro Zebrafish N/A Embryo [177],[178]

in vitro Human IMR-90 N/A [179]

in vitro Human N/A Blood [180]

in vitro Human Epithelium cell line 184A1 N/A [181]

in vitro Human HeLa cells N/A [182]
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Table 6.3: A table of tumour types in relevant experiments.

Environment Species Cell Line Tumour Type Reference
in vivo Cat T2/T3N0M0 squamous cell carcinoma (nasal

planum)
Skin [94]

in vivo Rat NS1 rat glioma Brain [93], [183]
in vivo Mouse C57BL/6J mouse GL261/human U-87 MG Brain [184]
in vivo Mouse B16–F10 melanoma cells Skin [185]

MOC1/MOC2 (mouse oral squamous cell
carcinoma)

[169]

B-16 flank tumour [176]
in vivo Mouse ID8 ovarian cancer Abdomen [162], [186]
in vivo Mouse FaDu Head & Neck [187]

HEp-2 xenografts [90]
in vivo Mouse C3H mouse mammary carcinoma Breast [170]

EMT6 mouse breast cancer [164]
HBCx-12A ductal carcinoma [90]

in vivo Mouse LLC lewis lung carcinoma Lung [188], [189]
TC-1 cells (C57BL/6J mouse lung carcinoma) [90]

in vivo Mouse Human M106 T-cells Blood [175]
in vitro Human DU145 Prostate [190]
in vitro Human FaDu Head & neck [181]
in vitro Mouse KPC & Panc02 pancreas [165]

Pancreatic flank tumours MH641905 [163]
in vitro Human MCF-7 breast adenocarcinoma cells Breast [191]

Tables 6.2 and 6.3 detail the experiments used in this investigation, listing the specific tumour,

tissue and cell models along with references to each publication. Table 6.2 displays the normal

tissue experiment information, and Table 6.3 displays the tumour experiment information.

6.1.3 Data analysis
A set of metrics was developed to allow quantitative comparison of the varying endpoints

that have been reported. Experiments that had determined the degree to which irradiation

induced moist desquamation, impaired cognitive function, altered stool levels, affected

tumour size, survival fractions, and/or caused fibrosis were included in this study. Unfortunately,

each of these endpoints was examined in only one or two experiments, so a manual scoring

system was devised to assign scores to these endpoints, reflecting the degree to which tumour

control had been achieved and normal-tissue sparing observed.

’Tumour Control Score’ (TCS) evaluated the degree to which the tumour was controlled

with a given set of beam parameters, and ’Normal-tissue Sparing Score’ (NTSS) evaluated the

degree to which normal tissue was spared. Scores between 1 and 5 were assigned based
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on the criteria defined in Tables 6.4 and 6.5, with fractional scores awarded if the result fell

between two categories. The scoring was evaluated multiple times by the same assessor to

ensure internal consistency. As the scoring was based on manual interpretation of reported

biological outcomes, and was neither conducted blind nor independently verified, there is a

degree of subjectivity.

Table 6.4: Scoring system used to quantify the tumour response.

Tumour Control Score (TCS)
Score Metric Example

1 No tumour control e.g. tumour same size, no shrinkage
2 Small amount of tumour control e.g. slight shrinkage/little short-term control
3 Moderate tumour control e.g. some shrinkage or short-term control
4 Fair tumour control e.g. short-term control, potential long-term

but recurrence
5 Complete tumour control e.g. short/long-term control, no recurrence

Table 6.5: Scoring system used to quantify the normal-tissue response.

Normal-tissue Sparing Score (NTSS)
Score Metric Example

1 No radio-protection e.g. no normal-tissue sparing, high damage
2 Low level of radio-protection e.g. little normal-tissue sparing, noticeable

damage
3 Moderate radio-protection e.g. some normal-tissue sparing observed, little

damage
4 Fair radio-protection e.g. normal-tissue sparing observed, minimal

damage
5 Great radio-protection e.g. complete normal-tissue preservation, no

damage

For studies that included both tumours and normal tissues in their irradiation, the therapeutic

windowwas evaluatedby averaging the TCS andNTSS values for that study. This score is defined

as ’Therapeutic Index Score’ (TIS) and allows evaluation of the degree to which FLASH-RT

is effective as a radiotherapy treatment modality. A complete version of the database is

available in the supplementary materials of the publication "The FLASH effect: an evaluation

of preclinical studies of ultra-high dose-rate radiotherapy" [1].

This review uses two survival-based metrics to assess the long-term effects of FLASH-RT in

small animal studies. This allows for a comprehensive examination of the late-stage impacts

of FLASH-RT, emphasising a focus beyond the commonly explored acute effects.

The first metric, ‘Increased Lifespan’ (ILS) is defined as the percentage increase in the

median survival time (MST) of the treated group relative to that of the untreated control group,

as given by Equation 6.1. The second, ’Survival Score’ (SM), is defined as the percentage of
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animals alive at a given time point M after treatment (Equation 6.2).

Increased Lifespan (ILS) equation:

ILS =
(MSTFLASH −MSTctrl)

MSTctrl
× 100 ; (6.1)

where MSTFLASH is the ’median survival time’, the time at which the number of survivors

drops below 50% post FLASH-RT, and MSTctrl is the median survival time of the untreated

group.

Survival Score (SM) equation:

SM =
Animals alive M months post treatment

Animals irradiated × 100 ; (6.2)

In this study, survivors were recorded at M = 1, 2 and 3 months for each experiment.

The bivariate Pearson’s correlation coefficient, r , was calculated to quantify the degree of

any correlation between the chosen parameter and the FLASH response.

Pearson’s correlation coefficient equation:

r =

Pn
i=1(xi − x̄)(yi − ȳ)pPn

i=1(xi − x̄)2
pPn

i=1(yi − ȳ)2
; (6.3)

where n is the number of measurements in the sample, the xi are the values of the beam

parameters, the yi are the associated quantitative outcomes, and the mean of the xi and

yi are x̄ and ȳ , respectively. For this study, |r | > 0:5 is categorised as a ’strong correlation’,

r in the range 0:3 < |r | ≤ 0:5 is categorised as a moderate correlation, and |r | ≤ 0:3 is

categorised as a weak correlation.

A confidence-level analysis was performed to assess whether the null hypothesis (that the

outcome is uncorrelated with the beam parameter) could be rejected. This was done by

calculating the test statistic, t, as defined in Equation 6.4.

Test statistic (t) equation:

t = r

„
n − 2

1− r2

« 1
2

; (6.4)

where r is the Pearson correlation coefficient and n is the size of the sample.

For the null hypothesis, r = 0 and t follows the Student’s t distribution with n − 2 degrees of

freedom. The confidence level, ’p-value’, was evaluated as the probability that a value with
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magnitude ≤ |t| would occur by chance. For this study, statistical significance is characterised

as a p-value of less than 0.05. Equation 6.4 assumes that all variables are Gaussian-distributed,

which is a poor approximation for the present analysis; therefore, the resulting p-values should

not be interpreted as precise measures of significance. Furthermore, by definition, even if

the p-values were accurate, a p-value less than 0.05 would be expected to occur purely

by chance in roughly 1 in 20 tests. Given the large number of variables considered in this

study, many of the apparently significant correlations are likely to arise from random variation

rather than true relationships. Therefore, as a cross-check, the standard deviation of the

data points from the value expected based on the null hypothesis (ffnull ), that the points and

beam parameter are uncorrelated, and the alternative hypothesis (ff), that the points are

correlated with the beam parameter, were calculated. The standard deviations are defined

by Equations 6.5 and 6.6, respectively.

The null hypothesis standard deviation (ffnull) & fitted standard deviation (ff) equations:

ffnull =

sP
(yi − ȳ)2

n − 1
; (6.5)

ff =

sP
(yi − yest)2

n − 2
; (6.6)

where yest is the estimate of the end-point score obtained from the line of best fit, and n is

the number of data points. If ff < ffnull , it is more likely that the end point is correlated with

the beam parameter, while if ffnull < ff, it is more likely that the data and beam parameter

are uncorrelated.

To visually examine the trends observed in the data, each scored endpoint was evaluated

and plotted as a function of the most significant beam parameter of the dataset. Since the

expected distribution of the data is unknown, a simple straight-line fit was applied to each

graph to broadly visualise whether correlations are increasing, decreasing, or absent, rather

than to assume any underlying linearity or normal distribution. The straight-line fit was used to

determine the 95% confidence interval, CI, and the 95% prediction interval, PI, calculated

using Equations 6.7 and 6.8, respectively.

95% confidence interval (CI) & 95% prediction interval equations (PI):

CI = ŷ ± tcrit · ff

s
1

n
+

(x − x̄)2

(x̂ − x̄)2
; (6.7)
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PI = ŷ ± tcrit · ff

s
1 +

1

n
+

(x − x̄)2

(x̂ − x̄)2
; (6.8)

where ŷ is the end point values, tcrit is the statistic of interval confidence, also known as the

critical value of the t distribution ([192]), ff is the squared deviation of the end point values, x

is an array of evenly spaced x values for the range of each beam parameter, x̄ is the mean

of the beam parameters.

Error bars for the categorical scores TCS and NTSS were added to each plot to account for

a 0.5 value uncertainty, to reflect the intrinsic uncertainty associated with manual categorical

assignments. The Therapeutic Index Score (TIS), defined as a combination of TCS and NTSS, has

uncertainties related to it that are approximated by the standard error propagation ±0:5=
√
2.

Error bars for all three end points were truncated at the bounds of the scoring scale (1–5), as

values outside this range are not physically attainable.

For survival-based metrics, uncertainties were calculated from the sample size of each

study. Uncertainties in ILS assume ff(MST)=MST = 1=
√
n for each cohort. Propagation through

ILS = 100 · (MSTFLASH −MSTctrl)=MSTctrl gives Equation 6.9.

ILS error approximation:

ffILS = 100 · r ·
q

2
n ; r = 1 +

ILS

100
; (6.9)

where n is the number of animals per cohort. As ILS can be both positive and negative, the

error bars are unclipped.

Survival score (SM) error bars were derived using the Wilson score interval [193], which

remains valid at boundary values (SM = 0%or 100%) where the standardbinomial approximation

collapses to zero. The error bars are the asymmetric distances, ff±SM , from SM to the Wilson 95%

bounds (Equations 6.10–6.11); by construction these are non-negative and never cross the

physical limits SM = 0 or 100%.

SM error approximation:
ff−SM = SM − 100 · S−

M ; (6.10)

ff+SM = 100 · S+
M − SM ; (6.11)

where:

• S±
M = 1

1+z2=n

„
p̂ + z2

2n ± z
q

p̂(1−p̂)
n + z2

4n2

«
;

• p̂ = SM=100;

• z = 1:96 (95% confidence),

• n is the number of animals.

65



The FLASH irradiation parameters considered in this study are not independent; they are

related through the following mathematical definitions:

Mathematical inter-parameter relationships:

D = Np ·Dp; (6.12)

Ḋmean =
D

t
; (6.13)

Ḋpulse =
Dp
fi

; (6.14)

f =
Np
t

=
Np Ḋmean

D
; (6.15)

where D = Total Dose, Dp = Pulse Dose, Np = Number of Pulses, fi = Pulse Width, f =

Repetition Frequency, t = Total Duration, Ḋmean = Mean Dose Rate, and Ḋpulse = Pulse Dose

Rate. Equation 6.15 assumes evenly spaced pulses across the total duration (f = Np=t holds

in the limit Np ≫ 1, where the small offset from the inter-pulse gap is negligible).

These relationships impose four independent constraints on the eight quantities (D, Dp, Np,

fi , f , t, Ḋmean, Ḋpulse), leaving four degrees of freedom. This means that any four parameters

can be chosen freely; the remaining four are then fully determined. As a consequence,

modifying one delivery parameter results in simultaneous changes in several derived quantities.

For example, increasing Dp at fixed fi and f raises D, Ḋpulse and Ḋmean, while also re-scaling

Np and t through Equations 6.12 and 6.15. Reported biological outcomes associated with

individual FLASH parameters therefore reflect the combined effects of multiple, simultaneously

varying temporal and dosimetric factors. Furthermore, because some quantities are directly

reported while others are calculated either by the original authors or derived in this work using

Equations 6.12–6.15, no parameter can be assumed to have been independently measured

across the full dataset. This interdependence makes it impossible to attribute observed FLASH

effects to any single parameter, so the focus is instead on overall trends.

6.1.4 Results
The experiments included in this study were conducted across 17 different beam lines, with

data collected under a broad spectrum of beam parameter conditions. The magnitude of

some beam parameters varied significantly between experiments, spanning a wide range. It

was therefore convenient to study the correlation of the various scored end-points for each

beam parameter, xb, as well as for its logarithm, log10(xb), to compress the range of values and

spread them out more evenly along the axis. The analysis of the data as a function of log10 xb
was more compelling for this reason, and therefore, the analysis presented in this study will use

the log10 xb dataset.
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Therapeutic Index Score– TIS
The statistical analysis of the correlation of Therapeutic Index Score (TIS) with the beam

parameters is presented in Table 6.6. TIS is most significantly correlated with Pulse Dose Rate,

with a moderate positive correlation (r = 0.491, p = 0.038).

Table 6.6: Statistical analysis for the TIS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Beam Parameter r p ff ffnull
Mean Dose Rate 0.228 0.203 0.688 0.696
Pulse Dose Rate 0.491 0.038* 0.542 0.604
Pulse Width -0.345 0.161 0.584 0.604
Pulse Dose 0.476 0.046* 0.547 0.604
Repetition Frequency -0.079 0.755 0.620 0.604
Number of Pulses -0.448 0.062 0.556 0.604
Total Dose 0.026 0.875 0.719 0.709
Total Duration -0.215 0.229 0.690 0.696

Figure 6.1: TIS plotted against the most significant and strongest beam parameter, Pulse Dose
Rate. Error bars account for a ±0.5/

√
2 value uncertainty.

TIS is plotted as a function of Pulse Dose Rate in Figure 6.1. The observation that ff <

ffnull supports the correlation between Pulse Dose Rate and TIS, consistent with a potential

FLASH effect; however, the error bars in Figure 6.1 indicate that small shifts within the allowed

classification range are sufficient to suppress the observed trend. Likely due to the

interdependence of the two parameters, Pulse Dose and TIS also have a statistically significant

positive correlation (r = 0.476, p = 0.046).
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Tumour Control Score– TCS
The correlations of TCS with the various beam parameters are illustrated in Table 6.7. The most

significant correlation between TCS and the beam parameters on a logarithmic scale is with

Total Dose (r = 0.280, p = 0.021).

Table 6.7: Statistical analysis for the TCS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Beam Parameter r p ff ffnull
Mean Dose Rate 0.105 0.437 1.175 1.171
Pulse Dose Rate 0.270 0.123 1.065 1.089
Pulse Width -0.141 0.433 1.104 1.098
Pulse Dose 0.300 0.096 1.073 1.106
Repetition Frequency 0.272 0.132 1.082 1.106
Number of Pulses -0.075 0.685 1.121 1.106
Total Dose 0.280 0.021* 1.127 1.165
Total Duration 0.006 0.966 1.181 1.171

Figure 6.2: TCS plotted against the most significant and strongest beam parameter, Total Dose.
Error bars account for a ±0.5 value uncertainty.

TCS is plotted as a function of Total Dose in Figure 6.2. Although the correlation magnitude

is small, the data exhibit substantial scatter and again, the error bars indicate that small shifts

within the allowed classification range are sufficient to suppress the correlation (see Figure 6.2),

the statistical significance and the reduction in ff relative to ffnull support a weak positive

correlation between Total Dose and TCS. The pattern of correlation is broadly consistent with

classical radiobiological expectations, supported by a non-significant but moderately positive
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correlation between Pulse Dose and TCS (r = 0.300).

Normal-tissue Sparing Score– NTSS
NTSS correlations are displayed in Table 6.8. All of the correlations with NTSS were statistically

significant, with the exception of Repetition Frequency and Total Dose. NTSS has the most

statistically significant correlation with Number of Pulses (r = -0.472, p = 1e-05); however, as

shown in Figure 6.3, this trend may be disproportionately influenced by a few data points at

the upper extreme of the Number of Pulses distribution.

Table 6.8: Statistical analysis for the NTSS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Beam Parameter r p ff ffnull
Mean Dose Rate 0.286 0.0001* 1.318 1.372
Pulse Dose Rate 0.252 0.009* 1.308 1.346
Pulse Width 0.257 0.016* 1.323 1.361
Pulse Dose 0.434 2e-05* 1.239 1.368
Repetition Frequency -0.079 0.467 1.371 1.368
Number of Pulses -0.472 1e-05* 1.242 1.400
Total Dose -0.0001 0.999 1.392 1.388
Total Duration -0.222 0.004* 1.359 1.389

Figure 6.3: NTSS plotted against the most statistically significant beam parameter, Number of
Pulses. Error bars account for a ±0.5 value uncertainty.

Mean Dose Rate (r = 0.286, p = 0.0001) and Pulse Dose Rate (r = 0.252, p = 0.009) both

result in statistically significant weak positive correlations with NTSS, suggestive of a potential

FLASH effect. This interpretation is supported by the statistically significant weak negative

69



correlation observed between Total Duration and NTSS (r = − 0.222, p = 0.004), and a

statistically significant positive correlation between Pulse Dose and NTSS (r = 0.434, p = 2e-05).

The negative correlation observed between Number of Pulses and NTSS, however, opposes

this interpretation.

Increased Lifespan Score– ILS

The statistics characterising the ILS correlation with the various parameters are summarised in

Table 6.9. The most statistically significant ILS correlation is with Total Dose (r = 0.539, p = 0.017),

plotted in Figure 6.4, closely followed by Total Duration (r = 0.536, p = 0.022). This indicates

that ILS is dominated by tumour control. The ff values for these correlations are less than ffnull.

Table 6.9: Statistical analysis for the ILS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Beam Parameter r p ff ffnull
Mean Dose Rate -0.418 0.084 81.731 87.276
Pulse Dose Rate -0.318 0.248 71.369 72.536
Pulse Width 0.290 0.295 72.043 72.536
Pulse Dose -0.013 0.962 75.267 72.536
Repetition Frequency 0.052 0.853 75.170 72.536
Number of Pulses 0.379 0.164 69.667 72.536
Total Dose 0.539 0.017* 75.073 86.643
Total Duration 0.536 0.022* 75.964 87.276

Figure 6.4: ILS plotted against the most significant and strongest beam parameter, Total Dose.
Error bars are approximated according to Equation 6.9.
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Survival Score– S3

The statistics characterising the correlation of the Survival score at 3 months post FLASH-RT (S3)

with the various parameters are summarised in Table 6.10. S3 is most significantly correlated

with Number of Pulses (r = 0.709, p = 0.0002), plotted in Figure 6.5. The correlations with Pulse

Dose and Mean Dose Rate are also statistically significant (r = − 0.600, p = 0.003 and r = −

0.442, p = 0.035, respectively), suggesting a negative relationship between the survival of

small animals and dose rates at 3 months.

Table 6.10: Statistical analysis for the S3 data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Beam Parameter r p ff ffnull
Mean Dose Rate -0.442 0.035* 41.731 45.475
Pulse Dose Rate 0.114 0.621 47.127 46.237
Pulse Width -0.254 0.266 45.877 46.237
Pulse Dose -0.600 0.003* 37.030 45.180
Repetition Frequency 0.294 0.195 45.338 46.237
Number of Pulses 0.709 0.0002* 32.630 45.180
Total Dose -0.072 0.738 45.427 44.545
Total Duration 0.434 0.039* 41.922 45.475

Figure 6.5: S3 percentage plotted against the most significant and strongest beam parameter,
Number of Pulses. Error bars are approximated according to Equations 6.10 and 6.11.

6.1.5 Discussion
The FLASH effect is a promising radiobiological effect, showing potential to improve on current

treatment practices. However, the exact conditions required to observe a FLASH effect are
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still unclear. For this reason, a retrospective evaluation has been conducted to identify the

beam parameters correlated with a FLASH effect. To provide a comprehensive overview of all

data, this review study did not investigate trends or thresholds for isolated parameters. With no

knowledge of a distribution, linear regression analysis, confidence/prediction intervals, and

correlation coefficients are presented to identify an overarching trend rather than a study

based on specific distributions. Furthermore, the correlations observed and discussed are not

conclusive evidence, only observations in the global data that may hint at patterns or gaps

in the current body of literature.

Figure 6.6: Heat map of Pearson’s correlations between log-transformed beam parameters
and their endpoints. The values range between -1 and 1, where the extremities (closest to
-1 and 1) have the deepest colour and the weakest correlations (closer to 0) have a weak
colour. Statistically significant correlations are identifiable by an asterisk at the top right of the
corresponding correlation coefficient. Key: TIS- Therapeutic Index Score, TCS- Tumour Control
Score, NTSS- Normal-tissue Sparing Score, ILS- Increased Lifespan, S1- Survival % at 1 month, S2-
Survival % at 2 months, S3- Survival % at 3 months.

An overviewof the data is presented in Figure 6.6, where the Pearson correlation coefficients

characterising the relationship between the logarithmically scored endpoints and the beam

parameters are presented. The most significant TIS correlations were with Pulse Dose Rate and
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Pulse Dose, both of which were positive (r = 0.491 and r = 0.476, over the ranges of ∼250 –

7.8·106 Gy/s and 0.001 – 14 Gy, respectively), suggesting that a high pulse dose and dose

rate increase the therapeutic index. Pulse Dose Rate demonstrated positive correlations with

nearly all endpoints, excluding ILS. This pattern suggests the potential viability of FLASH-RT as

an effective modality for radiotherapy. TCS and NTSS results suggest that beam parameter

qualities from both FLASH and conventional radiotherapy can be useful for sparing tissue and

treating the tumour effectively.

While TCS correlations remainedweak tomoderate for all beamparameters, the correlation

with Total Dose remains statistically significant (r = 0.280 over the range of ∼0.4 – 400 Gy).

The correlation indicates that, in the data considered here, a larger dose administered to

the tumour results in a higher level of tumour control and follows a more classical model.

Weak to moderate correlations are also observed for NTSS, having six statistically significant

correlations. Therefore, the FLASH effect showed statistically significant (although weak to

moderate) correlations with Mean Dose Rate, Pulse Dose Rate, Pulse Width, Pulse Dose,

Number of Pulses, and Total Duration. The NTSS correlations suggest that normal-tissue sparing

in FLASH therapy can be favoured by both the use of short pulses with high dose rates and

high doses with fewer pulses. These results suggest FLASH-RT could preserve tissue using fewer

short, high-dose pulses.

Negative correlations are observed between ILS and both Mean Dose Rate and Pulse Dose

Rate (r = − 0.418 and r = − 0.318, over the ranges of∼60 – 7.8·106 Gy/s and ∼74 – 7.8·106 Gy/s,

respectively). This is expected, assuming most accelerators do not have substantial intervals

between pulses. In addition, the ILS logged data shows statistically significant, strong positive

correlations with Total Dose and Total Duration. These results indicate that the parameters of

tumour control were weighted more in this case.

The percentage of short-term survivals (1 month post-RT, S1) correlates positively with Pulse

Dose Rate (r = 0.613 over the range of ∼35 – 7.8·106 Gy/s) and negatively with Pulse Width

(r = − 0.648 over the range of ∼1.8 – 4.6·105—s), suggesting that these parameters are possibly

related to the acute toxicity. This was not reproduced in the long term. For correlations with

percentage of survivals at 3 months post-RT (S3), Mean Dose Rate held a statistically significant

negative correlation (r = − 0.442 over the same range of ∼35 – 7.8·106 Gy/s). It appears

that the long-term survival difference (3 months post-RT) could be due to continuous beams

having more efficient tumour control. Observing the differences at 1 and 3 months post-RT,

it appears that the variation in the time at which the endpoints are observed may be an

additional source of inconsistency in the homogeneity of the manually scored data.
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The positive correlations observed between TIS and Pulse Dose, in contrast to the negative

correlations seen for S1−3, may be influenced by differences in the temporal endpoints of

these metrics. Many TIS endpoints assess acute or immediate effects, generating an initial

increase in NTSS that may not persist over longer time periods. This difference in evaluation

timepoint may therefore contribute to the difference in correlations. Furthermore, the Pulse

Dose ranges covered by the available datasets differ between endpoints: survival data are

reported over a range of ∼1.8 – 30 Gy, whereas TIS data span ∼0.001 – 14 Gy. This discrepancy

in range may further contribute to the observed differences in correlation.

A recent study of the impact of FLASH-RT on glioblastoma investigated survival trends at

3 months [194]. To compare the results of the present study with those presented in [194],

glioblastoma studies were extracted from the SM database, and survival was examined

at 3 months. Survival at three months (S3) was averaged separately for ultra-high dose-rate

irradiations (dose rate greater than 30 Gy/s) and compared to the average S3 for conventional

irradiations (CONV) of the same dose, demonstrated in Table 6.11. It was found that the

average survival at 3 months was very similar for FLASH and CONV, resulting in 55 ± 19% and

54 ± 19%, respectively. This suggests that the survival response for this type of tumour is similar

for both FLASH and CONV, similar to the results of the recently published study by Böhlen et al.

[194].

Table 6.11: % survivors of Glioma-bearing rats at 3 months post FLASH vs CONV. Average
and standard error are calculated and recorded for both modalities for comparison.

Citation Mean Dose Rate (Gy/s) Pulse Dose Rate (Gy/s) % survivors post FLASH % survivors post CONV
[158] 5.6·106 5.6·106 0 0
[93] 5.7·105 2.9·105 50 48
[93] 6.0·105 3.0·105 79 100
[93] 5.4·105 2.7·105 100 93
[183] 66 133 100 85
[183] 74 74 0 0

Average 55 ± 19 54 ± 19

The overall results of this study highlighted that TIS, TCS, and NTSS showed weak correlations

with most of the beam parameters. A possible reason for the observed low correlation was

explored. This was the presence of an undetermined dose-rate threshold for the onset of the

FLASH effect. In the most recent studies, the threshold for the onset of the FLASH effect is

estimated to be 30Gy/s [195], 35Gy/s or 40Gy/s [196]. For the data used in the present study,

approximately 20% of the data points from all the FLASH studies use Mean Dose Rates below

these thresholds. Therefore, it was considered that the dose rate may not be high enough for

some data points to observe the FLASH effect. The combination of the data taken at dose
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rates above and below the FLASH threshold may dilute any observed linear correlation. It is

therefore possible that some of the data included in the study lies below the FLASH threshold

and that, as a result, no FLASH effect can be observed. Moreover, it is essential to determine

whether the FLASH threshold depends on other beam parameters, such as particle type and

total dose.

To investigate the possible impact of a threshold, subsets of the data obtained at dose

rates above 30 Gy/s and above 40 Gy/s were analysed separately, displayed in Figures 6.7

and 6.8. The observed trends were consistent with one another and with the trends seen in the

full sample. This is further supported by Figure 6.1, which shows TIS plotted against Pulse Dose

Rate across the full dataset: no discontinuity or step-change in the distribution is apparent

at any particular dose rate value that would be indicative of a threshold effect. There is no

evidence for a threshold effect in the data included in the present review study, and all data

have been retained in the analyses presented above.

Figure 6.7: Pearson’s Correlation Coefficients in heat map form to show the correlations
between the log of each dosimetric parameter and the corresponding endpoint for all data
with mean and pulse dose rates above 30 Gy/s.
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Figure 6.8: Pearson’s Correlation Coefficients in heat map form to show the correlations
between the log of each dosimetric parameter and the corresponding endpoint for all data
with mean and pulse dose rates above 40 Gy/s.

6.1.6 Conclusion

The FLASH effect is thought to reduce the toxicities caused by radiotherapy. This review study

presents an extensive analysis of experiments, including investigations of FLASH-RT and its

potential influences. A semi-quantitative approach was developed to assess each study,

evaluating the normal-tissue preservation and tumour control capabilities depending on

the outcomes of each experiment. The results highlight correlations between Normal-tissue

Sparing Score and Therapeutic Index Score with Pulse Dose Rate, which could be indicative

of a FLASH effect. However, the data are limited, and these findings cannot be interpreted as

definitive evidence of the effect.

Additional data analysis was conducted to investigate survival and evaluate the current

body of literature with a predefined endpoint. The Survival Score correlations are indicative of a

short-term sparing effect and a long-term tumour control efficiency. This is reflected in the data
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at 1 month, where Pulse Dose Rate exhibits a positive correlation, and the reverse relationship

is observed at 2 and 3 months post FLASH-RT. This phenomenon suggests a trade-off between

normal-tissue sparing and effective tumour control. In addition, the Increased Lifespan data

provides further support, indicating a significant positive correlation with both Total Dose and

Total Duration.

Overall, themost critical parameter appeared to be Pulse Dose, with 6 statistically significant

correlations. The database and its findings underscore the need for facilities to be able to

supply a wide range of doses (up to 30 Gy per pulse) and radiation times (∼1.8·10−6 – 400 s

per pulse) to create a flexible regime that allows for different parameter combinations to be

accommodated and investigated.
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7. Spatially Fractionated Radiation Therapy Study

Chapter Motivation: Preclinical studies into Spatially Fractionated Radiation Therapy

(SFRT) have demonstrated normal-tissue sparing properties, suggesting that it is a promising

approach for further investigation. To enable such studies, the implementation of SFRT

-capable delivery at the LhARA end stations is being considered as part of the facility

design. While there is a body of evidence for this effect, there is limited understanding of the

biological processes involved, as is the case in FLASH-RT. To explore the spatial configuration

and dose profiles of SFRT regimes to parametrise a beam, a retrospective analysis similar to

that of the FLASH retrospective analysis (Chapter 6) was carried out to study the current

knowledge. This review study presents an overview of data collected from a selection of

experiments that investigated how the toxicities observed post-MRT and post-MBRT depend

on the spatial configuration or dosimetry of the beam. To compare the literature of SFRT

to a classical picture of biology, an in silico investigation was carried out using TOPAS to

replicate the database generated in the literature review. To gain a deeper understanding

of the underlying mechanisms of SFRT, an in vitro study was designed and conducted to

investigate whether additional biological processes could influence the beam parameters

affecting the biological response. ¨

7.1 Retrospective analysis study of the tumour and normal-tissue responses to SFRT
To explore the spatial configuration and dosimetry of SFRT, a retrospective analysis study was

carried out. This study presents an overview of data collected from a selection of experiments

that investigated how the toxicities observed post-MRT and post-MBRT depend on the spatial

configuration or dose profile of the beam.

7.1.1 Materials & methods
7.1.2 Search criteria

The parameters identified as potentially correlated with a biological response post SFRT

treatment can be divided into two categories: Geometric parameters (typically defined

by collimator configurations, see Figure 7.1) and dosimetric parameters (defined by the dose

distribution of the beam at the target).
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Geometric parameters:
• Width (µm)

– the width of each beam segment (the collimator slit/gap width);

• Spacing (µm)

– the centre-to-centre (c-t-c) spacing between adjacent beam segments;

• Valley Width (µm)

– the edge-to-edge spacing between adjacent beam segments;

• % Peak Dose

– the percentage of width compared to c-t-c spacing: % Peak Dose = Width
Spacing ×100;

Dosimetric parameters:
• Volume Average Dose (Gy)

– the average dose across the tissue volume;

• Peak Dose (Gy)

– the dose received in the peaks of the dose distribution;

• Valley Dose (Gy)

– the dose received in the valleys of the dose distribution;

• PVDR (Peak-to-Valley Dose Ratio)

– the peak-to-valley dose ratio: PVDR = Peak Dose
Valley Dose .

A mechanical collimator (e.g. Figure 7.1) is

the gold standard for beam collimation in

SFRT, using a physical ’grid’ to block and

shape portions of the beam as detailed

in Section 2.7.2. This is typically made of

tungsten due to its high atomic number

(Z = 74), high density (19.25 g/cm3), and

exceptional thermal resistance, making it

ideal for beam shaping and withstanding

high radiation doses [197].

Valley Width

Spacing

Width

Figure 7.1: Mechanical collimator diagram
annotated with geometric properties. The grey
depicts the metal grid, and the white depicts
the gaps in the collimator that allow the beam
to pass through.

Energy and radiation type were disregarded in the final analysis of SFRT experiments for

the same reasons discussed in Section 6.1.2. As SFRT is typically conducted in the ultra-high

dose-rate regime, the same limitations occur. This relationship between SFRT and FLASH,
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and the resulting inability to disentangle a FLASH effect, will be addressed in more detail in

Section 7.1.7.

7.1.3 Selection criteria
Data from papers published before May 2024 were considered for inclusion in the present

study. 41 papers were included, 26 MRT experiments ([198, 199, 200, 201, 202, 203, 204, 205,

206, 207, 208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223]) and 15

MBRT experiments ([220, 224, 225, 226, 227, 228, 229, 230, 231, 232, 233, 234, 235, 236, 237]).

The following criteria were used to select the data to be included in the study:

SFRT review study selection criteria:
• Only a single fraction of unidirectional MRT or MBRT was used in the study;

• The study reports Average Dose, Peak Dose, Valley Dose, PVDR, Width, Spacing or

Valley Width;

• The biological response of normal tissue to MRT and MBRT is recorded in the study;

• The study included peak doses up to 700 Gy. Previous studies on MRT indicate that

long-term alterations occur when Peak Dose exceeds this threshold [238]; therefore,

results above this threshold were labelled ‘toxic’ and excluded to reduce the dataset

to therapeutically relevant results only;

• The experiment in each study was carried out in vivo using small animal models; and

• MRT or MBRT was exclusively used to treat the tumour in each experiment.

Studies were curated from the NIH PMC database, ScienceDirect, and the ResearchGate

search engine using keywords such as “SFRT”, “MBRT”, “MRT”, “Minibeam” and “Microbeam”.

Additional studies were identified through the reference lists of the papers retrieved. Each

experiment was evaluated using the PICO framework, consistent with the FLASH review study

presented in Chapter 6. Studies/data points were excluded if they applied SFRT in combination

with another treatment, used an incompatible target (e.g. larger animals), failed to report the

relevant information, had doses above 700 Gy or employed a multi-directional array.

Table 7.1: Population, Intervention, Comparison, Outcome (PICO) search strategy used to
select relevant experiments.

Population Intervention
Small animal in vivo models SFRT

Comparison Outcome
Control group/pre-radiation Biological response described/quantified
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The specific tumour, tissue and cell type experimental information is listed in Tables 7.2

and 7.3; Table 7.2 displays the normal tissue experiment information and Table 7.3 displays the

tumour experiment information.

Table 7.2: A table of normal tissue types in relevant experiments.

Modality Environment Species Irradiation Area Reference

MBRT in vivo Mouse Leg [224]

MBRT in vivo Rat Brain [225], [226], [227], [228], [229], [230]

MBRT in vivo Mouse Brain [231], [232]

MRT in vivo Mouse Leg [198]

MRT in vivo Mouse Back [199]

MRT in vivo Mouse Brain [200]

MRT in vivo Rat Brain [201], [202], [203], [204], [205], [206], [207], [220]

MRT in vivo Mouse Spine [208]

Table 7.3: A table of tumour types in relevant experiments.

Modality Environment Species Cell line Irradiation Area Reference

MBRT in vivo Rat RG2 rat glioma cells Brain [233], [230], [234]

MBRT in vivo Rat F98 rat glioma cells Brain [235], [236]

MBRT in vivo Rat Fibrosarcoma (FSA) allograft Limbs [237]

MBRT in vivo Mouse U87MG human glioblastoma Brain [232]

MBRT in vivo Rat Human glioblastoma multiforme (GBM) Brain [220]

MBRT in vivo Rat 9L rat glioma cells Brain [239]

MRT in vivo Mouse EMT6 murine mammary carcinoma Skin [209]

MRT in vivo Mouse B16-F10 melanoma cells Brain [210], [211]

MRT in vivo Mouse 9GLS Brain [212], [213], [214], [215], [216], [217], [218]

MRT in vivo Mouse F98 rat glioma cell Brain [219]

MRT in vivo Rat GBM-bearing Fischer rats Brain [220]

MRT in vivo Mouse Murine Lewis lung carcinoma (LLC1) Lung [221]

MRT in vivo Mouse 4T1 mouse mammary tumour cells Breast [222]

MRT in vivo Mouse SCCVII murine squamous cell carcinoma cells Leg [223]

A complete version of the database and PICO evaluations for the normal-tissue research

is available in the supplementary materials of the publication "On the significance of the
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different geometrical and dosimetric parameters in microbeam and minibeam radiation

therapy– a retrospective evaluation" [2]. After the data curation, a search was made for

correlations between the reported endpoints and the geometric/dosimetric parameters.

7.1.4 Data analysis

The SFRT analysis followed the methodology detailed in Section 6.1.3. All studies were assessed

using the same scoring system detailed in Section 6.1.3 to evaluate TIS, TCS and NTSS for each

parameter. ILS and SM were also calculated using Equations 6.2 and 6.1 from Section 6.1.3.

Similar to the FLASH review study, the parameters considered in this study are not independent,

but are related through both their geometric definitions and their dosimetric relationships.

These relationships are defined by the following equations:

Mathematical inter-parameter relationships:

wvalley = s − w ; (7.1)

%Dpeak =
w

s
· 100; (7.2)

PVDR =
Dpeak
Dvalley

; (7.3)

D̄ =
Dpeak · w +Dvalley · wvalley

s
; (7.4)

where Dpeak = Peak Dose, Dvalley = Valley Dose, PVDR = Peak-to-Valley Dose Ratio, w =

Width, s = Spacing, wvalley = Valley Width, %Dpeak = % Peak Dose and D̄ Volume-Averaged

Dose.

Together these four relationships constrain the eight dosimetric/ geometric quantities (Dpeak,

Dvalley, PVDR, w , s, wvalley, %Dpeak , D̄), leaving four degrees of freedom. Any four parameters

may be specified freely with the remaining four then fully determined. As a consequence,

modifying one parameter simultaneously changes several others. For example, increasing

w at fixed s raises %Dpeak , lowers wvalley, and increases D̄ even if Dpeak and Dvalley are held

constant. Similarly, changing Dpeak at fixed geometry directly alters both PVDR and D̄.

The global body of SFRT literature encompasses a wide range of dose parameters and

beam configurations, similar to the FLASH database. It does not contain a range of studies that
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are identical in all respects except for a single parameter. For example, even when multiple

studies report different values of Width, these studies generally also differ in Spacing, Peak Dose,

Valley Dose, or other geometric and dosimetric parameters. As a result, the available literature

does not provide a controlled basis for assessing the effect of any single parameter in isolation.

Additionally, although some geometric parameters are typically reported directly, derived

quantities are widely used, and no consistent set of independently measured parameters

exists across the SFRT dataset.

As a result of these interdependencies and inconsistencies, biological outcomes reported

in SFRT studies reflect the combined influence of multiple correlated geometric and dosimetric

parameters. While individual parameters are examined in isolation, their effects cannot be

fully disentangled.

7.1.5 Results: Minibeam– MBRT

Therapeutic Index Score– TIS

The TIS dataset showed no statistically significant trends. Few studies report both tumour

control and normal-tissue sparing post-MBRT, and similar beam setups led to repetition in

parameter combinations, which reduces the data and variability for correlation analysis. The

most statistically significant result, and the strongest correlation with TIS, was the correlation

with Valley Dose. The TIS/Valley Dose correlation resulted in a p-value of p = 0.053 and a

Pearson correlation coefficient of r = 0.873. This aligned with previous literature that highlights

Valley Dose as a critical parameter when exploring MBRT in vivo [102]. For this correlation,

ffnull > ff, consistent with the fit giving a reasonable description of the data; however, the low

density of data points evident in Figure 7.2 highlights a gap in the literature that should be

filled.

Table 7.4: Statistical analysis for the MBRT TIS data. Key: r - Pearson Correlation Coefficient,
p - p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation
for a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.100 0.851 1.252 1.125
Peak Dose 0.378 0.356 1.165 1.165
Valley Dose 0.873 0.053 0.649 1.154
% Peak Dose -0.546 0.128 1.059 1.182
PVDR -0.249 0.553 1.092 1.044
Width -0.516 0.155 1.082 1.182
Spacing -0.092 0.814 1.258 1.182
Valley Width 0.220 0.569 1.233 1.182
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Figure 7.2: TIS plotted against the most significant and strongest beam parameter, Valley Dose.
Error bars account for a ±0.5/

√
2 value uncertainty.

Tumour Control Score– TCS
Characteristics similar to those of the TIS dataset were observed in the TCS dataset, where the

current scope of experimental work limits the range of parameter combinations available for

analysis. The correlation between TCS and Valley Dose yielded the lowest p-value, representing

the most statistically significant relationship observed in this dataset, mirroring the trend seen

in the TIS data. The correlation resulted in a p-value of p = 0.078 and a Pearson correlation

coefficient of r = 0.762. Although this does not meet the threshold for statistical significance,

ffnull was approximately 1.4 times larger than ff, suggesting a reduction in the standard deviation

consistent with a trend in the data.

Table 7.5: Statistical analysis for the MBRT TCS data. Key: r - Pearson Correlation Coefficient,
p - p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation
for a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.248 0.592 1.523 1.435
Peak Dose 0.427 0.252 1.537 1.590
Valley Dose 0.762 0.078 1.034 1.429
% Peak Dose -0.464 0.177 1.535 1.634
PVDR -0.207 0.593 1.607 1.537
Width -0.464 0.177 1.535 1.634
Spacing -0.038 0.917 1.732 1.634
Valley Width 0.258 0.471 1.674 1.634
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Figure 7.3: TCS plotted against the strongest beam parameter, Valley Dose. Error bars account
for a ±0.5 value uncertainty.

Normal-tissue Sparing Score– NTSS

Normal-tissue sparing post-MBRT was found to correlate most strongly with Peak Dose (see

Table 7.6). With the strong negative correlation of r = − 0.638 and statistically significant p-value

of p = 0.008, the data indicate that, as Peak Dose increases, more damage is observed in the

normal tissue. Figure 7.4 highlights a threshold where NTSS does not exceed a score of 1 when

the Peak Dose surpasses 100 Gy, suggesting dose 100 Gy and above will damage normal

tissue significantly.

Table 7.6: Statistical analysis for the MBRT NTSS data. Key: r - Pearson Correlation Coefficient,
p - p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation
for a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.620 0.010* 1.070 1.317
Peak Dose -0.638 0.008* 1.049 1.317
Valley Dose -0.573 0.020* 1.117 1.317
% Peak Dose -0.395 0.145 1.238 1.298
PVDR 0.123 0.649 1.352 1.317
Width 0.124 0.649 1.352 1.317
Spacing 0.326 0.235 1.274 1.298
Valley Width 0.353 0.196 1.260 1.298
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Figure 7.4: NTSS plotted against the strongest beam parameter, Peak Dose. Error bars account
for a ±0.5 value uncertainty.

Following the trend of TIS and TCS, Valley Dose is established as a critical parameter,

significantly correlated with NTSS, demonstrating a similar negative trend (r = − 0.573, p =

0.020). This observed trend naturally extends to Volume Average Dose, given the dependence

of Volume Average Dose on both Peak Dose and Valley Dose, resulting in a statistically

significant correlation with NTSS (r = − 0.620, p = 0.010).

The analysis suggests a correlation between increasing dose and damage to normal tissue.

ffnull > ff for all statistically significant results, indicating that the correlation gives a reasonable

description of the data. The statistically significant negative correlation between Valley Dose

and NTSS further supports the hypothesis that tumour control plays a more dominant role in

determining the therapeutic index for this dataset. This is reflected in the negative NTSS score,

the positive TCS score, and the overall TIS score, which remains positive.

Increased Lifespan Score– ILS
The ILS databasewas anextension of thedatabasepublished inCancers by Fernandez-Palomo

et al. [102]. Valley Dose continues to be emphasised as a key parameter (where p = 0.044 and

r = 0.467), consistent with findings from the Cancers article and the NTSS results. % Peak Dose,

however, emerges as the most statistically significant parameter for the extended database.

The analysis of the % Peak Dose and ILS data resulted in a p-value of p = 0.042 and a Pearson

correlation coefficient of r = − 0.470.
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Table 7.7: Statistical analysis for the MBRT ILS data. Key: r - Pearson Correlation Coefficient,
p - p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation
for a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.273 0.258 167.78 169.499
Peak Dose -0.285 0.238 167.199 169.499
Valley Dose 0.467 0.044* 154.245 169.499
% Peak Dose -0.470 0.042* 153.967 169.499
PVDR -0.468 0.043* 154.158 169.499
Width -0.060 0.808 174.101 169.499
Spacing 0.033 0.893 174.318 169.499
Valley Width 0.125 0.609 173.037 169.499

Figure 7.5: ILS plotted against the most significant and strongest beam parameter, % Peak
Dose. Error bars are approximated according to Equation 6.9.

PVDR also results in a statistically significant correlation with ILS, where p = 0.043 and r = −

0.468, similar to the correlation between ILS and % Peak Dose. These results suggest that while

an increased dose in the valley regions may increase the lifespan of small animals, a higher

ratio of peak-to-valley dose appears to reduce the lifespan increase. The standard deviation

for the fitted data is smaller than the standard deviation for a null hypothesis for both of these

correlations.

Survival Score– S6

Chapter 6 observed differences in parameter influence between the short and long-term

survivors in the FLASH regime. However, at all time points up to and including 6 months
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post-MBRT, no statistically significant results were observed. Volume Average Dose produced

the most statistically significant correlation with S6 (r = − 0.223, p = 0.777). Figure 7.6 illustrates

that this correlation is driven by only a few data points. The ff exceeds ffnull values, also

supporting this low confidence in the fits.

Table 7.8: Statistical analysis for the MBRT S6 data. Key: r - Pearson Correlation Coefficient,
p - p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation
for a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.223 0.777 24.739 20.720
Peak Dose -0.177 0.823 24.977 20.720
Valley Dose 0.137 0.863 25.137 20.720
% Peak Dose 0.064 0.936 25.325 20.720
PVDR -0.038 0.962 25.359 20.720
Width 0.064 0.936 25.325 20.720
Spacing -0.064 0.936 25.325 20.720
Valley Width -0.064 0.936 25.325 20.720

Figure 7.6: S6 plotted against the strongest beam parameter, Volume Average Dose. Error
bars are approximated according to Equations 6.10 and 6.11.

7.1.6 Results: Microbeam– MRT
Therapeutic Index Score– TIS
The TIS dataset post-MRT observed only one statistically significant result, the correlation with

Width. With a p-value of p = 0.041 and a Pearson correlation coefficient of r = − 0.830, Width

emerges as the parameter that has the strongest influence on the therapeutic index. This
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result suggests that as beamlet width increases, approaching the geometry of conventional

broad beam delivery, the therapeutic index decreases, indicating reduced tissue sparing.

Table 7.9: Statistical analysis for MRT TIS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.740 0.153 0.238 0.306
Peak Dose -0.618 0.191 0.432 0.492
Valley Dose -0.542 0.345 0.297 0.306
% Peak Dose -0.593 0.215 0.442 0.492
PVDR -0.071 0.909 0.353 0.306
Width -0.830 0.041* 0.306 0.492
Spacing 0.166 0.753 0.542 0.492
Valley Width 0.243 0.642 0.533 0.492

Figure 7.7: TIS plotted against the strongest beam parameter, Width. Error bars account for a
±0.5/

√
2 value uncertainty.

ffnull > ff is also for this result, but it is notable in Figure 7.7 that there is only one data point

at the extremity (70 µm), the rest of the experiments using widths of 50 µm.

Tumour Control Score– TCS
As is the case with the MBRT results, the statistically significant parameter in the MRT TCS data

was Valley Dose with correlation statistics of p = 0.005 and r = − 0.973. Unlike with MBRT, the

MRT correlation is a steep negative correlation, see Figure 7.8, suggesting that a higher dose
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in the valleys hinders the ability to control the tumour.

Table 7.10: Statistical analysis for MRT TCS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.855 0.065 0.908 1.517
Peak Dose -0.554 0.254 1.494 1.605
Valley Dose -0.973 0.005* 0.407 1.517
% Peak Dose -0.796 0.058 1.086 1.605
PVDR 0.687 0.200 1.272 1.517
Width -0.534 0.275 1.517 1.605
Spacing 0.687 0.132 1.304 1.605
Valley Width 0.722 0.105 1.240 1.605

Figure 7.8: TCS plotted against the most significant and strongest beam parameter, Valley
Dose. Error bars account for a ±0.5 value uncertainty.

Normal-tissue Sparing Score– NTSS

As observed in the TCS results, normal-tissue sparing post-MRT is most significantly correlated

to Valley Dose (r = − 0.524, p = 0.007). The pronounced negative trend associated with

Valley Dose, see Figure 7.9, drives the hypothesis that this trend contributes to the statistically

significant positive correlation observed with PVDR (r = 0.405, p = 0.044).

The second most significant NTSS correlation is with % Peak Dose, producing a statistically

significant p-value of p = 0.013 and moderate negative correlation of r = − 0.409. This data

suggests that, as the area occupied by the Peak Dose is reduced, there is an increasing
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preservation of normal tissue. Valley Width and Spacing also have statistically significant

correlations (r = 0.399, p = 0.016 and r = 0.367, p = 0.027, respectively), indicating that, in

contrast to MBRT, tissue-sparing is likely to be driven by geometric configuration in MRT, similar

to the findings in the TIS analysis.

For all statistically significant correlations, the standard deviation for the null hypothesis, ffnull,

is greater than the standard deviation evaluated with the fitted correlation, ff. This indicates

that the correlation gives a reasonable description of the data.

Table 7.11: Statistical analysis for MRT NTSS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.177 0.397 1.525 1.517
Peak Dose 0.064 0.709 1.639 1.619
Valley Dose -0.524 0.007* 1.320 1.517
% Peak Dose -0.409 0.013* 1.499 1.619
PVDR 0.405 0.044* 1.417 1.517
Width 0.058 0.736 1.640 1.619
Spacing 0.367 0.027* 1.528 1.619
Valley Width 0.399 0.016* 1.506 1.619

Figure 7.9: NTSS plotted against the strongest beam parameter, Valley Dose. Error bars account
for a ±0.5 value uncertainty.
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Increased Lifespan Score– ILS
There were three statistically significant results, listed in order of statistical significance: % Peak

Dose, Valley Width and Spacing. Notably, all three demonstrate the same trend observed

in the TIS and NTSS data, whereby geometric parameters have a dominant influence over

dose parameters. % Peak Dose emerges as the dominant geometric parameter, resulting in a

p-value of p = 0.008 and a Pearson correlation coefficient of r = 0.482.

Notably, the correlation of ILS with % Peak Dose is positive, see Figure 7.10, in contrast to the

negative correlation observed in the NTSS data. This implies that a lifespan increase could be

the consequence of tumour control rather than tissue sparing, though a negative correlation

was also observed with % Peak Dose and TCS.

Table 7.12: Statistical analysis for MRT ILS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.211 0.335 234.933 234.801
Peak Dose -0.184 0.340 227.092 226.864
Valley Dose 0.360 0.091 224.209 234.801
% Peak Dose 0.482 0.008* 202.465 226.864
PVDR -0.360 0.091 224.207 234.801
Width -0.103 0.594 229.795 226.864
Spacing -0.443 0.016* 207.111 226.864
Valley Width -0.454 0.013* 205.863 226.864

Figure 7.10: ILS plotted against the most significant and strongest beam parameter, % Peak
Dose. Error bars are approximated according to Equation 6.9.
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Valley Width and Spacing correlations also resulted in the reciprocal trend to NTSS, further

suggesting that ILS was not influenced by tissue sparing, with p-values of p = 0.013, p = 0.016

and r -values of r = − 0.454, r = − 0.443, respectively. These statistically significant geometric

parameter correlations suggest that lifespan is increased for more conventional, broader

beams (increased area covered by peak dose with reduced gaps between the beams). For

all statistically significant correlations, ffnull > ff; however, both values remain large. This may

be influenced by the limited variation in beam parameters across studies, which restricts the

resolution with which trends can be identified. Interestingly, there are no statistically significant

correlations between ILS and any of the dosimetric parameters.

Survival Score– S6

Unlike MBRT, the MRT dataset contains sufficiently long-term survival data to result in statistically

significant results. Almost every geometric parameter had a statistically significant correlation

with long-term survivors at 6 months post-MRT. Valley Width, Spacing and % Peak Dose emerge

as critical parameters, reflecting the trend seen with ILS.

Most SFRT investigations report on acute biological responses, whereas the survival data

demonstrate that the long-term effects may be influenced differently by the dosimetric and

geometric parameters. As observed in the ILS dataset, both Valley Width and Spacing

correlations are negative (p = 0.001, p = 0.002 and r = − 0.637, r = − 0.630, respectively), and

% Peak Dose has a positive correlation (p = 0.042 and r = 0.436). The correlation between

Width and long-term survivors at 6 months is also statistically significant, consistent with the TIS

results (p = 0.026, r = − 0.474), validating the conclusion that increased widths of the beamlets

in MRT can reduce the therapeutic index. ffnull > ff for all statistically significant correlations,

and both standard deviations are relatively small, unlike the ILS results.

Table 7.13: Statistical analysis for MRT survivors at 6 months (S6). Key: r - Pearson Correlation
Coefficient, p - p-value (significance), ff - residual standard deviation, ffnull - residual standard
deviation for a 0 correlation. Statistically significant correlations are identifiable by an
asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.088 0.738 17.073 16.595
Peak Dose -0.166 0.461 16.318 16.149
Valley Dose 0.255 0.324 16.573 16.595
% Peak Dose 0.436 0.042* 14.891 16.149
PVDR -0.347 0.173 16.076 16.595
Width -0.474 0.026* 14.573 16.149
Spacing -0.630 0.002* 12.855 16.149
Valley Width -0.637 0.001* 12.751 16.149
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Figure 7.11: S6 plotted against the most significant and strongest beam parameter, Valley
Width. Error bars are approximated according to Equations 6.10 and 6.11.

7.1.7 Discussion
The MBRT analysis challenges previous assumptions that only Valley Dose is essential for

tissue sparing by identifying Peak Dose as a critical parameter, see Figure 7.12. Peak Dose,

Volume Average Dose, and Valley Dose have statistically significant negative correlations

with tissue sparing (NTSS) after MBRT treatment (r = − 0.638 over the range ∼33 – 300

Gy, r = − 0.620 over the range ∼20 – 213 Gy and r = − 0.573 over the range ∼0.5 – 26,

respectively), highlighting the crucial role of dose parameters in influencing tissue response to

MBRT. Specifically, the significant negative correlations suggest that higher doses, particularly

in peak and volume-average distributions, result in increased damage to normal tissues. This

observation highlights the need for precise dose modulation to balance therapeutic efficacy

with normal-tissue preservation in MBRT treatment.

ILS also had statistically significant correlations with dosimetric parameters, namely, Valley

Dose and PVDR. Their correlations (r = 0.467 over the range ∼3 – 21 Gy and r = − 0.468 over

the range ∼1.2 – 25, respectively) suggest an increase in lifespan for small animals when the

beam is more conventional, rather than a spatially fractionated configuration for this range of

doses. Limitations in the amount of available data, unfortunately, lead to a lack of statistically

significant results for TIS, TCS and S1;2;3;6. This highlights the need for further investigation into

MBRT to expand the current dataset with a more varied set of dosimetric and geometric

parameters.
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Figure 7.12: Heatmap showing the Pearson’s correlation coefficients betweenMBRT parameters
and their endpoints. The values range between -1 and 1, where the extremities (closest to
-1 and 1) have the deepest colour and the weakest correlations (closer to 0) have a weak
colour. Statistically significant correlations are identifiable by an asterisk at the top right of the
corresponding correlation coefficient.

Unlike MBRT, the MRT analysis underscores the importance of geometry, see Figure 7.13.

The NTSS, ILS and S2;3;6 databases resulted in statistically significant correlations with Spacing

(r = 0.367, r = − 0.443, r = − 0.651, r = − 0.616, r = − 0.630, respectively, over the range ∼50 –

400 —m), Valley Width (r = 0.399, r = − 0.454, r = − 0.557, r = − 0.608, r = − 0.637, respectively,

over the range ∼25 – 350 —m), and % Peak Dose (r = − 0.409, r = 0.482, r = 0.453, r = 0.445,

r = 0.436, respectively, over the range ∼7 – 54 %). Notably, the NTSS correlations are opposite

to the survival data for these three geometric parameters, suggesting that the survival is largely

driven by tumour control. These results suggest that increasing the space between beams

may result in increased normal-tissue sparing but less effective tumour control.

TIS resulted in a statistically significant negative correlation with Width for the MRT data

(r = − 0.830 over the range ∼50 – 70 —m), which is supported by the statistically significant

correlations between S1;6 and Width (r = − 0.424 and r = − 0.474, respectively, over the range

∼25 – 70 —m). This suggests that smaller MRT beams (e.g. 25 – 50 —m) might increase treatment

outcomes.
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The existing body of literature emphasises the significance of dosimetric parameters over

geometric parameters as critical influences in radiation therapy outcomes post-MRT.

Figure 7.13: Heat map showing the Pearson’s correlation coefficients between MRT parameters
and their endpoints. The values range between -1 and 1, where the extremities (closest to
-1 and 1) have the deepest colour and the weakest correlations (closer to 0) have a weak
colour. Statistically significant correlations are identifiable by an asterisk at the top right of the
corresponding correlation coefficient.

As expected, Valley Dose appears to be a dominant parameter in MRT and MBRT alike,

holding statistically significant negative correlations with TCS for MRT (r = − 0.973 over the

range ∼2.86 – 23 Gy) and NTSS for both MBRT and MRT (r = − 0.573 over the range ∼0.5 – 26

Gy and r = − 0.524 over the range ∼0.95 – 40 Gy, respectively), suggesting that a reduced

dose in the valleys would be most effective for SFRT treatment (e.g. closer to 0.5 Gy). However,

a positive correlation with ILS for MBRT (r = 0.467 over the range ∼3 – 21 Gy) suggests the

opposite. This could be due to the difference in both range and the time points, as noted

previously.

This retrospective review highlights key parameters that may influence the biological

response to SFRT. The main limitations of the study include variations in dose rates and in

the time points at which biological responses to SFRT are recorded. MRT treatment regimes
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are carried out at high dose rates [240]. In the current body of literature, it is not possible to

definitively disentangle a potential FLASH effect [88] from normal-tissue sparing arising solely

from MRT. While the extremely high peak doses used in MRT might suggest a low likelihood of a

FLASH contribution under typical definitions, the small beamlet volumes involved complicate

this assumption. Since dose rate is calculated as energy deposited per unit mass, the small

irradiated volumes in MRT could lead to high local dose rates that, in some cases, may exceed

FLASH thresholds. However, even if a FLASH effect were present, its impact on the observed

variation in biological outcomes would likely be limited, as most experiments were conducted

under similar beam conditions, reducing the scope for variation in biological responses due to

changes in dosimetric and geometric parameters. Moreover, most MBRT experiments were

performed at conventional dose rates, with a few early experiments using higher dose rates

at synchrotron facilities.

The timing of endpoint evaluations can be influential, as is evident in the differing time

point survival results, as the severity of radiation-induced damage can vary significantly

over time. Unfortunately, not all studies included in this review provide sufficient information

on the time points used for assessing biological responses, making it difficult to conduct a

statistically meaningful analysis of how the timing of response measurements might influence

the reported outcomes. To address this, future studies should adopt standardised time points

for endpoint evaluation, or at the very least, ensure that time points are reported to facilitate

direct comparisons across studies. These studies should also investigate potential thresholds.

Potential thresholds were identified during the analysis of normal-tissue sparing. The MBRT NTSS

data revealed a limit in NTSS at peak doses above 100 Gy; however, a greater density of data

points would be required to draw definitive conclusions about these observed upper limits.

7.1.8 Conclusion

Spatially Fractionated Radiation Therapy (SFRT) is a technique that divides the beam into

evenly spaced segments, designed to spare normal tissue. This review study analyses the

biological response of SFRT in small animal models to investigate the effects of two modalities,

Microbeam Radiotherapy (MRT) and Minibeam Radiotherapy (MBRT). The current body of

literature indicates that both MRT and MBRT promise effective treatment while mitigating

cellular toxicities. Through systematic analysis, this review identified the key geometric and

dosimetric parameters of MRT and MBRT for sparing healthy tissue. MBRT emphasises the

impact of the dosimetric parameters for sparing tissue, while MRT challenges previous literature

by highlighting the critical role of the geometric properties of the beam.
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In summary, this review study highlights key geometric/dosimetric parameters that impact

the normal-tissue sparing properties of MRT and MBRT, discovering an emphasis on Peak Dose,

Valley Dose and geometry. The focus on such configuration effects indicates that beams

should be implemented as flexibly as possible, capable of delivering a specific configuration

for each biological response requirement, e.g. using magnetic focusing to adjust the beam

geometry rather than using mechanical collimators with fixed widths and spacing. Based on

the results of the review study, magnetic focusing needs to allow for beam widths and valley

widths as small as 25 —m and beam modulation must be accurate enough to allow for doses

to the valleys to be accurate to 0.1 Gy.

It is also noted that thresholds were identified during the study of adverse effects. In theMBRT

dataset, NTSS appeared to reach a limit at peak doses above 100 Gy. Further experimentation

is required for confirmation of this. These insights can aid in improving treatment planning for

better radiotherapeutic results and the implementation of SFRT in the end stations.

Future research with larger, balanced datasets with greater homogeneity in animal models,

experimental setups, and biological endpoints is required to develop a more detailed

understanding of how dosimetric and geometric parameters influence treatment outcomes

in these emerging modalities and how such regimes should be implemented. In addition,

conducting SFRT experiments in the ultra-high dose-rate regime alongside equivalent

experiments delivered at conventional dose rates would allow for a direct assessment of any

FLASH-related effects.

Furthermore, although MBRT and MRT have been treated as exhibiting distinct biological

responses, it would be scientifically informative to perform experiments spanning the full

range from MRT to MBRT configurations to investigate how post-SFRT biological outcomes vary

globally.

7.2 In silico SFRT study using linear-quadratic models

Section 7.1 highlights gaps in understanding the biological response to SFRT, primarily due to

limited variation in experimental setups; each study typically uses a single collimator with fixed

width and spacing. This resulted in multiple identical ’Width’ and ’Valley Width’ data points

rather than a spectrum that incrementally covers the range of values. To investigate a more

uniform spread of values and compare against a classical picture of biology, a tumour and

normal tissue environmentwas set up on TOPAS, the particle tracking computational framework

detailed in Section 4.1.2, for the in silico replication of the MRT and MBRT retrospective analysis

databases. Using linear-quadratic models, the level of tumour control and normal-tissue

98



sparing expected post radiotherapy can be approximated according to a classical picture of

biology. The comparison between the model and the literature review study could highlight

any differences that may indicate any underlying influences or mechanisms that are not yet

understood with SFRT.

To address this limitation, a controlled in silico environment representing tumour and normal

tissue was implemented in TOPAS, the particle transport framework described in Section 4.1.2.

Simulation parameters were selected to span ranges comparable to those reported in the

literature review database, while remaining compatible with numerical constraints of the

TOPAS framework. The lower bounds were limited by the minimum bin size achievable

without introducing excessive statistical noise in the dose scoring volumes. Parameter values

were sampled using uniform step sizes to ensure even coverage of the explored parameter

space, typically yielding between 10 and 21 sampling points per sweep. A summary of the

literature-derived ranges and corresponding in silico parameter values is provided in Table 7.14.

Table 7.14: Summary of literature-reported and simulated beam parameters. All values are
given in —m.

Parameter Literature range (—m) Simulation range (—m) Step size (—m)
MBRT beam width 280 – 10000 200 – 1100 100
MBRT valley width 480 – 10000 500 – 3000 250
MRT beam width 20 – 90 50 – 100 5
MRT valley width 23 – 372 50 – 500 50

This approach enables a uniform and continuous exploration of MRT and MBRT parameter

spaces that is not achievable through the existing literature. By applying linear-quadratic

models to the simulated dose distributions, tumour control and normal-tissue sparing are

predicted under the assumption of classical radiobiology.

The motivation for the simulation study is to assess how closely SFRT biological responses can

be described using classical dose-response models. By comparing literature-reported SFRT

outcomes with in silico predictions based on a classical radiobiological framework, differences

between the two can be identified. These differencesmay provide insight into themechanisms

underpinning the SFRT biological response that are not captured by classical models.

7.2.1 Materials & methods
Simulation setup
The experimental setup directs a 90 MeV proton beam, collimated through a five-slit tungsten

filter, onto a soft-tissue cube. Section 7.1.2 highlights that tungsten is a common collimator

choice due to its high atomic number and density. The TOPAS simulation is visualised in Figures

7.14 and 7.15.
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Figure 7.14: The in silico TOPAS setup. The white
box exterior outlines the ’world’, the yellow
outlines the soft tissue target or tumour region,
and the purple box is the tungsten collimator.

Figure 7.15: The horizontal profile of
the in silico TOPAS simulation during the
simulated irradiation. Blue represents the
protons, green represents photons, and
red represents positrons.

Theaimwas to vary thebeamparameters of the experiment andanalyse the corresponding

changes in biological response. As the review study database examined both normal tissue

response and tumour response, the models chosen to evaluate these mechanisms were the

Tumour Control Probability (TCP) model and the Normal Tissue Complication Probability (NTCP)

model.

TOPAS Tumour Control Probability calculations

Tumour Control Probability (TCP), as detailed in Section 2.4, is a calculated probability that

determines the likelihood of a tumour being effectively controlled or eradicated by a radiation

treatment [75]. The Poisson-based extension of the TCP model, derived from Equation 2.5

shown in Section 2.4, is given in Equation 7.5. This equation has been adapted to consider the

dose delivered, the tumour radiation sensitivity and the dose needed for effective control.

TOPAS Tumour Control Probability:

TCP =
Y
i

P (Di )
vi ; (7.5)

where P (Di ) is the voxel-wise probability that a tumour subvolume, vi , receiving a dose, Di ,

contributes to tumour control:

P (Di ) = (
1

2
)
exp[2‚(1− Di

TD50
)=ln2]

; (7.6)
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where Di symbolises absorbed dose in a specific voxel, i , of the tumour, vi represents the

fractional volume of the tumour that corresponds to the voxel receiving dose Di , TD50

represents the dose at which there is a 50% probability of controlling the tumour and ‚

defines the steepness of the dose-response curve at the dose TD50 [241].

For the tumour model used in this in silico experiment, damage was quantified using the

TCP model with parameters corresponding to brain metastasis: TD50 = 27.04 Gy and ‚ =

0.75. These values were reported by P. Okunieff et al. [85] in a compilation of TCP model

parameters derived from clinical data across various cancer types. The brain metastasis model

was selected as the most suitable available option for simulating the experimental endpoints

reported in the review study, in which the majority of experiments evaluated SFRT effects on

glioblastoma, see Section 7.1.3 Table 7.2.

TOPAS Normal Tissue Complication Probability calculations

Normal Tissue Complication Probability (NTCP), as detailed in Section 2.5, is a calculated

probability that determines the likelihood that normal tissue will experience complications

due to radiation exposure during treatment [84]. TOPAS calculates this probability using the

Lyman-Kutcher-Burman model [242], expanding on the simple equation given in Section 2.5

Equation 2.6, defining both the dose-response relationship of the tissue and the volume.

TOPAS Normal Tissue Complication Probability:

NTCP(gEUDa; TD50; m) =
1√
2ı

Z t

−∞
exp
`
−u2=2

´
du; (7.7)

where:

t =
gEUDa − TD50

mTD50
; (7.8)

and

gEUDa =

 X
i

viD
a
i

!1=a

; (7.9)

where TD50 is the dose at 50% probability, m controls the slope of the dose-response, gEUDa
is the generalised equivalent uniform dose with exponent a- specific to the tissue type

calculated from the constant n (a = 1=n) which describes how the dose is distributed within

the tissue, and vi represents the fractional volume receiving dose Di [241].
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Section 7.1.3 Table 7.3 highlights that most of the normal tissue experiments included in

the review study were conducted on rodent brains. Consequently, the constants for the

NTCP model were selected to be m = 0.16, n = 0.14 and TD50 = 65 Gy to simulate NTCP of

the brain. These values were reported by Ramos-Méndez et al. [241] when describing the

implementation of this model in TOPAS.

Data generation
The purpose of the in silico experiment was to evaluate the in vivo literature review study

database analysis against the linear-quadratic model. To compare the tumour control, TCP

correlations are referred to as TCS, and to compare the tissue sparing, the complementary

percentage of NTCP is referred to as NTSS. TIS is calculated as the difference between TCP

and NTCP. These definitions are stated below:

TIS, TCS and NTSS definitions:

TIS = TCP−NTCP; (7.10)

TCS = TCP; (7.11)

NTSS = 100−NTCP; (7.12)

The parameters listed in Section 7.1.3: ’Selection criteria’ were varied to evaluate the same

dosimetric and geometric parameters.

The geometric parameters were varied by changing the collimator properties. Width was

adjusted by changing the width of the collimator slits, while Valley Width was controlled by

varying the distance between the slits; all other geometric parameters were calculated from

these measures. The dosimetric parameters were varied by changing the distance between

the proton source and the collimator.

In varying thebeamparameters, the study adoptedan incremental, quasi-uniformapproach

to avoid the repeated values observed in the literature review datasets. Wherever possible,

individual parameters were varied independently to isolate their effects on TCS, NTSS, and

TIS. However, some geometric and dosimetric parameters are interdependent, so complete

isolation was not always achievable. As detailed in Section 7.1.4, several of the parameters

considered in this study are interdependent. Additionally, variations in collimator positioning

simultaneously affect both Peak Dose and Valley Dose. Despite these constraints, the Monte

Carlo approach provides a more continuous spread of values than the literature review

datasets. In particular, the simulation framework allows individual parameters to be varied in

a systematic manner; for example, maintaining a fixed Width while altering Valley Width, or
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holding fixed geometric parameters while changing the collimator displacement.

Peak Dose and Valley Dose were determined by simulating the beam profile along the

x-axis and fitting a 5-peak Gaussian curve (displayed in Equation 7.13), allowing the average

dose deposited per millimetre at the peaks and valleys to be calculated from the resulting

dose profile.

5-peak Gaussian fit function with a baseline:

f (x) = A1e
− (x−—1)

2

2ff21 + A2e
− (x−—2)

2

2ff22 + A3e
− (x−—3)

2

2ff23 + A4e
− (x−—4)

2

2ff24 + A5e
− (x−—5)

2

2ff25 + B; (7.13)

where:

• f (x) is the Gaussian function value at position x ,

• A1, A2, A3, A4, and A5 are the amplitudes of the five Gaussian peaks,

• —1, —2, —3, —4, and —5 are the means (the positions of the centres of each peak),

• ff1, ff2, ff3, ff4, and ff5 are the standard deviations, which indicate the widths of the

respective curves,

• B is the baseline offset that accounts for any constant background noise in the data.

Figure 7.16: Example of an in silico MBRT result displayed in 5-peak Gaussian fitted histogram.
The MBRT collimator configuration for this simulation was: 700 × 5000 —m slits with 3000 —m
centre-to-centre spacing. This collimator was placed directly after the beam.

Figure 7.16 shows an example of a histogram obtained during an MBRT simulation, fitted with

the 5-peak Gaussian. The collimator, placed directly after the beam, had slits of 5000 —m
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height, 700 —m width and 3000 —m centre-to-centre spacing for this example. The average

value at the peaks was calculated to be ∼0.0029 Gy/bin and ∼0.0001 Gy/bin at the valleys for

this example. This configuration results in a TCP calculation of ∼90% and an NTCP calculation

of ∼16%, which equates to a TCS of ∼90, an NTSS of ∼84 and a TIS of ∼74.

The variation in peak heights evident in Figure 7.16 arises primarily from the limited number

of bins used in the simulation. Due to software constraints, a minimum bin width was required

to avoid computational errors, which restricted the number of bins and prevented a smoother

Gaussian profile from being obtained.

To quantify statistical uncertainty arising fromMonteCarlo particle transport, each simulation

configuration was repeated ten times using identical geometric, physical, and radiobiological

parameters but independent random number seeds. For each configuration, themean values

of TCP and NTCP across the ten independent runs were calculated and used to derive the

corresponding TIS, TCS, and NTSS values for each data point. The standard deviation of the

ten independent runs was taken as a measure of the Monte Carlo statistical uncertainty. Using

this measure, error bars were approximated using the SEM calculation detailed in Equation

7.14 to account for the uncertainty on each data point, truncated at the physical limits of the

linear models: bars cannot extend below 0% or above 100%.

Standard error on the mean calculation:

ff =
ffstd√
n
; (7.14)

where ffstd is the standard deviation associated with each mean and n is the number of

runs for each data point (10 in this instance).

The processing of this data followed themethodology as detailed in Section 7.1.3, consistent

with both the FLASH and SFRT retrospective analysis studies. Although TCP and NTCP follow the

sigmoidal response detailed in Section 2.3 (e.g. Figure 2.4), the in silico data are presented

with the same linear-fit and Pearson-correlation framework as the SFRT retrospective studies,

so that the analyses remain directly comparable.

7.2.2 Results: Minibeam- MBRT
Therapeutic Index Score– TIS

There were no statistically significant correlations between TIS and any of the parameters.

Width holds the most statistically significant correlation with TIS, with a p-value of p = 0.147 and

a Pearson correlation coefficient of r = − 0.494. Figure 7.17 demonstrates that the correlation
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is poorly approximated by a linear fit due to the sigmoidal nature of the linear-quadratic

models. The model seems to predict a TIS ’sweet spot’ with beam Widths of 600 —m where the

therapeutic index is at a maximum.

Table 7.15: Statistical analysis for MBRT TIS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.053 0.862 0.286 0.274
Peak Dose -0.047 0.878 0.286 0.274
Valley Dose 0.157 0.608 0.282 0.274
% Peak Dose -0.120 0.604 22.028 21.626
PVDR -0.274 0.365 0.275 0.274
Width -0.494 0.147 24.910 27.012
Spacing -0.015 0.949 22.185 21.626
Valley Width -0.120 0.725 3.450 3.297

Figure 7.17: TIS plotted against the strongest beam parameter, Width. Error bars are estimated
by SEM to represent the fluctuations in the Monte Carlo simulation. The value close to 0 % has
a small calculated error that appears invisible on this scale.

Tumour Control Score– TCS
There was an emphasis on geometry in the TCS correlations, withWidth, % Peak Dose and PVDR

all holding statistically significant positive correlations. Width emerges as the most statistically

significant correlation (r = 0.901, p = 0.0004), followed by % Peak Dose (r = 0.582, p = 0.006)

and then PVDR (r = 0.555, p = 0.049).

Figure 7.18 suggests that the model predicts an increase in the TCS curve as the beamlet
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width increases, demonstrating that the linear-quadratic models pertain to a more classical

picture of biology, where a broader beam is more successful in treating a tumour.

Table 7.16: Statistical analysis for MBRT TCS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.325 0.279 0.149 0.151
Peak Dose 0.545 0.054 0.132 0.151
Valley Dose -0.431 0.142 0.142 0.151
% Peak Dose 0.582 0.006* 17.162 20.568
PVDR 0.555 0.049* 0.131 0.151
Width 0.901 0.0004* 12.951 28.155
Spacing 0.361 0.107 19.675 20.568
Valley Width 0.147 0.666 0.832 0.798

Figure 7.18: TCS plotted against the strongest beam parameter, Width. Error bars are estimated
by SEM to represent the fluctuations in the Monte Carlo simulation. The values close to 100 %
have small calculated errors that appear invisible on this scale.

Normal-tissue Sparing Score– NTSS
There was only one statistically significant result for this simulated dataset, Width, following

the trend of both TIS and TCS. Unlike TIS and TCS, NTSS had a negative correlation with Width

(r = − 0.955, p = 2e-05), suggesting that an increase in beam width would decrease tissue

sparing. This is also indicative of a classical picture of biology.

Figure 7.19 demonstrates a plateau at 100% sparing, with a sigmoidal drop when exceeding

600 —m, reflecting the behaviour of the NTCP model in the steep region of its sigmoid response
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curve, where small increases in dose to normal tissue result in a rapid rise in complication

probability. The sigmoid nature of the NTCP response is discussed in Section 2.6 and illustrated

in Figure 2.4, which highlights how modelled outcomes can shift rapidly within the therapeutic

index window. This transition should be interpreted as a feature of the model’s dose-response

sensitivity, rather than as a predicted biological threshold. ffnull > ff, suggesting that the fits

give an accurate representation of the data.

Table 7.17: Statistical analysis for MBRT NTSS data. Key: r - Pearson Correlation Coefficient, p
- p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose -0.085 0.782 0.421 0.404
Peak Dose -0.236 0.439 0.410 0.404
Valley Dose 0.268 0.377 0.407 0.404
% Peak Dose -0.529 0.014 23.993 27.549
PVDR -0.393 0.184 0.388 0.404
Width -0.955 2e-05* 12.693 40.523
Spacing -0.282 0.216 27.122 27.549
Valley Width -0.127 0.709 4.222 4.038

Figure 7.19: NTSS plotted against the strongest beamparameter, Width. Error bars are estimated
by SEM to represent the fluctuations in the Monte Carlo simulation. Values at the extremes (0
or 100 %) have small errors that appear invisible on this scale.

7.2.3 Results: Microbeam- MRT
Therapeutic Index Score– TIS
In contrast to the MBRT results, there were three statistically significant correlations in the MRT

TIS dataset. The most significant variable is Width, with a Pearson correlation coefficient of r =

107



0.961 and p-value of p = 2e-06, followed by Valley Width (r = − 0.794, p = 0.006) and % Peak

Dose (r = 0.439, p = 0.046).

Figure 7.20 displays a fluctuating pattern that is much more linear than that seen in the

MBRT results, showing a more pronounced positive relationship predicted by the models. The

fit is supported by ffnull > ff, indicating improved agreement with the modelled data.

Table 7.18: Statistical analysis for MRT TIS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.341 0.305 0.174 0.176
Peak Dose 0.329 0.323 0.175 0.176
Valley Dose -0.169 0.619 0.183 0.176
% Peak Dose 0.439 0.046* 6.785 7.361
PVDR 0.031 0.928 0.185 0.176
Width 0.961 2e-06* 2.743 9.429
Spacing -0.203 0.378 7.396 7.361
Valley Width -0.794 0.006* 2.962 4.593

Figure 7.20: TIS plotted against the strongest beam parameter, Width. Error bars are estimated
by SEM to represent the fluctuations in the Monte Carlo simulation.

Tumour Control Score– TCS
Width had the most statistically significant correlation with TCS (r = 0.982, p = 1e-07). This

correlation is a strong positive, as demonstrated in Figure 7.21, suggesting that increased beam

width results in improved tumour control. % Peak Dose also has a statistically significant positive
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correlation with TCS (r = 0.530, p = 0.013), likely due to its interdependence with Width.

Table 7.19: Statistical analysis for MRT TCS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.138 0.686 0.236 0.226
Peak Dose 0.126 0.712 0.236 0.226
Valley Dose -0.056 0.869 0.238 0.226
% Peak Dose 0.530 0.013* 7.572 8.705
PVDR -0.244 0.469 0.231 0.226
Width 0.982 1e-07* 2.161 10.784
Spacing -0.302 0.183 8.514 8.705
Valley Width -0.841 0.002* 3.406 5.941

Figure 7.21: TCS plotted against the strongest beam parameter, Width. Error bars are estimated
by SEM to represent the fluctuations in the Monte Carlo simulation.

Valley Width also emerged with a statistically significant correlation with TCS, with a p-value

of p = 0.002 and a negative Pearson correlation coefficient r = − 0.841. Similar to MRT, this

is suggestive of large beamlets with large spaces in order to control the tumour as well as

reduce adverse effects.

Normal-tissue Sparing Score– NTSS

There are four statistically significant correlations for the NTSS data, all geometric parameters.

These are: % Peak Dose, Width, Spacing and Valley Width. As would be expected with a
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classical picture of biology, % Peak Dose and Width have negative correlations (r = − 0.652,

p = 0.001 and r = − 0.739, p = 0.009) while Spacing and Valley Width have positive (r = 0.535,

p = 0.012 and r = 0.697, p = 0.025).

Table 7.20: Statistical analysis for MRT NTSS data. Key: r - Pearson Correlation Coefficient, p -
p-value (significance), ff - residual standard deviation, ffnull - residual standard deviation for
a 0 correlation. Statistically significant correlations are identifiable by an asterisk.

Parameter r p ff ffnull
Volume Average Dose 0.164 0.630 0.183 0.176
Peak Dose 0.167 0.623 0.182 0.176
Valley Dose -0.097 0.777 0.184 0.176
% Peak Dose -0.652 0.001* 1.651 2.122
PVDR 0.345 0.298 0.174 0.176
Width -0.739 0.009* 1.463 2.061
Spacing 0.535 0.012* 1.839 2.122
Valley Width 0.697 0.025* 1.474 1.939

Figure 7.22: NTSS plotted against the strongest beam parameter, % Peak Dose. Error bars are
estimated by SEM to represent the fluctuations in the Monte Carlo simulation. The values close
to 100 % have small calculated errors that appear invisible on this scale.

However, the data points in Figure 7.22 suggest that the apparent % Peak Dose correlation

could bedrivenbyapoint at approximately 60%. This point is also associatedwith a comparatively

large uncertainty, indicating significant fluctuations in the Monte Carlo simulations for these

configurations. Consequently, it is difficult to identify a clear pattern.

The identification of a well-defined correlation is also complicated by the expected
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sigmoidal-like response of the NTCP model and by the definition of % Peak Dose ( Width
Spacing · 100),

which depends on both Width and Spacing (and thus Valley Width). The superposition of

these sigmoidal responses gives rise to fluctuations and the appearance of multiple trends

within the dataset, as observed in Figure 7.22.

7.2.4 Discussion
An overview of the in silico results is presented in Figure 7.23.

Figure 7.23: Heat map of Pearson’s correlations between MRT/MBRT and their endpoints in
silico. The values range between -1 and 1, where the extremities (closest to -1 and 1) have the
deepest colour and the weakest correlations (closer to 0) have a weak colour. Statistically
significant correlations are identifiable by an asterisk at the top right of the corresponding
correlation coefficient. Key: TIS- Therapeutic Index Score, TCS- Tumour Control Score and NTSS-
Normal-tissue Sparing Score.

These results provide valuable insights into the trade-off between tumour control and

normal-tissue sparing in Spatially Fractionated Radiation Therapy (SFRT) that the current

linear-quadratic biological models predict. For instance, both SFRT models predict that

Width increasing will increase tumour control but reduce tissue sparing. This is identified by
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MBRT and MRT having positive correlations between Width and TCS (r = 0.901 and r = 0.982,

respectively) and negative correlations between Width and NTSS (r = − 0.955 and r = − 0.739,

respectively).

A critical consideration when interpreting these correlations is the interdependence

between parameters. Despite these interdependencies, the consistency of certain patterns

across both modalities strengthens confidence in the underlying biological insights. One

of the most notable outcomes from this study is the consistency of statistically significant

correlations across both Width and Valley Width parameters in MRT, despite these being varied

independently of one another. These metrics exhibit opposite correlation patterns, adhering

to a classical picture of radiobiology: increased beam widths result in higher tumour control

but reduced normal tissue sparing, while narrower valley widths produce the converse effect.

This is demonstrated by TCS showing a strong positive correlation with Width (r = 0.982) and a

negative correlation with Valley Width (r = − 0.841), while NTSS shows the opposite behaviour,

with a negative correlation with Width (r = − 0.739) and a positive correlation with Valley

Width (r = 0.697). Notably, TIS follows the same directional pattern as TCS, correlating positively

with Width (r = 0.961) and negatively with Valley Width (r = − 0.794), suggesting that the

therapeutic index is driven primarily by tumour control rather than normal tissue sparing.

While the MBRT and MRT simulations yielded similar results among the statistically significant

correlations that they share, MRT emerges with more statistically significant results. The MBRT

database contains four statistically significant correlations, whereas theMRT database contains

ten. This is perhaps an artefact of having a larger spread of values and larger increments in

between for the MBRT simulations, and perhaps more variation in the Monte Carlo at these

large values. As well as MRT having statistically significant correlations for changes in Width and

Valley Width, % Peak Dose also has statistically significant correlations with all three biological

end points. The correlations are indicative of the Width and Valley Width results, as this is a

direct calculation from both metrics. The pattern in the % Peak Dose results gives an overall

summary of the geometric parameter results, showing that a higher ratio of Width to Valley

Width results in increased tumour control (r = 0.530 with TCS) and decreased normal tissue

sparing (r = − 0.652 with NTSS). These results suggest that the trade-off between tissue sparing

and tumour control could be mitigated with collimators with large slit widths and also large

gaps between.

The review study and in silico databases being structured in the same way facilitates

comparison with the current body of literature against a fixed mathematical model. This is

displayed in Figures 7.24 and 7.25.
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The MBRT comparative results (Figure 7.24) have no statistically significant results in common.

Comparing the two sets of data shows very little common ground and often conflict. The

review study emphasises dosimetry as critical, with statistically significant negative correlations

between NTSS and all three dosimetric parameters (Volume Average Dose, Peak Dose, and

Valley Dose: r = − 0.620, r = − 0.638, r = − 0.573, respectively). These results appear to result

from the fact that a higher dose causes more damage, rather than a specific configuration

resulting in this. This is likely not reflected in the in silico results because the Peak Dose and Valley

Dose are linked, increasing one decreases the other (due to collimator displacement being

the reason for their increase and decrease), and thus they should have opposite correlations

and cannot both be the same sign.

Figure 7.24: Heat map showing the Pearson’s correlation coefficients between MBRT
parameters and their endpoints for the retrospective analysis ’review study’ compared to
the in silico study. The values range between -1 and 1, where the extremities (closest to -1
and 1) have the deepest colour and the weakest correlations (closer to 0) have a weak
colour. Statistically significant correlations are identifiable by an asterisk at the top right of the
corresponding correlation coefficient. Key: TIS- Therapeutic Index Score, TCS- Tumour Control
Score and NTSS- Normal-tissue Sparing Score.
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The in silico results also demonstrate more emphasis on geometry than the review study,

with the statistically significant Width, PVDR and % Peak Dose correlations. This is likely because

the simulated results were able to change Width in isolation without changing Valley Width,

allowing the observation of how Width changes in isolation rather than being diluted by

variations in the other geometric parameters, like in the literature review study.

Unlike MBRT, the MRT comparative results (Figure 7.25) have multiple statistically significant

correlations in common. Three statistically significant correlations have similar trends, these

are: Valley Width (with NTSS, r = 0.399 according to the literature review, r = 0.697 according

to the in silico model), % Peak Dose (with NTSS, r = − 0.409 literature review, r = − 0.652 in

silico) and Spacing (with NTSS, r = 0.367 literature review, r = 0.535 in silico). Both datasets

suggest that more healthy tissue is spared with larger beamlet spacing.

Figure 7.25: Heat map showing the Pearson’s correlation coefficients between MRT parameters
and their endpoints for the retrospective analysis ’review study’ compared to the in silico
study. The values range between -1 and 1, where the extremities (closest to -1 and 1) have
the deepest colour and the weakest correlations (closer to 0) have a weak colour. Statistically
significant correlations are identifiable by an asterisk at the top right of the corresponding
correlation coefficient. Key: TIS- Therapeutic Index Score, TCS- Tumour Control Score and NTSS-
Normal-tissue Sparing Score.
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The review study and in silico results have a statistically significant result that differs; the

correlation between TIS and Width. This correlation is negative for the review study (r = −

0.830) and positive for the in silico study (r = 0.961). Both TIS correlations seem largely driven

by the TCS correlations, which means that this difference is likely attributed to the fact that

the linear-quadratic models predict a more classical picture of biology, with increasing Width

resulting in a higher level of tumour control. The review study could either be a result of other

parameter variations or a reflection of underlying biological mechanisms not incorporated in

the computational models.

Another reason that these differences could occur is that the in silico model creates

instantaneous results. It examines the immediate biological response to irradiation. As

discussed in Section 7.1.7, timing has a bearing on the biological response. This could account

for differences between the two dataset modalities. Along with delayed processes, more

complex processes involved with SFRT are not included in this model. The in silico study is

time-integrated: TOPAS scores per history rather than per unit time, so the LQ output carries

no dose-rate dependence.

A recent study published by Balvasi et al. found similar limitations in the linear-quadratic

conventional models when exploring SFRT (specifically LRT and GRID) virtually compared to

physically. They observed discrepancies between physical and biological dose metrics and

suggest that intercellular signalling could be causing this discrepancy, significantly influencing

treatment response [243].

Cell signalling effects, such as the radiation bystander effects, are not accounted for in the

current biological model but are thought to be a process underpinning the biological response

to SFRT (see Section 2.7.2). If such models can be developed to account for processes such

as these, TOPAS could serve as an effective tool for optimising SFRT regimes more effectively.

This would provide valuable information when designing magnetic focusing systems, ensuring

that optimal configurations are considered from the outset.

7.2.5 Conclusion

This study provides important insights into thebalancebetween tumour control and normal-tissue

sparing in Spatially Fractionated Radiation Therapy (SFRT) using linear-quadratic modelling.

The findings demonstrate a strong relationship between beamWidth and the end-points across

both Minibeam (MBRT) and Microbeam Radiation Therapy (MRT) modalities. The geometric

parameters, particularly Width and Valley Width, were observed to have a critical role in

determining therapeutic outcomes. The model suggests that MRT configurations with wider
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beams and Valley Widths could offer better therapeutic outcomes.

Differences in the in silico results compared to the literature review may stem from the

linear-quadratic model’s inability to account for complex biological processes, such as a

potential radiation bystander effect, which could influence post-irradiation responses. Despite

these limitations, the in silicomodel provides valuable insights by isolating key beamparameters

and their impact on SFRT outcomes. Future improvements to the biological model, such as

incorporating delayed or secondary effects, could facilitate the design and optimisation of

SFRT regimes and magnetic focusing to be implemented at the LhARA end stations.

7.3 In vitro experiment to evaluate repair kinetics over time in SFRT
Observations from the TOPAS in silico simulations contrasted with findings from the retrospective

analysis study, highlighting that conventional linear-quadratic (LQ) models of Tumour Control

Probability (TCP) and Normal Tissue Complication Probability (NTCP) do not account for key

biological mechanisms underlying the effects of SFRT, for example, the radiation-induced

bystander effect. To understand the repair kinetics involved after SFRT irradiation, an in vitro

experiment was designed to track the evolution of radiation-induced damage.

7.3.1 Materials & methods
The in vitro experiment was designed to irradiate cells using a beam of MRT collimated protons

and track the damage at time points up to 24 hours. The first step of the experiment involves

preparing the cells.

Cell culture preparation
The following experiment protocol was carried out 3 times, twice with the FaDu cell line and

once with UM-SCC-12. Both cell lines are derived from types of head and neck squamous cell

carcinoma. FaDu is derived from a hypopharyngeal squamous cell carcinoma [244], while

UM-SCC-12 originates from a laryngeal squamous cell carcinoma [245].

The cells were retrieved from cryogenic storage and thawed. Cells were rapidly thawed in

a 37°C water bath and transferred to a pre-warmed medium dropwise to minimise osmotic

shock. The suspension was centrifuged at 1500 rpm for 3 minutes to pellet the cells, and the

supernatant was discarded. The cell pellet was resuspended in 1 mL of fresh medium and

transferred to a T75 flask containing 11 mL of growth medium. UM-SCC-12 cells were cultured

in DMEM, and FaDu cells were cultured in MEM, each supplemented with 10% fetal bovine

serum and 1% penicillin-streptomycin. Cells were placed in an incubator at 37°C with 5% CO2

until 80 – 90% confluence was reached before passaging.
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For passaging, the medium was aspirated, and the cells were washed with 10 mL of PBS

(without Ca2+/Mg2+). Trypsin (1 mL) was added to detach the cells, followed by neutralisation

with 9 mL of medium. A single-cell suspension was prepared by pipetting, ensuring uniform

distribution for further experiments.

Seeding

Cells were counted using a haemocytometer to ensure precise seedingdensity. After preparing

the single-cell suspension, 20 —L of the suspension was pipetted onto a clean haemocytometer.

Cells in the four corners of the squares were counted under a microscope. The concentration

of cells per mL was calculated using the method detailed in Equations 7.15 and 7.16.

Cell counting process:

C =
nt
4

× 104 cells/mL; (7.15)

where:

• C is the cell concentration,

• nt is the total number of cells in all four squares.

To achieve a seeding density of 100,000 cells (105) per 3.5 cm dish, the required volume of

the suspension was calculated using the equation:

V =
nr
C =

1× 105

nt
4 × 106

mL; (7.16)

where:

• V is the volume to seed,

• nr is the number of cells required.

Approximately 8 —L of cell suspension was added to each dish, ensuring uniform distribution.

4 × 3.5 cm diameter dishes containing 13 mm diameter coverslips were seeded for each time

point (1 hour, 4 hours, 8 hours and 24 hours post-irradiation, two at 4 Gy and two at 10 Gy),

along with two control dishes.

Irradiation & imaging
Once the cells adhered and reached the appropriate confluence, the cell dishes were

secured with parafilm to prevent media leakage and fastened to the target with the MBRT

collimator (Figure 7.27). The MBRT collimator was made up of 4 mm thick tantalum, with 15 slits

of width 100 —m, length 8 mm and centre-to-centre spacing of 500 —m (see Figure 7.26). The

collimator geometry used in this study was selected primarily based on practical availability.
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While the choice was not driven by an explicit optimisation for a particular biological effect,

the available collimator provides beam widths on the order of 100 —m, placing it at the

transition between the MRT and MBRT regimes. As such, it samples a parameter space that is

commonly explored within the SFRT literature and remains relevant for investigating spatially

fractionated dose delivery.

The dishes were each removed from the incubator before being irradiated using protons

accelerated by the MC40 cyclotron. The cyclotron operated with a beam energy of ∼28 MeV

and a conventional dose rate of ∼2 Gy/min. Half of the cells (excluding the control sets) were

irradiated with a 4 Gy dose across the volume, and the other half were irradiated with a 10

Gy dose across the volume.

Anexperiment carried out by Ryanet al. demonstrated that ICCM (irradiatedcell conditioned

media) extracted post-irradiation and placed on non-irradiated cells will provoke a similar

reduced clonogenic survival as the irradiated cells [246]. To avoid immediate contamination

by by-products that cause reduced clonogenic survival and ensure subsequent observations

reflect accurate post-irradiation cellular responses, the media was changed immediately

after irradiation. Cells were then incubated until their corresponding time point.

Figure 7.26: The tantalum
collimator used, designed and
constructed by Dr Tony Price at
the University of Birmingham.

Figure 7.27: Experimental
setup at the MC40 cyclotron
with the cell dish fixed to the
beam.

Figure 7.28: The analysis of
the beam profile at the point
where it interacts with the cells,
also provided by Dr Tony Price.

Staining
At each time point (1, 4, 8, and 24 hours), cells were fixed by aspirating the medium and

washing the cells with PBS. Fixation was performed using 1 mL of 10% formalin (equivalent

to 4% paraformaldehyde) for 10 minutes at room temperature, followed by two PBS washes.

Coverslips were transferred to a 24-well plate and stored at 4°C until staining.

For immunofluorescence staining, coverslips were first permeabilised with 0.2% Triton X-100

in PBS for 10 minutes. The cells were blocked with 2% BSA in PBS for 30 minutes at room
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temperature on a rocker. The primary antibody (‚H2AX, 1:4000 dilution) was applied overnight

at 4°C. ‚H2AX is the phosphorylated form of the histone variant H2AX, which is a specific

marker induced in response to DNA double-strand breaks. Applying this antibody will allow for

damage to be indicated when imaging in the red channel of a fluorescent microscope.

On the following day, cells were washed three times with PBS and incubated with the

secondary antibody (Alexa-555, 1:500 dilution) for 1 hour at room temperature, protected

from light to retain the fluorescent properties. After washing the coverslips, they were mounted

onto slides using Fluoroshield with DAPI to counterstain the nuclei. The DAPI stain allows for all

cells to be imaged (healthy and damaged) in the blue channel of a fluorescent microscope.

The slides were imaged using a BX53FL Olympus fluorescence microscope equipped with

filters and a 40 × objective to acquire images of ‚H2AX foci (Figure 7.29) and DAPI foci (Figure

7.30), with multiple fields captured per coverslip to ensure representative sampling. Figures

7.29 and 7.30 demonstrate images of the same coverslip field in two different channels, red for

‚H2AX foci and blue for DAPI foci.

Figure 7.29: Example of a ‚H2AX image (4
hours post 10 Gy FaDu irradiation), showing
damaged nuclei in red.

Figure 7.30: Example of a DAPI image (4
hours post 10 Gy FaDu irradiation– same
sample & position as Figure 7.29), showing
all nuclei in blue.

Image processing

The fluorescent images were processed using the MATLAB software. Each image (I) has three

channels, red, green and blue channels (R;G;B):

Raw image definition:

I(x; y ; c); c ∈ {R;G;B} (7.17)

where R;G;B denote the red, green, and blue channels, respectively.

The first step of imageprocessing is to identify and isolate the cells for both the ‚H2AX-stained
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images and the DAPI-stained images. This is done by isolating the specific colour channels

relevant to the antibody that was stained.

For the ‚H2AX images, this meant extracting the red channel above a certain threshold to

detect the ‚H2AX-stained nuclei:

Red channel image isolation:

IR(x; y) = Ic(x; y ; R) (7.18)

For the DAPI images, this meant extracting the blue channel above a certain threshold to

detect the DAPI-stained nuclei:

Blue channel image isolation:

IB(x; y) = Ic(x; y ; B) (7.19)

A binarymask of potential detected cell nuclei regions was created by applying an intensity

threshold T :

Binary mask:

B(x; y) =

8><>:
1; IR=B(x; y) > T

0; IR=B(x; y) ≤ T

T = 80 (7.20)

where IR=B(x; y) represents IR(x; y) for ‚H2AX stained nuclei and IB(x; y) for DAPI stained

nuclei.

The threshold valuewas determined to separate the damagemarkers from the background

noise, resulting in a binary image where damaged areas were highlighted.

Morphological operations were then carried out to enhance the quality of the binary

image. These were:

1. Object solidification: using the ‘imfill’ function in the MATLAB toolkit [247], holes within the

detected damage regions were filled, to ensure that a single nucleus was not counted

multiple times.

2. Background cleaning: using the ‘bwareaopen’ tool in MATLAB [248] to remove objects

below 30 pixels, small background artefacts were removed.

3. Cell separation: to separate cell clumps and define singular cells based on the distance

to the nearest boundary, a distance transform must first be applied to the binary mask

(B′(x; y), which is B(x; y) after the first two morphological operations):
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Distance transform:

D(x; y) = − bwdist
`
¬B′(x; y)

´
(7.21)

where bwdist is the Euclidean distance transform, this can be performed in MATLAB

using the ‘bwdist’ function found in the MATLAB toolkit [249]. The Euclidean distance

transform is a mathematical operation that assigns to each point in a digital image

the distance to the nearest feature of interest, using standard Euclidean geometry. For

each pixel in the binary image, the distance transform assigns a number that is the

distance between that pixel and the nearest non-zero pixel of the image.

Non-object pixels are set to −∞:

D(x; y) =

8><>:
D(x; y); B′(x; y) = 1

−∞; B′(x; y) = 0

(7.22)

This creates a ‘distance map’ where pixels at the centre of a cell have the highest values,

and pixels at the edges have the lowest. The watershed transform (W(D), Equation

7.23) can then use this map to separate touching cells by finding the natural boundary

between them: starting from each cell centre, it expands outward until it meets the

expansion from a neighbouring cell, at which point a boundary is drawn. This ensures that

two cells which appear to be touching or merged in the image are correctly separated

into two individual objects before being counted.

Watershed transform:

L(x; y) = W(D(x; y)) (7.23)

where W(D) is the MATLAB tool ‘watershed’ [250].

Due to the circular nature of the coverslips, the irradiated strips were oriented inconsistently

in the images. Consequently, the images needed to be rotated to align the ‘strips’ vertically

for consistent analysis. This involved a loop testing various angles and selecting the orientation

that maximised the count of detected cells in the ‘strips’. The process is depicted in Figure 7.31,

showing the output of the MATLAB software. The vertical orientation allowed the image to be

subdivided into 100 uniform bins along the x-axis, spanning the full image width. These bins

were defined at the level of image regions rather than individual camera pixels. Within each

bin, the number of damaged nuclei (identified by ‚H2AX staining) and the total number of
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nuclei (identified byDAPI staining) were counted. Accurate bin-wise quantification relies on the

watershed-based segmentation (Equation 7.23), which ensures that clustered or overlapping

nuclei are separated into individual objects before assignment to bins; without this step, nuclei

would be undercounted and spatial damage profiles distorted. Histograms generated from

this binning procedure are shown in Figure 7.32.

Figure 7.31: An example of the image rotation
& detection process with masks placed over
the detected cells on the left, blue masks
applied to the DAPI detected nuclei and red
masks applied to the ‚H2AX detected nuclei.
These images show FaDu cells at 4 hours post
10 Gy irradiation, the same cell set displayed
in Figures 7.29 and 7.30.

Figure 7.32: An example of the MATLAB output
of the histograms that display the number
of detected DAPI nuclei in each horizontal
bin (top) and the number of detected ‚H2AX
nuclei in each horizontal bin (bottom). These
histograms were created from the images
displayed in Figure 7.31.

Peak & valley measurement
The percentage of detected ‚H2AX nuclei relative to total nuclei was calculated for each

bin, providing a normalised measure of cell damage independent of cell confluence. This

normalisation was performed to reduce the influence of variations in cell confluence on the

trend of cell damage across the image. For example, a sparsely populated valley region

could otherwise be misinterpreted as an area with no damage, when in fact there are simply

no cells present. The percentage of damaged cells per bin was calculated using the following

equation:

Histogram binning calculation:

Percent damaged =
Detected ‚H2AX nuclei
Detected DAPI nuclei × 100; (7.24)

The resulting percentage values were plotted as a histogram to visualise the distribution of

cell damage across the image, see Figure 7.33. A three-peak Gaussian function with baseline
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fitting was applied to the data to approximate the observed trend, enabling quantitative

estimation of features such as the peak (maximum) and valley (minimum) percentage of

damaged nuclei.

Figure 7.33: An example of the Gaussian-fitted histograms displaying the % of ‚H2AX-positive
nuclei relative to DAPI-stained nuclei in each horizontal bin, with the Gaussian fit line shown in
red. Peaks are marked with green dots and valleys with blue dots. ‚H2AX marks unresolved
DNA double-strand breaks, so this metric reflects the proportion of nuclei carrying detectable
foci at the moment of fixation rather than the cumulative population exposed to damage.

The fitted Gaussian function can be expressed mathematically as:

3-peak Gaussian fit function with a baseline:

f (x) = A1e
− (x−—1)

2

2ff21 + A2e
− (x−—2)

2

2ff22 + A3e
− (x−—3)

2

2ff23 + B; (7.25)

where:

•• f (x) is the Gaussian function value at position x ,

• A1, A2, and A3 are the amplitudes of the three Gaussian peaks,

• —1, —2, and —3 are the means (the positions of the centres of each peak),

• ff1, ff2, and ff3 are the standard deviations, which indicate the widths of the respective

curves,

• B is the baseline offset that accounts for any constant background noise in the data.
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The average peaks and valleys were extracted from each image, along with errors defined

as the accuracy of the fitted Gaussian model, which was assessed by calculating the standard

deviation of the residuals. For each dose and time point, the clearest four images were

selected for processing, and the average percentage of damage in the peaks and valleys

was recorded, recording four data points per time point post-irradiation (three at 24 h post 4

Gy in UM-SCC-12, where the fourth coverslip was not viable). Images were also taken outside

of the irradiated region (a control group) to look at the damage changes over time for cells

that had not been irradiated but were subject to the same process, to identify a ‘background’.

The average percentage of damage in the peaks and valleys at each time point was plotted

to identify any damage migration patterns.

For each time point, the best four points (three for the exception) were averaged to obtain

a representative value. The total uncertainty on each averaged point was calculated by

combining the reported measurement uncertainty with the variability between points.

Specifically, the standard error of the mean (SEM) was calculated as:

SEM calculation:

SEM =
s√
n
; s =

vuut 1

n − 1

nX
j=1

(yj − ȳ)2; (7.26)

where yj denotes each individual measurement included in the average, ȳ is the mean of

these measurements, and n is the number of measurements.

The total uncertainty for the averaged point was then obtained by combining the SEM with

the measurement uncertainty in quadrature:

Total uncertainty calculation:

ffcombined =

q
ff2meas + SEM2; (7.27)

where ffmeas is the reported measurement uncertainty for each individual data point.

The point-wise uncertainty ffcombined (Equation 7.27) is therefore plotted as an error bar on

each averaged data point, truncated at the physical limits of the percentage-damaged

nuclei: bars cannot extend below 0% or above 100%. This approach accounts both for the

variability among repeated measurements and the intrinsic uncertainty of the measurement

method.

It is predicted that the ‚H2AX detection decays exponentially. Current literature [251]
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predicts that ‚H2AX loss follows a biphasic exponential decay, decaying in 2 phases that

depend on the repair kinetics of the cell line. This reflects two distinct phases of DNA repair:

an initial fast phase and a slower, extended phase. The rapid decrease in ‚H2AX is thought to

be driven by non-homologous end joining (NHEJ), a quick repair process that directly rejoins

broken DNA ends, making it efficient but more prone to errors. NHEJ is the primary repair

mechanism in most mammalian cells and is mainly active in the early hours after damage

occurs [252]. The slower phase is believed to represent more complex repair processes [253].

Recent experiments carried out by Fabbrizi et al. at the University of Birmingham observed

gradual ‚H2AX reductions over time for both FaDu cells and UM-SCC-12 cells [254]. The

irradiation, staining, fixing and imaging process used by Fabbrizi et al. is similar to the method

detailed in this study, except with a broad beam of protons and only fixing and staining at 3

time points (1 hour, 8 hours and 24 hours). With only 3 time points, it cannot be determined if

this ‚H2AX decline follows the expected exponential decay.

To characterise the repair kinetics in the acquired dataset, the measured ‚H2AX values

were fitted with a single-exponential decay model. Due to the limited number of time

points in this study (4), a more complex model (e.g. biphasic decay) could not be used.

A single-exponential fit (Equation 7.28) provides a simple, smooth approximation of the overall

repair behaviour and allows quantification of the average repair rate and the plateau level

observed at later times.

Exponential decay:

‚H2AX(t) = A · e−–t + B; (7.28)

where:

•• A is the initial signal amplitude

• B represents the baseline fluorescence, which accounts for any residual ‚H2AX signal.

• –, the decay constant, provides an indication of the rate at which damage is repaired,

or cells undergo apoptosis.

• t is the time post-irradiation.

Peak damage kinetics were quantifiedby fitting thismodel to themeanpeak damagedata.

Fits were performed usingweighted non-linear least squares in Python (‘scipy.optimize.curve_fit’

[255]), with point-wise uncertainties calculated from Equation 7.27. Parameter uncertainties

for A, –, and B were obtained as the square roots of the diagonal elements of the covariance

matrix returned by the fit, reflecting the estimated standard errors of each parameter.
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Valley damage evolution was not fitted independently. Instead, the peak repair kinetics

were used to predict valley behaviour by scaling the fitted peakmodel to match themeasured

valley damage at 1 hour post-irradiation. This approach tests whether valley regions follow

the same temporal repair dynamics as peaks, differing only by an overall scaling factor, rather

than assuming an independent repair mechanism.

The unirradiated control data were fitted with straight horizontal lines, as no changes are

expected over time.

7.3.2 Results
Peak damage
Figure 7.34 shows the time-dependent response of damage in the irradiated peak regions

following 4 Gy MRT proton exposure. The data for all three cell lines demonstrate a clear

exponential repair pattern: a rapid initial decline in damage from 1 to 4 hours, followed by

a more gradual reduction up to 24 hours. This is consistent with established models of DNA

double-strand break repair marked by ‚H2AX foci, where NHEJ drives early repair, and slower

repair reflects ongoing signalling and resolution [253]. This decline is a desirable outcome in

SFRT, where effective repair in the high-dose regions may indicate that surviving cells retain

repair capacity.

Figure 7.34: The average peak % of damaged
nuclei post 4 Gy MRT irradiation at 1 hour,
4 hours, 8 hours, and 24 hours was fitted to
approximate an exponential curve. Error bars
are approximated according to Equation
7.27.

FaDu(1) FaDu(2) UM-SCC-12
A 78.07 ± 22.46 53.82 ± 21.86 102.91 ± 42.98
– 0.27 ± 0.13 0.29 ± 0.22 0.45 ± 0.33
B 29.94 ± 9.22 20.13 ± 9.93 11.10 ± 8.73

Table 7.21: Calculated approximations for the
exponential decay equation constants for
each cell line for peak damage post 4 Gy
MRT. Constants A and B have units of % and –
has units of hr−1. The uncertainties reflect the
estimated standard errors of each parameter.

Figure 7.35 illustrates the peak region damage response following 10 Gy SFRT. At 10 Gy, a

downward trend is also observed, consistent with the expected exponential repair kinetics

post-MRT irradiation, even at high in vitro doses. However, the kinetics are less distinctly

exponential and more variable across cell lines than the 4 Gy results. This may reflect cellular
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stress at higher doses: at 10 Gy, the extensive damage could exceed repair capacity, invoke

cell cycle arrest, or trigger programmed cell death. This interpretation is supported by prior

literature identifying 10 Gy as a threshold for toxicity in many tumour lines [256].

Figure 7.35: The average peak % of damaged
nuclei post 10 Gy MRT irradiation at 1 hour,
4 hours, 8 hours and 24 hours fitted to
approximate an exponential curve. Error bars
are approximated according to Equation
7.27.

FaDu(1) FaDu(2) UM-SCC-12
A 76.91 ± 20.81 66.25 ± 54.08 94.99 ± 9.18
– 0.07 ± 0.10 0.06 ± 0.12 0.17 ± 0.07
B 41.05 ± 34.66 15.50 ± 65.89 19.82 ± 9.18

Table 7.22: Calculated approximations for the
exponential decay equation constants for
each cell line for peak damage post 10 Gy
MRT. Constants A and B have units of % and –
has units of hr−1. The uncertainties reflect the
estimated standard errors of each parameter.

Valley damage

Figure 7.36 displays the damage trends in the valley regions post 4 Gy MRT. Damage levels

are notably lower than in the peaks, which reflects the objective of SFRT. To visualise whether

damage in valleys followed similar repair dynamics, the peak-derived exponential fit was

scaled to the valley value at 1 hour and overlaid for comparison for each cell line. In all cases,

valley damage did not follow similar repair kinetics to the peak damage. Instead, the levels

remained largely flat with fluctuations over time. This could indicate that:

• There was no indirect/bystander damage accumulated over time.

• Indirect damage was repaired over time.

• Any potential bystander-mediated DNA damage did not accumulate or resolve with

characteristic repair kinetics.

• Time points were incomparable due to variations in cell culturing and staining (indicated

by large fluctuations).

There was a slight damage increase in the valleys, particularly with the UM-SCC-12 cell line,

at 24 hours; however, a similar trend was observed in unirradiated controls (see Figures 7.38

and 7.39), indicating a non-irradiation-related cause.
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Figure 7.36: The average valley % of
damaged nuclei post 4 Gy MRT irradiation at
1 hour, 4 hours, 8 hours and 24 hours, fitted by
the peak-derived exponential fit for the same
cell lines, scaled to the valleys for comparison.
Error bars are approximated according to
Equation 7.27.

Figure 7.37: The average valley % of
damagednuclei post 10GyMRT irradiation at
1 hour, 4 hours, 8 hours and 24 hours, fitted by
the peak-derived exponential fit for the same
cell lines, scaled to the valleys for comparison.
Error bars are approximated according to
Equation 7.27.

Figure 7.37 shows the same analysis following 10 Gy SFRT. This trend reflects the 4 Gy results:

valley damage is minimal, flat and noisy, with no definitive evidence of peak migration to the

valleys.

Notably, at 1 hour post-irradiation, the valleys show a higher percentage of damage for

both 4Gy and 10Gy. Although this does not represent accumulated damage over time, it may

indicate early signalling effects. These immediate effects are consistent with the observations

of the ICCM experiment by Ryan et al. [246] discussed in Section 7.3.1. For both Figures 7.36

and 7.37, this variation may also be attributable to the fitting uncertainty, as indicated by the

error bars.

Unirradiated controls

Control regions from 4 Gy and 10 Gy experiments are displayed in Figures 7.38 and 7.39,

respectively. These portions of the coverslips were positioned away from the irradiated field

and serve as unexposed baselines. It is important to note that the unirradiated control

samples were processed significantly later than the irradiated groups. As ‚H2AX fluorescence

intensity diminishes over time due to photobleaching and signal degradation, a lower intensity

threshold was required during image acquisition to pick up signals. This adjustment may

have artificially elevated the apparent percentage of damaged nuclei in these controls.

Therefore, subsequent analyses focus on relative trends over time rather than absolute damage

percentages.

As expected, most cell types exhibit consistent background damage across time. However,
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in both dose conditions, UM-SCC-12 showed an unexpected rise in damage at 24 hours,

resembling the trend seen in the valleys post 4 Gy irradiation. This may be attributed to the

inconsistency in staining, confluence or a cell-intrinsic biological response, as this effect was

observed exclusively in the UM-SCC-12 cell line and not in either of the FaDu experiments.

Figure 7.38: The average % of damaged
nuclei in the cells not in the beam path post
4 Gy MRT irradiation at 1 hour, 4 hours, 8 hours
and 24 hours fitted by a flat expected level
of damage. Error bars are approximated
according to Equation 7.27.

Figure 7.39: The average % of damaged
nuclei in the cells not in the beam path
post 10 Gy MRT irradiation at 1 hour, 4
hours, 8 hours and 24 hours fitted by a flat
expected level of damage. Error bars are
approximated according to Equation 7.27.

7.3.3 Discussion
For all three experiments, a consistent decline in the percentage of damaged nuclei was

observed in the peaks (irradiated regions) post-MRT irradiation, indicative of ongoing DNA

repair. The peak data exhibit exponential repair kinetics consistent with direct double-strand

break repair and support the notion that cells in the high-dose regions repair and recover over

time, especially at 4 Gy. This is the intended result with SFRT: to allow for repair and recovery

between doses.

In contrast, the valley and control regions show no consistent pattern of damage increase

or repair, which indicates that significant bystander effects are not evident in this experiment.

Higher valley damage percentages at 1-hour post-irradiation may indicate early signalling

effects, though there is no accumulation over time, and the error bars could account for

this variation. Another possible explanation is related to the Gaussian fitting, where very high

peak values at maximum damage could shift the baseline upward, giving the impression of

elevated valley values. Similarly, while the slight 24-hour increases in UM-SCC-12 damage may

hint at either biological or technical artefacts, the lack of change over time in the majority of

data suggests a minimal role for bystander effects under these conditions. Interpretation of

the valley results is constrained by technical limitations in the imaging and analysis.

There were two key limitations of this experiment. First, because different coverslips had
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to be used and fixed at each time point rather than tracking the same set of cells, there

was unavoidable variation in cell confluence and antibody staining across samples. These

differences introduce variability in signal intensity and reduce comparability between time

points. Second, due to the resolution constraints of wide-field imaging, it was not possible to

simultaneously visualise both the individual ‚H2AX foci within nuclei and the spatial pattern of

peak and valley regions. As a result, quantification was based on the percentage of nuclei

exceeding a fluorescence threshold rather than on direct foci counts, which limits the precision

of damage assessment.

Future studies will aim to mitigate these issues by employing live-cell imaging with ‚H2AX

tracking to observe DNA damage dynamics within the same cells over time. This approach will

allow investigation into whether damage signals emerge or propagate into the non-irradiated

valley regions. Comparable efforts in real-time radiation biology have demonstrated the

feasibility of live-cell imaging to monitor ‚H2AX damage dynamics. For instance,

Trakarnphornsombat et al. used fluorescent antibodies to track ‚H2AX in live cells immediately

following laser-induced DNA damage, allowing real-time observation of early DNA repair

dynamics [257]. A setup like this at the end of the beamline would allow analysis of the

movement or spread of damage over time, allowing for a more accurate detection of

subtle bystander effects and a better understanding of the repair kinetics involved with SFRT

irradiations.

7.3.4 Conclusion
This study was conducted to explore repair kinetics in the peaks and valleys of tumour cells

after MRT proton irradiations at 4 Gy and 10 Gy. Peak regions showed expected exponential

repair behaviour, while valleys and distant controls remained essentially flat in damage

over time. This suggests an absence of substantial bystander signalling under the current

experimental conditions and highlights the extent to which technical limitations constrain the

interpretability of these findings. Limitations in the experimental protocol preclude definitive

conclusions, but the data form a strong foundation for future work involving real-time imaging

and improved quantification. These next steps will help refine our understanding of the

underlying mechanisms involved with SFRT and support the development of more targeted

radiotherapy strategies.
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8. PoPLaR

Chapter Motivation: The LhARA concept relies on the development of laser-driven proton

and ion beams and understanding the radiobiological significance of a laser-driven system.

A key step in this progression is the PoPLaR (Proof-of-Principle Laser-driven Radiobiology)

experiment, designed to demonstrate the feasibility of delivering biologically relevant

proton doses using a laser-driven beam. To achieve this within the constraints of the

SCAPA facility, a compact and efficient beam-transport system is required. Due to the high

divergence and broad energy spread of laser-driven proton beams, shaping and filtering

are necessary to ensure the beam is spatially and spectrally matched to the biological

target. Bayesian optimisation was applied to a linear optic model to determine optimal

quadrupole characteristics for focusing the beam and narrowing its energy spectrum. The

resulting configuration was then evaluated in a Monte Carlo framework (TOPAS), which

accounts for scattering and secondary particle production absent in the linear optic

model, allowing detailed assessment of dose, linear energy transfer (LET), relative biological

effectiveness (RBE) and energy deposition within the cellular region of the biological target.

The aim is to establish an optimisation framework that enables beam configurations to be

parametrised in silico, facilitating the design of beamline components and providing insight

into the expected characteristics of the resulting beam. ¨

The PoPLaR experiment has been initiated by the LhARA collaboration to provide an early

platform for radiobiology research using laser-accelerated protons. The objective is to exploit

the infrastructure at the Scottish Centre for the Application of Plasma-based Accelerators

(SCAPA), initially developed for very high energy electron (VHEE) radiobiology studies, for

radiotherapy research relevant to laser-based ion sources. A compact beamline incorporating

high-field permanent magnet quadrupoles will be used to capture and transport protons

generated by the SCAPA laser system.

To parametrise this compact beamline, a beamline optimisation framework has been

developed. A linear optic simulationwas used to explore feasible configurations of quadrupoles

and collimators capable of delivering the required beam characteristics within SCAPA’s spatial

constraints. Bayesian optimisation was used to identify configurations that optimise transmission

and allow dose delivery that covers the cellular region. The optimised designs were then
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evaluated in a Monte Carlo simulation framework to account for scattering and secondary

radiation, and to assess dosimetric properties at the biological target.

8.1 Simulated optimisation of the proof-of-principle experiment

8.1.1 Materials & methods

The linear opticmodel consists of a collection of transfermatrices that simulate eachcomponent

of the beamline. The laboratory reference frame of the PoPLaR linear optic simulation is at the

position of the laser focus at the laser-target interaction point. The z-axis is oriented horizontally,

parallel to the nominal capture axis, the y -axis is vertically aligned, and the x-axis completes

the right-handed orthogonal coordinate system. The distance travelled by the reference

particle along the z-axis is denoted by s.

The trace space, derived from the phase space expressed in the RPLC (reference particle

local coordinate) frame, allows for the calculation of the trajectory of the reference particle

as it moves through each beamline element. The definition of trace space is given below,

where xRPLC, yRPLC and zRPLC are the x , y and z positions of the particle in the RPLC frame and

px RPLC, py RPLC and pz RPLC are the momentum components at these positions.

RPLC trace space:

ϕ =

0BBBBBBBBBBBB@

xRPLC

x ′RPLC
yRPLC

y ′RPLC
zRPLC

‹RPLC

1CCCCCCCCCCCCA
; (8.1)

where:

x ′RPLC =
@x

@s
=
cpx RPLC

cp0
; (8.2)

y ′RPLC =
@y

@s
=
cpy RPLC

cp0
; (8.3)

zRPLC =
s

˛0
− ct =

‹s

˛0
; (8.4)

‹RPLC =
E

cp0
− 1

˛0
=
‹E

cp0
; (8.5)
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and:

‹s = s − s0 ; (8.6)

‹E = E − E0 ; (8.7)

where: s0- reference particle position; E0- reference particle energy; p0- reference particle

momentum.

and:

˛0 =
v0
c
; (8.8)

‚0 =
1q

1− ˛20

; (8.9)

where c is the speed of light.

The particle beam trace space vector, ϕ, is propagated through the beamline by sequentially

applying transfer matrices corresponding to each beamline element. Mathematically, this is

expressed as:

Trace space transformation:

ϕend = T ϕstart ; (8.10)

where ϕstart is the trace-space vector at the start of the beamline element and ϕend is the

transformed trace-space vector at the end. T is the total transfer matrix.

The total transfer matrix represents the total transfer matrix after being transposed through

multiple different components, e.g. for a setup of a collimator and a quadrupole pair:

Total system transfer matrix:

T = T
col

· T
dr if t

· T
Fquad

· T
dr if t

· T
Dquad

; (8.11)

These transfer matrices are derived under the thin-lens approximation and describe how

each element transforms the beam’s position and momentum coordinates. An example of

these thin-lens derived matrices is displayed in Equation 8.12, the transfer matrix for a focusing

quadrupole magnet, T
Fquad

:
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Focusing quadrupole transfer matrix:

T
Fquad

=

0BBBBBBBBBBBBBB@

cos(
p
kq lq)

sin(
√
kq lq)√
kq

0 0 0 0

−
p
kq sin(

p
kq lq) cos(

p
kq lq) 0 0 0 0

0 0 cosh(
p
kq lq)

sinh(
√
kq lq)√
kq

0 0

0 0
p
kq sinh(

p
kq lq) cosh(

p
kq lq) 0 0

0 0 0 0 1
lq
˛20‚

2
0

0 0 0 0 0 1

1CCCCCCCCCCCCCCA
; (8.12)

where lq is the horizontal length of the quadrupole and kq is a constant, derived from the

magnetic field strength (Bq), defined (for an axisymmetric quadrupole) as:

kq =
gc

p
× 10−3 ; (8.13)

where the field gradient, g , is defined as:

g =
@Bqx
@x

=
@Bqy
@y

; (8.14)

for equal fields in x and y.

By applying the appropriate transfer matrices in sequence, the simulation propagates

the beam’s trace space vector from the start to the end of the beamline, allowing for the

prediction of particle trajectories and beam envelope evolution through the combined effects

of drifts, collimators, and quadrupole focusing elements.

8.1.2 Beamline optimisation

To determine the optimal beamline layout, including drift distances and the lengths and

magnetic gradients of quadrupole elements, Bayesian optimisation with Gaussian Process

(GP) regression was implemented in Python [152]. This optimisation method is detailed in

Section 4.2.3. An initial broad optimisation was performed across a wide search space,

constrained only by the total beamline length (1.4 m) to ensure compatibility with the available

space at SCAPA. This optimisation phase identifies the optimal quadrupole properties and
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narrows down the range of the search spaces.

At the end of the beamline, cells are cultured on Mylar sheets and placed at the top of

glass rings. The glass rings have an inner diameter of 1.85 cm and an outer diameter of 2.25

cm. The cells are cultured on the inner surface of the Mylar layer to avoid beam attenuation

caused by passing through the air or any medium. As the cultured area has a diameter of

1.85 cm, the beam must be shaped to deliver a spot size of 1.85 cm to ensure complete

coverage of the target. Irradiation across this area is critical for the planned clonogenic

survival assays, which require consistent dose delivery to all regions of the cell layer to produce

more consistent and interpretable biological responses.

Two source beams were specified as inputs to the optimisation framework. These are:

1. Pencil beam: To isolate beamline-dependent effects from beam source characteristics,

initial simulations were carried out using a pencil beam. The beam was modelled as

a narrow Gaussian with a mean energy of 10 MeV ± 0.3 MeV and an angular spread

limited by setting cos(„) ≥ 0.999, resulting in a small maximum divergence angle and

producing a well-collimated source suitable for initial beamline characterisation. This

served as a baseline for system performance under minimal divergence conditions,

allowing for optimal quadrupole lengths and strengths to be determined.

2. SCAPA divergent beam: Following initial experiments at SCAPA, divergence-energy

data were provided for a range of proton energies (see Table 8.1). These data enabled

more realistic modelling of the expected beam conditions of the PoPLaR experiment. A

polynomial fitted to the data (see Figures 8.1 and 8.2) estimates a divergence

corresponding to cos(„) = 0.977156 at 10 MeV. This value was used to define a second

Gaussian beam with a mean energy of 10 MeV ± 0.3 MeV and an angular spread limited

by setting cos(„) ≥ 0.977156.

Table 8.1: Half angle divergence θ 1
2
–energy data provided by SCAPA initial experiments.

Proton Energy (MeV) θ 1
2
(°)

1.200 18.676
3.200 18.213
5.500 17.143
7.800 14.601
9.600 12.761
11.200 10.236
12.600 6.500
13.900 1.918
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Figure 8.1: The half-angle divergence SCAPA
data plotted against energy, annotated with
a dashed line to highlight the divergence at
10 MeV.

Figure 8.2: The cos(„) half-angle divergence
SCAPA data plotted against energy
annotated with a dashed line to highlight the
cos(„) divergence at 10 MeV.

Both beamlines were set up using two collimators with a pair of quadrupole doublets (four

quadrupoles) in between. Collimator 1 filters out particles outside the desired energy range

and defines the beam shape. Collimator 1 is placed 3 cm downstream of both sources (s =

3 cm) to reduce off-axis and off-energy particles before magnetic focusing, without being

placed so close as to interfere with the tape drive at SCAPA.

Collimator 2 is placed 2 cm upstream of the biological target to fine-tune the beam,

ensuring spatial and energy confinement so only protons within the target energy range

reach the intended region. Collimator 2 also restricts protons to the target region, preventing

excessive particle presence outside the treatment area. A four-quadrupole FDFD (2 sets of

focusing, defocusing quadrupole pairs in sequence; with respect to the x direction) setup was

chosen to allow the beam to be spread-out to a larger, biologically relevant spot size (≥ 1 cm

diameter). The projected setup is shown in Figure 8.3.

Figure 8.3: Visualisation of the PoPLaR beamline components before optimisation.

Both beamlines are parametrised in three stages that can be independently optimised to

identify the most effective configuration for beam delivery within the spatial and experimental
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constraints of the SCAPA facility. These are:

1. Determination of collimator 1 aperture

2. Optimisation of the 4 quadrupole lengths and positions

3. Determination of collimator 2 aperture

Step 1: Collimator 1 aperture determination

Figure 8.4: Visualisation of the PoPLaR beamline components, highlighting step 1 of
optimisation, the first collimator, in green.

To determine the optimal apertures of the first collimator, phase-space histograms were

generated at s = 0.03 m, mapping the transverse distribution of particles within 5% of the

nominal energy (10 MeV).

The pencil beam phase-space histograms are displayed in Figure 8.5, demonstrating that

most particles were concentrated within ± 1.5 mm in both transverse directions, justifying the

use of a circular aperture of 1.5 mm radius.

Figure 8.5: Histograms to display the pencil beam distribution at the position of collimator 1 for
particles within 5% of 10 MeV. The plot was made with 100,000 particles with a drift of 3 cm
after the particle source.
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The SCAPA divergent beam phase-space histograms are displayed in Figure 8.6. Compared

to the pencil beam case, the distribution is significantly broader, with most particles confined

within ± 6.5 mm in both transverse directions. Consequently, a collimator with a circular

aperture radius of 6.5 mm (0.0065 m) was found to be sufficient.

Figure 8.6: Histograms to display the SCAPA divergent beam distribution at the position of
collimator 1 for particles within 5% of 10 MeV. The plot was made with 100,000 particles with a
drift of 3 cm after the particle source.

Step 2: Determine best quadrupole lengths & positions

Figure 8.7: Visualisation of the PoPLaR beamline components, highlighting step 2 of
optimisation, the 4-quadrupole setup, in green.

The second phase optimises the layout and strengths of the four

quadrupoles. The optimisation process involved a multidimensional search space, focusing

on three key quadrupole parameters:

1. Quadrupole magnetic gradients (G)

2. Quadrupole lengths (L)

3. Quadrupole positions along the z-axis
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The optimisation objective was to maximise beam transmission to the target area, while

ensuring a final spot diameter between 1.85 cm and 2.25 cm, to ensure that the biological

target is covered. Anobjective/cost function for Bayesian optimisation is explained in Section 4.2.3.

To maximise the transmission, the transmission objective/cost function was defined as:

Transmission cost:

Costt = 100−
„
Ntarget
Nsource

× 100

«
; (8.15)

where Ntarget is the number of particles reaching the scoring region within the desired radius,

and Nsource is the total number generated at the source.

Basedon the initial results obtained from thepencil beamoptimisation, a flexible quadrupole

arrangement was decided upon. Specifically, six Halbach quadrupoles, each 2 cm in

length, 1 cm radius aperture and with a gradient strength (G) of 150 T/m, were designed

and constructed. A modular clamping system was also developed to allow for adjustable

effective quadrupole lengths, enabling fine-tuning of the beamline once the SCAPA beam

was available for testing.

Figures 8.8 and 8.9 highlight the amount of particle loss expected as a 1 cm radius aperture

moves past its minimum position. At this minimum point, the SCAPA divergent beam starts to

lose particles, whereas the pencil beam remains much smaller than the aperture for the full

1.4 m beamline. For this reason, it is expected that the SCAPA divergent beam quadrupoles

will find optimal quadrupole positions much closer to the source than the pencil beam.

Figure 8.8: Graph to show the pencil
(blue) and SCAPA divergent (orange) beam
trajectories. The minimum quadrupole
distance is demonstrated by a dashed grey
line at z = 4 cm.

Figure 8.9: Graph to show the % of pencil
(blue) and SCAPA divergent (orange) beam
lost as the aperture is moved away from the
source.

139



Table 8.2 outlines how the six quadrupoles enable up to 15 distinct length configuration

combinations to be implemented for the SCAPA beam.

Table 8.2: Table to demonstrate the number of quadrupole combinations possible.

Total Quads Used (n) Compositions `n−1
3

´ Value
4

`3
3

´
1

5
`4
3

´
4

6
`5
3

´
10

An initial Bayesian optimisation was performed across the 15 possible quadrupole

configurations (assembled from combinations of 2 cm magnets). Each configuration was

evaluated over 4000 iterations (20 random seeds × 200 evaluations to avoid getting stuck in a

local minimum), searching for the best transmission to a spot size of between 1.85 and 2.25

cm. Configurations with spot sizes below 1.85 cm were rejected to enable full beam coverage

over the target.

The mean of the three best-performing configurations for each quadrupole combination

was used to estimate the best cost for a particular combination. Figure 8.10 shows a histogram

displaying the mean best transmission for each quadrupole combination for the pencil beam

histogram, and Figure 8.11 shows the same histogram for the SCAPA divergent beam.

Figure 8.10: Histogram displaying the average
transmission of the top 3 quadrupole positions
for each possible quadrupole configuration
for the pencil beam.

Figure 8.11: Histogram displaying the average
transmission of the top 3 quadrupole positions
for each possible quadrupole configuration
for the SCAPA divergent beam.

This approach identifies configurations that offer the greatest flexibility in quadrupole

positioning, which allows for drift spaces to be adjusted to optimise the beam shape at the

target without significantly compromising transmission. In contrast, selecting configurations
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based solely on the single best cost value may highlight solutions with very narrow transmission

peaks, limiting the ability to fine-tune the beamline without substantial particle loss.

For the pencil beam, the highest average transmission was found using a setup of

quadrupoles of the length and order: 4 cm (F), 4 cm (D), 2 cm (F), 2 cm (D), demonstrated

in Figure 8.10. For the SCAPA divergent beam, the highest average transmission was found

using a setup of quadrupoles of the length and order: 4 cm (F), 2 cm (D), 2 cm (F), 2 cm (D),

demonstrated in Figure 8.11.

These two setups were therefore selected for fine-tuning via a second Bayesian optimisation,

in which only the quadrupole positions (drift lengths) were varied to minimise Costt (see

Equation 8.15). For the ten configurations with the highest transmission optimisation, additional

cost metrics were defined to run a more specific Bayesian optimisation that determined the

positions of the best quadrupole lengths:

1. Axisymmetric cost: This metric quantifies how circular (axisymmetric) the beam profile is

at the end station. Mathematically, it is defined as:

Axisymmetric cost:

Costa =
»
ln

„
ffx
ffy

«–2
; (8.16)

where ffx and ffy represent the final horizontal and vertical beam widths, respectively.

An axisymmetric (circular) beam results in a minimal axisymmetric cost.

2. Divergence cost: This metric assesses how tightly focused (low divergence) the beam

remains upon reaching the end station. It is calculated using the root mean square (RMS)

angular divergence components, x ′ and y ′, of all particles:

Divergence cost:

Costd = RMS(x ′)2 + RMS(y ′)2; (8.17)

To ensure fair comparison among these distinct costmetrics, a normalisation stepwas performed.

Each cost metric was normalised using min–max normalisation, which rescales the costs into a

common range between 0 (lowest observed cost) and 1 (highest observed cost):

Normalised cost:

Costnormalised =
Cost−Costmin

Costmax −Costmin
; (8.18)
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The normalised costs were then equally weighted and averaged to yield a comprehensive

total cost:

Total weighted cost:

Costtotal =
1

3

`
Costt(normalised) + Costa(normalised) + Costd(normalised)

´
; (8.19)

The Bayesian optimiser using the combined metric as the objective function identified the

optimal FDFD quadrupole positions, balancing maximal transmission, minimal divergence,

and optimal axisymmetry. The optimal quadrupole configuration for the pencil beam is given

in Figure 8.12, and the optimal quadrupole configuration for the SCAPA divergent beam is

given in Figure 8.13.

Figure 8.12: Schematic of the pencil beam optimal quadrupole positions.

Figure 8.13: Schematic of the SCAPA divergent beam optimal quadrupole positions.

Step 3: Collimator 2 aperture determination

Figure 8.14: Visualisation of the PoPLaR beamline components, highlighting step 3 of
optimisation, the final collimator, in green.
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The final collimator was positioned 2 cm upstream of the biological target to shape the beam

and remove residual off-axis particles. To ensure full target coverage, a circular collimator

aperture of 2.25 cm in diameter was positioned at s = 1.38 m for both beams.

Optimised setups
The most optimal pencil beam configuration is stated in Table 8.3. The beam profile for this

setup in the RPLC frame is visualised in Figure 8.15. The respective distributions at the target

are displayed in Figure 8.16.

Table 8.3: Optimal pencil beam parameter configuration with positions given with respect
to the z-axis as s in metres, aperture radius described by ra in metres, strength described by
S in metres, length described by L in metres.

Beam Component s (m) ra(m) S (T/m) L (m)
Collimator 1 0.03 0.0015
Focusing Quadrupole 1 0.044 0.01 150 T/m 0.04
Defocusing Quadrupole 1 0.146 0.01 150 T/m 0.04
Focusing Quadrupole 2 0.382 0.01 150 T/m 0.02
Defocusing Quadrupole 2 0.685 0.01 150 T/m 0.02
Collimator 2 1.38 0.01125
Biological Target 1.4

Figure 8.15: Visualisation of the optimal PoPLaR pencil beam in the RPLC frame. Black lines
represent the collimators, green blocks represent the quadrupoles, the particles that make it
to the biological target are marked by the grey shaded region, and the particles that do not
are marked by the red shaded region.
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Figure 8.16: Histograms to display the pencil beam distribution at the position of the biological
end station (s = 1.4 m) for particles within 5% of 10 MeV. The plot was made with 100,000
particles.

Out of 100,000 particles, 26,673 particles reached the biological end station, estimating a

transmission of ∼26.7 ± 0.14 % to a spot size of ∼1.14 ± 0.07 cm in the x direction and ∼1.18 ±

0.07 cm in the y direction. This configuration provides sufficient transmission and adequate

beam coverage of the cellular region (1.85 cm diameter, 0.925 cm radius) for radiobiological

experiments.

The transmission uncertainty was estimated assuming binomial statistics from the number

of particles within the acceptance radius (0.925–1.125 cm):

Transmission uncertainty:

ffT = 100

r
p(1− p)

N
; (8.20)

where p is the transmitted fraction and N is the total number of simulated particles.

The transverse spot-size uncertaintieswere approximatedby scaling themaximumobserved

beam extent in each plane by Equation 8.21 to provide a simple statistical estimate of the

sampling error.
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Spot-size uncertainty:

ffspot =
1√
N
; (8.21)

The most optimal SCAPA divergent beam configuration is stated in Table 8.4. The beam

profile for this setup in the RPLC frame is visualised in Figure 8.17. The respective distributions at

the target are displayed in Figure 8.18.

Table 8.4: Optimal SCAPA beam parameter configuration with positions given with respect
to the z-axis as s in metres, aperture radius described by ra in metres, strength described by
S in metres, length described by L in metres.

Beam Component s (m) ra(m) S (T/m) L (m)
Collimator 1 0.03 0.0065
Focusing Quadrupole 1 0.1 0.01 150 T/m 0.04
Defocusing Quadrupole 1 0.177 0.01 150 T/m 0.02
Focusing Quadrupole 2 0.227 0.01 150 T/m 0.02
Defocusing Quadrupole 2 0.267 0.01 150 T/m 0.02
Collimator 2 1.38 0.01125
Biological Target 1.4

Figure 8.17: Visualisation of the optimal SCAPA divergent beamline in the RPLC frame. Black
lines represent the collimators, green blocks represent the quadrupoles, the particles that
make it to the biological target are marked by the grey shaded region, and the particles that
do not are marked by the red shaded region.
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Figure 8.18: Histograms to display the SCAPA divergent beam distribution at the position of the
biological end station (s = 1.4 m) for particles within 5% of 10 MeV. The plot was made with
100,000 particles.

Out of 100,000 particles, 3,437 particles reached the biological end station, estimating a

transmission of ∼3.4 ± 0.1 % to a spot size of ∼1.13 ± 0.02 cm in the x direction and ∼1.13 ±

0.02 cm in the y direction. The transmission for the SCAPA beam is significantly lower than

the pencil beam transmission, which can be attributed primarily to the increased angular

spread and the resulting beam loss in early beamline stages. This results in a less uniform beam

coverage across the cellular region, as indicated in Figure 8.18; however, the beam still covers

the 0.925 cm radius target area.

8.2 Monte Carlo dosimetry of the simulated PoPLaR beamline
To evaluate the dosimetric characteristics of the optimised beamlines and the spot size at the

end of the source, accounting for additional processes not incorporated in the linear optic

simulation (e.g. scattering and secondary particle generation), both beam configurations

determined and detailed in Section 8.1.2 were set up and analysed using the TOPAS Monte

Carlo simulation framework.

8.2.1 Materials & methods
The simulation geometries and scoring definitions were identical for both divergence scenarios.

The experimental setup included the two collimators and two quad pair configurations

characterised by the parameters determined in Section 8.1.2, with a biological target at
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the end of the beam line located at 1.4 m. Figures 8.19, 8.20, 8.21 and 8.22 demonstrate the

setup in TOPAS.

Figure 8.19: z profile view of the full
quadrupole system within the ’world’ in
TOPAS. The collimators are in red, the
quadrupoles are in purple, and the glass
ring (biological target) is in white.

Figure 8.20: z profile view of the full
quadrupole system annotated with
component labels and a scale. This
visual example is for the optimised pencil
beam configuration.

Figure 8.21: TOPAS simulated collimator. Figure 8.22: TOPAS simulated quadrupole,
cylindrical with a 0.01 m radius aperture.

The collimators (Figure 8.21) were designed as hollow cylinders with an aperture of 1.5 mm

radius for Collimator 1 for the pencil beam and 6.5 mm for the SCAPA divergent beam and

2.25 cm for Collimator 2 for both beams, following the structure of the linear optic simulation

(Table 8.3). Both collimators have a thickness of 1 cm. For the same reasons as the collimator

used in the SFRT simulation in Section 7.2 (high atomic number and density), the collimator

material is defined to be tungsten.

To resemble the Halbach quadrupoles, an iron yoke was used as the material in the design.

In TOPAS, it is not possible to add a ’quadrupole’ as a predefined component. Therefore, the
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quadrupole magnets in the beamline (Figure 8.22) were modelled using a two-component

approach to represent both the physical iron yoke structure and the magnetic field region.

Similar to the collimators, the iron yoke was designed as a hollow cylinder with an aperture of

1 cm radius. Within this radius, a cylinder of ± 150 T/m gradient strength magnetic field was

defined.

Initial SCAPA experiments were able to obtain beam energies up to 15 MeV, with the most

consistent results at 10 MeV. Due to the low energy, typical petri dishes were unable to be

used so as not to attenuate the beam before it reaches the cells. Instead, glass rings sealed

with 2.5 —m Mylar are to be placed at the end of the beamline for clonogenic survival studies.

Figure 8.23 shows an image of the glass rings constructed for the PoPLaR experiment, and

Figure 8.24 shows the rings constructed and in TOPAS.

Figure 8.23: Image of the glass rings
designed for the PoPLaR experiment,
annotated with a scale and highlighted
features.

Figure 8.24: TOPAS visual of the glass rings
annotated with a scale and highlighted
features.

HeLa cells were selected as the biological target for the PoPLaR experiment. HeLa is

a well-established human cervical cancer cell line widely used in radiobiology research.

Practically, HeLa cells were chosen for their commercial availability and their tolerance of the

experimental conditions required for PoPLaR: specifically, their ability to survive when cultured

on Mylar with partial rather than full media coverage during the irradiation period.

A study by Guan et al. determined that the cell height of a HeLa cell varies from a fraction

of microns near the boundary to approximately 4.5 —m at its centre [258]. For this reason, the

HeLa cells and the thin media residue remaining after the glass rings are positioned horizontally

for irradiation are represented by a 4.5 —m layer of water. The rings contain 0.5 mL of media,

which, when horizontally positioned, covers roughly half of the volume inside the rings; a water
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medium also represents this in the model.

A 10 MeV pencil beam and a 10 MeV SCAPA divergent beam were both input sources to

generate 10 million particles, propagating through the setup displayed in Figure 8.20. Using

the ’scorers’ available in TOPAS, the following data was stored in CSVs for plotting:

• Energy deposition profile inside the glass ring.

• Radial dose deposition profile across the HeLa cell.

• Radial fluence profile across the HeLa cell.

• Radial dose-weighted LET across the HeLa cell layer.

8.2.2 Results

Results: Energy vs glass ring depth

Energy deposition within the glass ring shows characteristic Bragg peak behaviour for both

beams, with energy increasing with depth as protons slow (Figures 8.25 and 8.26). The pencil

beam displays distinctly higher energy depositions than the SCAPA divergent beam, likely

because of the established difference in transmission. Two distinct peaks are observed at

material interfaces: the HeLa cell layer/the half fill of media and the plastic lid boundary, where

protons undergo rapid energy loss entering these denser media. Between these interfaces,

energy deposition is negligible in comparison.

Figure 8.25: Energy deposited vs depth in the
glass rings for the pencil beam, annotated to
show the media layer and plastic lid region.

Figure 8.26: Energy deposited vs depth in the
glass rings for the SCAPA divergent beam,
annotated to show the media layer and
plastic lid region.

These features arise from the geometrical setup. With horizontally oriented glass rings, the

culture medium forms a semi-cylindrical volume. Protons passing through the medium are

significantly attenuated and stop before reaching the lid (peak 1), while protons traversing the

upper half propagate primarily through air after the thin HeLa cell layer, depositing negligible
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energy until reaching the lid (peak 2).

For both beams, the region containing the HeLa cells experiences substantially lower

energy deposition than the Bragg peak. This suggests that the cells could be positioned

further from the source, or that a thicker Mylar layer could be used, to better align the cell

layer with a region of higher dose deposition.

In the PoPLaR experiment, a vacuum exit window will be present upstream of the biological

target. If the simulations described in Sections 8.2 and 8.1 accurately represent the experimental

configuration, they can be used to optimise both the material and thickness of this exit window.

Furthermore, the simulations enable fine-tuning of the biological target placement to maximise

the dose delivered at the cell layer. This will reduce the number of shots the experiment would

require to deliver a therapeutic dose.

Results: Dose-weighted LET vs HeLa surface radius

The dose-weighted LET as a function of radius at the entrance to the HeLa cell layer is shown

in Figures 8.27 and 8.28. The LET range is roughly 6 – 12 MeV/mm(g/cm3) for the pencil beam

and 5 – 14 MeV/mm(g/cm3) for the SCAPA divergent beam. Although the SCAPA divergent

beam exhibits a higher peak LET, corresponding to a higher RBE, it also shows significantly

greater radial variation across the target area. This is primarily due to the beam’s angular

divergence, which causes particles to traverse longer effective path lengths and creates

non-uniform dose deposition patterns. The variation observed in both beams across all of

the endpoints may also be partially attributable to the stochastic nature of the Monte Carlo

sampling.

Figure 8.27: Dose-weighted LET as a function
of radius as the pencil beam enters the HeLa
cell layer.

Figure 8.28: Dose-weighted LET as a function
of radius as the SCAPA divergent beam
enters the HeLa cell layer.
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Results: RBE vs HeLa surface radius

The dose-weighted LET vs HeLa surface radius datawere used to estimate the relative biological

effectiveness (RBE) at the HeLa layer surface as a function of radius. The approach used a

simplified linear relationship between LET and RBE, based on the model proposed by Wilkens

and Oelfke [259]:

Simple Linear LET-RBE Model:

RBE = 1:1 + 0:001 · LETd ·
„
¸

˛

«
; (8.22)

where LETd is the dose-averaged LET in MeV/mm/(g/cm3) and ¸=˛ is the tissue-specific

radiosensitivity parameter. For HeLa cells, ¸=˛ = 10 Gy was used as it is characteristic of

rapidly dividing tumour cell lines [260, 261]. As noted in Section 2.2, protons at the middle of

the Spread-Out Bragg Peak typically range from 0.7 to 1.6, with a mean near 1.1 in most

therapeutic contexts [70] and thus the baseline RBE value of 1.1 represents the ’expected’

RBE for proton therapy.

The radial dependence of RBE at the entrance to the HeLa cell layer is shown in Figures 8.29

and 8.30. For both beams, RBE values fall within the accepted range of 0.7 – 1.6 reported

by Paganetti et al. [70]. The pencil beam exhibits RBE values between 1.159 and 1.218, while

the SCAPA divergent beam ranges from 1.148 to 1.243. Although the SCAPA divergent beam

reaches a higher peak RBE, the pencil beam provides a fractionally higher area-weighted

average RBE (1.189 compared to 1.184) and demonstrates reduced variation across the cell

surface.

Figure 8.29: RBE as a function of radius as
the pencil beam enters the HeLa cell layer.

Figure 8.30: RBE as a function of radius as
the SCAPA divergent beam enters the HeLa
cell layer.
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Results: Radial dose profile across the HeLa cell layer
As required and confirmed by the linear optic simulations, the area-normalised radial dose

profiles demonstrate that both beam divergences adequately cover the target area. These

profiles, area-normalised to prevent an artificial increase in dose with radius, are shown in

Figures 8.31 and 8.32. Consistent with the LET and RBE surface distributions, higher dose

deposition is observed toward the centre of the target area. The pencil beam additionally

exhibits an edge effect, with an increase in dose toward the outer edge of the HeLa cell layer.

Overall, both beams show radial dose variation across the cell layer.

Figure 8.31: Area-normalised radial dose
profile (dose density) across the HeLa cell
layer for the pencil beam.

Figure 8.32: Area-normalised radial dose
profile (dose density) across the HeLa cell
layer for the SCAPA divergent beam.

Results: Radial fluence profile across the HeLa cell layer
The fluence was scored as a function of radius across the HeLa cell layer for both beams, as

shown in Figures 8.33 and 8.34.

Figure 8.33: Radial fluence profile across the
HeLa cell layer for the pencil beam.

Figure 8.34: Radial fluence profile across
the HeLa cell layer for the SCAPA divergent
beam.
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The fluence profiles broadly mirror the corresponding radial dose distributions, but exhibit a

slightly reduced variation. This indicates that the larger radial variations observed in dose are

not solely driven by particle number, but also by differences in particle energy. In particular,

low-energy or scattered particles contribute disproportionately to local dose deposition,

suggesting that improved collimation or energy filtering could reduce dose non-uniformity

across the target area. Peak and average fluence were significantly higher for the pencil

beam compared to the SCAPA divergent beam.

Results: Beam characteristics
The fluence data can also be used to estimate the total number of particles incident on the

HeLa cell layer, providing a quantitative measure of beam transmission. This enables a direct

comparison between the idealised linear optic transmission and a more realistic transmission

that accounts for scattering and other non-ideal effects.

Transmission calculation:
The total number of particles incident on the cell layer was obtained by integrating the

radial fluence distribution over the area:

Ntotal =
NX
i=1

Φi Ai ; (8.23)

where Φi is the fluence in radial bin i and Ai is the area of the bin.

The statistical uncertainty arises from Poisson counting statistics:

ffNtotal =

vuut NX
i=1

Ni ; (8.24)

where Ni = ΦiAi is the particle count in bin i .

The transmission efficiency and its statistical uncertainty are:

T =
Ntotal
Nsource

· 100%; (8.25)

ff
(stat)
T =

ffNtotal

Nsource
· 100%; (8.26)

where Nsource is the total number of initially simulated protons.

A systematic uncertainty arises from unscored particle steps in TOPAS. Conservatively

assuming each unscored step represents a missed particle, the upper bound on the

systematic uncertainty can be estimated by:
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ff
(syst)
T =

Nunscored
Nsource

· 100%; (8.27)

where Nunscored is the number of unscored steps reported by TOPAS.

Using this method, the transmission of total particles reaching the HeLa cells was estimated

to be 17.98 ± 0.01% (stat) + 0.15% (syst, upward only) for the pencil beam. For the SCAPA
divergent beam, the transmission was estimated to be 1.08 ± 0.01% (stat) + 0.01% (syst, upward

only). These values were substantially lower than those predicted by linear optic optimisation,

which estimated transmissions of 26.7 ± 0.14% for the pencil beam (∼ 1.5 x the TOPAS simulated

pencil beam transmission) and 3.4 ± 0.1% for the SCAPA divergent beam (∼ 3 x the TOPAS

simulated SCAPA divergent beam transmission).

Regardless, the pencil beam still demonstrates acceptable transmission efficiency for

radiobiological applications. It should be noted that the beam divergence parameters used

for the SCAPA divergent beam simulation were based on early-stage beam characterisation

measurements. Recent developments suggest that the beam divergence could be reduced,

potentially bringing the SCAPA divergent beam characteristics closer to those of the pencil

beam. Such improvementswould yield transmission efficiencies suitable for clinical applications.

Alongside adequate transmission, the beam must also be uniform across the target area

to deliver a consistent dose to the cells. The transverse uniformity of the beam at the cell layer

was quantified using the coefficient of variation (CV) and the flatness of the radial fluence

distribution across the entire target area.

Beam uniformity metrics:
The coefficient of variation is defined as:

CV =
ffΦ
⟨Φ⟩ · 100%; (8.28)

where ⟨Φ⟩ is the mean fluence and ffΦ is the standard deviation across all radial bins.

The flatness is defined as:

Flatness =
Φmax − Φmin

Φmax +Φmin
· 100%; (8.29)

where Φmax and Φmin are the maximum and minimum fluence values.
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Uncertainties arise from Poisson counting statistics. For each radial bin with fluence Φi

and area Ai , the particle count is Ni = ΦiAi , giving fluence uncertainty:

ffΦi =

√
Ni
Ai

; (8.30)

The CV uncertainty is obtained by standard error propagation:

ffCV = CV ·

s„
ffffΦ
ffΦ

«2

+

„
ff⟨Φ⟩
⟨Φ⟩

«2

; (8.31)

The flatness uncertainty is calculated by propagating ffΦmax and ffΦmin through the partial

derivatives:

ffFlatness = 100 ·

s„
@F

@Φmax
ffΦmax

«2

+

„
@F

@Φmin
ffΦmin

«2

; (8.32)

Systematic effects associated with unscored particle steps do not significantly affect CV

and flatness.

The CV of the particle fluence across the HeLa layer was estimated to be 2.1 ± 0.2 % for

the pencil beam and 5.6 ± 0.8 % for the SCAPA divergent beam. The flatness of the particle

fluence across the HeLa layer was estimated to be 9.1 ± 2.7 % for the pencil beam and 24.4

± 9.1 % for the SCAPA divergent beam. For a consistent biological response, a flatness of

below 10 % and a CV of below 5 % are generally desirable. While the pencil beam satisfies

these criteria, the SCAPA divergent beam exceeds both thresholds, making it less suitable for

quantitative radiobiological experiments in its current configuration. However, as discussed

above, recent measurements at SCAPA indicate that this non-uniformity could be substantially

reduced through improved beam divergence control.

8.3 Discussion
The work presented in this chapter illustrates the process of developing a beamline for

radiobiological experimentation within existing infrastructure. Two beam

configurations were developed and evaluated using a combination of Bayesian optimisation,

linear optic design, and detailed Monte Carlo modelling with TOPAS: a low-divergence pencil

beam and a more realistic SCAPA divergent beam.

While the linear optic code presented a therapeutically relevant 2.25 cm diameter spot

size for both beams, and an acceptable transmission for the pencil beam (∼26.7 ± 0.14 %),
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the SCAPA divergent source resulted in a maximum transmission of only ∼3.4 ± 0.1 %. This

highlighted problems in the planned setup. As detailed, the first component of the beam

must be positioned at least 3 cm from the source. At the higher divergence expected from

laser-driven protons, many particles will already have scattered outside the acceptance

window of the first focusing element by this point. Without the ability to place focusing

elements closer to the source, these losses are difficult to recover downstream.

FLASH protocols typically require dose rates exceeding 40 Gy/s, delivered in sub-second

pulses, to elicit the observed normal-tissue sparing effects. With ∼3 % of source particles

reaching the biological target, the majority of the SCAPA divergent beam is effectively

discarded. As a result, even if the laser-plasma interaction generates sufficient total proton

number to obtain a therapeutically relevant dose, the fraction delivered to the cells may fall

below the threshold required for inducing the FLASH effect.

The TOPAS simulation enabled testing with a high number of particles (10 million) with

the current setup, while simulating particle interactions not accounted for in the linear optic

model, e.g. scattering and secondary particle generation

/interactions. The result for both beams was lower transmission, which is expected when

accounting for further physical processes. The pencil beamwas still suitable, with a transmission

of 17.98 ± 0.01% (stat) + 0.15% (syst, upward only), flatness of 9.1 ± 2.7% and CV of 2.1 ± 0.2%,

which is ideal for radiobiological experiments. However, the SCAPA divergent beam resulted

in extremely low (1.08 ± 0.01% (stat) + 0.01% (syst, upward only)) transmission, high flatness

of 24.4 ± 9.1 % and high CV of 5.6 ± 0.8 %, suggesting that the current design for the initial

SCAPA divergence recordings would not be sufficient.

To address this, future designs could explore options such as redesigning the quadrupoles

to encompass a broader aperture to minimise losses along the beamline or finding a way to

reduce the initial beam divergence emerging from the source. Subsequent measurements

at SCAPA suggest that a narrower half-angle divergence may be achievable, potentially

improving the beam’s suitability for producing the high energies required for therapeutically

relevant doses. The most recent experiments at SCAPA show that readings can be seen

using a quadrupole pair (one focusing, one defocusing), positioned by using a Bayesian

optimiser (optimising for transmission only). The results show a beam extremely narrow in the y

dimension. While this is the first evidence that the SCAPA beam can be parametrised using

this framework, the initial tested setup does not give a spot size/distribution adequate for

clonogenic experiments. A four-quadrupole setup, such as the one presented here, would

allow for the broadening of this beam.
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Given the low transmission observed, the current SCAPA beamline design is unlikely to

deliver the necessary energies. Therefore, while the PoPLaR experiment enables early

radiobiological studies with laser-accelerated protons, its utility for probing FLASH-specific

effects will be limited under this configuration of the PoPLaR beamline. Improvements to the

SCAPA laser system, enabling a higher energy and less divergent beam, could allow for the

next edition of the PoPLaR beamline to be optimised using the same method to determine

a higher transmission. Further additions to the total cost function should be considered to

evaluate and optimise the uniformity of the laser-driven beam at the end station, especially

as a laser-driven beam’s spatial profile is expected to vary more significantly than that of a

conventional Gaussian beam.

8.4 Conclusion
The aim of the PoPLaR (Proof-of-Principle Laser-driven Radiobiology) experiment is to

demonstrate the feasibility of delivering biologically relevant proton doses and spot sizes using

a laser-accelerated source. Achieving this within the constraints of the SCAPA facility requires

the development of a compact and efficient beam-transport system. A modular optimisation

framework was developed to identify the optimal combination of components and

configurations that maximise transmission and dose coverage to the biological target. The

framework successfully identified the optimal quadrupole sizes, strengths, and lengths for a

pencil beam configuration. However, with more precise characterisation of the SCAPA beam

parameters and further plasma-laser development (such as higher energies and reduced

divergence), a more effective system could be established using this method.

If there remain limitations in the SCAPA source energy and angular spread after later

measurements are taken, the beamline design can be adapted by designing an adequate

vacuum exit window and positioning the biological target for an optimal dose deposition or by

redesigning the quadrupoles for a larger aperture to reduce the significant particle loss at the

first quadrupole. The PoPLaR experiment is an essential step toward informing the development

of LhARA, offering early insights into laser-driven beam delivery and radiobiological integration.

The simulation framework andoptimisation approach havebeendemonstrated to aid effective

beamline design in the context of PoPLaR. This can be further adapted to assist in the

characterisation and optimisation of future LhARA configurations.
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9. Conclusion

Radiotherapy is one of the most effective methods of treating cancer, with the goal of

eliminating malignant cells while minimising radiation exposure to surrounding healthy tissue.

While high doses of radiation are effective at destroying tumour cells, they can also damage

surrounding healthy tissue and increase the risk of radiation-induced secondary malignancies.

For this reason, radiotherapy is constantly being developed to create new, more effective and

more targeted techniques. X-rays are typically known as the ’gold standard’ of radiotherapy

treatment, being one of the first forms of external beam radiotherapy due to the accessibility

of linear accelerators. Photons deliver dose via an exponentially decreasing depth-dose

profile with a considerable exit dose. This makes photons effective for targeting deep-seated

tumours but can reduce dose conformality and increase irradiation of normal tissues.

The development of the first cyclotron enabled the acceleration of heavy charged

particles, such as protons and ions, to energies sufficient for delivering clinically relevant

doses of radiation. Proton dose profiles are characterised by a Bragg peak with negligible

exit dose, allowing for highly conformal dose delivery to deep targets and significant sparing

of surrounding healthy tissues, unlike photon therapy. Ions have a sharper Bragg peak than

protons, but with a fragmentation tail due to nuclear fragmentation. While such radiotherapy

advancements offer dose conformality and radiobiological improvements, new modalities

aim to modify the spatial and temporal aspects of the beam, as well as develop more flexible

acceleration systems to improve treatment efficacy.

Protons and ions are typically accelerated by means of circular accelerators, namely

cyclotrons and synchrotrons. Both of these acceleration methods have limitations in flexibility

and facility space. Laser-driven acceleration is a novel approach to radiotherapy that

produces proton and ion beams as a more compact and flexible alternative to standard

methods. While laser-driven acceleration is largely at an experimental stage, it has the

potential to deliver highly dense charged particle beams with very short pulse durations,

allowing for precise energy delivery without taking up large amounts of facility space. However,

laser-driven sources produce broad and fluctuating energy spectra, significant beam

divergences, low shot-to-shot reproducibility, and limited repetition rates.

The Laser-hybrid Accelerator for Radiobiological Applications (LhARA) has been proposed
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as a hybrid system that integrates a laser-plasma source with conventional RF accelerator

technologies. This hybrid approach aims to combine the compactness and high instantaneous

dose of laser acceleration with the beam stability and tunability of conventional systems,

potentially offering a path toward compact, high-performance accelerators. The unique

design of the LhARA facility enables the exploration of novel radiobiological techniques,

such as beam modification in the temporal domain (FLASH) and the spatial domain (SFRT).

Magnetic focusing being implemented into the LhARA allows for SFRT without collimating

particles (maintains the beam energy), therefore allowing for FLASH and SFRT to be used in a

single treatment protocol.

FLASH is a novel technique that has shown the potential to reduce normal-tissue toxicities

compared to conventional radiotherapy; however, the exact mechanisms underlying the

causes or influences of the FLASH effect are not fully understood. To effectively implement

FLASH radiotherapy in the design of the LhARA, a retrospective analysis was conducted to

review the impact of key beam parameters on normal-tissue sparing and tumour control

across an extensive range of published experiments. The results of the study suggest potential

positive correlations between dose rates and improved biological outcomes (specifically

pulse dose rates with tissue sparing/increased therapeutic window). The survival results are

suggestive of a short-term sparing effect and a long-term tumour control efficiency, highlighting

the trade-off between normal-tissue sparing and effective tumour control. In addition, the

Increased Lifespan data imply the need for higher doses and extended radiation times for

comprehensive tumour treatment. Overall, Pulse Dose was the most influential parameter for

the biological response to FLASH and the results highlight the need for facilities to be able to

supply a wide range of doses (up to 30 Gy per pulse) and radiation times (1.8·10−6 – 400 s

per pulse) to create a flexible regime that allows for different parameter combinations to be

accommodated and investigated.

Pre-clinical studies of Spatially Fractionated Radiation Therapy (SFRT) demonstrate normal

tissue-sparing properties, but, as is the case with FLASH, there is limited understanding of the

biological processes involved in this phenomenon. To explore the spatial configuration and

dose profiles of SFRT regimes, a retrospective analysis, similar to that of the FLASH retrospective

analysis, was carried out. This review study presents an overview of how the toxicities observed

post-MRT and post-MBRT depend on the spatial configuration or dose profile of the beam.

It was observed that dosimetric parameters, specifically Peak Dose, played a critical role in

the biological response to MBRT. The MRT results challenge previous literature by highlighting

the crucial role of the geometric properties of the beam. The emphasis on configuration-
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dependent effects highlights the need for flexible beam delivery systems capable of adapting

to specific biological response requirements. For example, magnetic focusing allows flexible

modification of beam geometry, offering greater flexibility compared to fixed mechanical

collimators with set widths and spacings. This review study establishes that magnetic focusing

needs to allow for beam widths and valley widths as small as 25 —m, and beam modulation

must be accurate enough to allow for doses to the valleys to be accurate to 0.1 Gy.

The SFRT retrospective analysis highlights gaps in understanding the biological response

to SFRT, primarily due to limited variation in experimental setups; each study typically uses

a single collimator with fixed width and spacing. This led to repeated ’Width’ and ’Valley

Width’ data points rather than a spectrum of values. To address these gaps and to search

for differences between the SFRT biological response and classically modelled biological

responses, a tumour and normal-tissue environment was modelled in TOPAS to simulate a

broader range of beam configurations. Linear-quadratic models were applied to estimate

tumour control and normal-tissue sparing following SFRT. The in silico results demonstrate the

critical role that the widths of the beamlets play in determining the therapeutic index of both

MBRT and MRT modalities. The in silico study also highlights the geometric parameters as

critical in determining therapeutic outcomes for these SFRT techniques. Differences in the in

silico results compared to the literature review likely stem from the linear-quadratic model’s

inability to account for complex biological processes, such as a potential radiation bystander

effect, which could influence post-irradiation responses.

To explore this hypothesis and to investigate the repair kinetics following SFRT irradiation,

an in vitro experiment was designed to track the evolution of radiation-induced damage

over time. Three independent experiments were conducted: two using FaDu cells and

one using UM-SCC-12 cells. ‚H2AX foci were imaged at 1, 4, 8, and 24 hours following SFRT

exposure, and the data were processed to evaluate DNA damage dynamics over time. For

all experiments, the irradiated regions (peaks) exhibit exponential repair kinetics consistent

with direct double-strand break repair, supporting the notion that cells in the high-dose regions

repair and recover over time, especially at 4 Gy. This is the intended result with SFRT: to allow

for repair and recovery between doses. The non-irradiated ’valleys’ and control regions did

not exhibit a consistent pattern of damage increase or repair, which indicates that significant

bystander effects are not evident in this experiment. However, interpretation of the valley data

is limited by technical constraints in imaging and analysis.

While new methods of beam modulation enable the investigation of targeted, conformal

treatment, the LhARA is designed to advance radiotherapy by developing a unique
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acceleration system that relies on the development of laser-driven proton and ion beams.

A key step in this progression is the PoPLaR (Proof-of-Principle Laser-driven Radiobiology)

experiment. The PoPLaR experiment has been initiated by the LhARA collaboration to provide

an early platform for radiobiology research using laser-accelerated protons. A beamline

optimisation framework was developed to identify the required components and determine

their optimal placement to shape and deliver a laser-driven beam to a biological target.

A linear optic simulation was used in conjunction with Bayesian optimisation to identify the

configurations of quadrupoles and collimators that optimise both transmission and uniform

dose delivery. Two beam sources were explored with this method: a low-divergence pencil

beam source and a more realistic SCAPA divergent beam source. These simulations resulted

in a biologically relevant spot size for both beams, adequate transmission for the pencil beam,

but low transmission for the more divergent beam.

The optimised configuration was then evaluated in a Monte Carlo framework (TOPAS),

enabling testing with a high number of particles (10 million) to estimate whether clinically

relevant doses are achievable in silico with the current setup while accounting for particle

interactions absent in the linear opticmodel, e.g. scattering and secondary particle generation

/interactions. This study provides a detailed assessment of energy deposition profile inside the

glass rings, radial LET and RBE profiles at the HeLa cells, and radial dose and fluence across the

HeLa cell layer. While the less divergent pencil beam had suitable transmission and uniformity,

the more divergent beam resulted in a very low transmission (correspondingly low single-shot

dose) and low uniformity, highlighting limitations of the present setup. Achieving sufficient

irradiation would therefore require either increasing the number of protons delivered per shot

(e.g. through improved transmission or source output) or integrating over many shots at an

appropriate repetition rate to increase the dose, and including a scatterer or a more complex

system of quadrupoles and dipoles.

The results obtained with this design have important implications, particularly in the context

of PoPLaR’s goal to deliver protons for FLASH radiotherapy, where achieving dose rates of ≥40

Gy/s is a critical requirement. Due to the resulting low transmission of the current setup, the

SCAPA beamline design at its initial divergence is unlikely to produce the required dose rates

for FLASH. Therefore, while the PoPLaR experiment can play a valuable role in enabling early

radiobiological studies with laser-accelerated protons, its utility for probing FLASH-specific

effects is predicted to be limited under this specific configuration of the PoPLaR beamline,

which will need to be confirmed experimentally. While ongoing testing at SCAPA shows a

promising improvement over beam divergence, if the current beam divergence is best case
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scenario, possible ways to address the transmission include, but are not limited to, increasing

the quadrupole apertures or incorporating solenoids.

The PoPLaR experiment is an essential step in informing the development of LhARA,

providing early insights into laser-driven beam delivery and radiobiological integration. The

work so far offers a simulation framework and optimisation approach that has been

demonstrated to aid effective beamline design. The framework successfully identified the

optimal quadrupole sizes, strengths, and lengths for a simulated Gaussian beam. This work

establishes a baseline for effective beamline design within the PoPLaR framework and can be

further adapted to support the characterisation andoptimisation of future LhARAconfigurations.

The findings in this thesis highlight multiple avenues for further study. The following four

research directions are identified as priorities for building on this work:

1. The retrospective analysis of FLASH and SFRT emphasises the need for experiments

that maintain a consistent setup while varying a single beam parameter at a time

in incremental steps. This approach will enable the isolation and quantification of the

individual influence of each parameter on the biological response.

2. The in silico SFRT experiment also demonstrates the need for extensive SFRT studies to

understand the underlying mechanisms. This information can be used to define more

accurate computational models in the future.

3. The in vitro experiment to evaluate repair kinetics over time in SFRT highlights the need for

amore accurate experiment. The proposedmethod involves live-cell imagingwith ‚H2AX

tracking to observe DNA damage dynamics within the same cells over time, allowing

real-time observation of early DNA repair dynamics. This will also make it possible to

determine whether damage signals emerge or propagate into the non-irradiated valley

regions, enabling an investigation of a potential radiation bystander effect, one of the

cell signalling effects proposed as an underlying mechanism of SFRT.

A setup like this would be beneficial in the in vitro end stations of the LhARA beamline,

allowing real-timeanalysis of repair kinetics involvedwith all newmodalities of radiotherapy,

not just SFRT. For example, the retrospective analysis of FLASH demonstrated that the

time elapsed after irradiation was shown to influence the recorded biological response.

Real-time ‚H2AX live-cell imaging could provide a more detailed understanding of

DNA damage induction and repair kinetics over time, thereby providing insight into the

mechanisms underlying the FLASH effect.

4. The PoPLaR optimisation results detailed a method of parametrising a four-quadrupole

beamline. Recent experiments at SCAPA demonstrate that readings can be seen using

162



a quadrupole pair, positioned by using a Bayesian optimiser for maximum transmission.

This preliminary experiment resulted in a non-uniform beam, extremely narrow in the y

dimension. This is the first demonstration that shows evidence of using this framework to

parametrise the SCAPA beam; however, it demonstrates that a two-quadrupole setup

does not produce a biologically relevant spot size/distribution adequate for clonogenic

experiments. A four-quadrupole setup would solve this issue.

Amore precise characterisation of the SCAPA beamparameters and further plasma-laser

development (such as higher energies and reduced divergence) could lead to a more

effective system, closer to the transmission and uniformity of the pencil beam. If limitations

in the SCAPA source energy and angular spread persist after subsequent measurements,

the beamline design can be adjusted by using the same optimisation techniques to

redesign the quadrupoles to accommodate a larger aperture, thereby reducing the

significant particle loss at the first quadrupole, and determining the most effective

vacuum exit window/biological target position for an optimal dose deposition.

In summary, this thesis presents novel approaches to radiotherapy delivery and explores

emerging treatment modalities with potential for clinical translation. It establishes a framework

for investigating advanced beammodulation techniques such as FLASH and SFRT, highlighting

their potential to enhance tumour targeting while reducing normal-tissue toxicity. Key gaps in

current literature and understanding have been identified, with proposed strategies to address

them. Furthermore, this work contributes to the conceptual integration of these modalities

into the design of LhARA. A significant component of the thesis involves the development of a

machine learning–driven optimisation tool for laser-driven beams, enabling the parametrisation

of a beamline to inform the optimal placement of key components such as magnets and

collimators. This tool provides a scalable method for guiding future accelerator configurations.

Together, these contributions lay the groundwork for continued innovation in particle therapy

and accelerator design.
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BDSIM — Beam Delivery SIMulation.
BED — Biological Effective Dose.
BO — Bayesian Optimisation.

C
CDF — Cumulative Distribution Function.
CLARA — Compact Linear Accelerator for Research and Applications.
CNAO — National Center for Oncological Hadrontherapy.
CONV — Conventional radiotherapy.
CT — Computed Tomography.

D
DICOM — Digital Imaging and Communications in Medicine.
DMEM — Dulbecco’s Modified Eagle Medium.
DNA — Deoxyribonucleic Acid.
DSB — Double-strand Break.
DTL — Drift Tube Linac.

E
ECRIS — Electron Cyclotron Resonance Ion Source.

F
FFA — Fixed-Field Alternating-Gradient Accelerator.
FLASH — Ultra-high dose-rate radiotherapy.

G
GA — Genetic Algorithms.
Geant4 — GEometry ANd Tracking (version 4).
gEUD — general Equivalent Uniform Dose.
GP — Gaussian Process.

I
ICCM — Irradiated Cell Conditioned Media.
ILS — Increased Lifespan Score.

L
LET — Linear Energy Transfer.
LhARA — Laser-hybrid Accelerator for Radiobiological Applications.
LINAC — Linear Accelerator.
LKB — Lyman-Kutcher-Burman.



LQ — Linear-Quadratic.
LRT — Lattice Radiation Therapy.

M

MATLAB — MATrix LABoratory.
MBRT — Minibeam Radiation Therapy.
MC — Monte Carlo.
MEM — Minimum Essential Medium.
ML — Machine Learning.
MRI — Magnetic Resonance Imaging.
MRT — Microbeam Radiation Therapy.
MST — Median Survival Time.

N

NHEJ — Non-Homologous End Joining.
NN — Neural Network.
NTCP — Normal Tissue Complication Probability.
NTSS — Normal-tissue Sparing Score.

P

PICO — Population, Intervention, Comparison, Outcome.
PoPLaR — Proof-of-Principle Laser-driven Radiobiology.
PVDR — Peak-to-Valley Dose Ratio.

R

RBE — Relative Biological Effectiveness.
RF — Radio Frequency.
ROS — Reactive Oxygen Species.
RPLC — Reference Particle Local Coordinate.

S

S1 — % Survivors at 1 months.
S2 — % Survivors at 2 months.
S3 — % Survivors at 3 months.
S6 — % Survivors at 6 months.
SCAPA — Scottish Centre for the Application of Plasma-based Accelerators.
SFRT — Spatially Fractionated Radiation Therapy.
SOBP — Spread-Out Bragg Peak.
SSB — Single-strand Break.

T

TCP — Tumour Control Probability.
TCS — Tumour Control Score.
TIS — Therapeutic Index Score.
TNSA — Target Normal Sheath Acceleration.



TOPAS — TOol for PArticle Simulation.

V
VHEE — Very High Energy Electron.



Glossary

A
Abasic site — A damaged location on the
DNA where a base has been chemically
removed, leaving a gap in the sequence.
Alpha particles — Positively charged
particles consisting of two protons and two
neutrons, identical to a helium-4 nucleus.
Angiogenesis — The physiological process
through which new blood vessels form
from pre-existing vessels, often activated in
tumours to supply nutrients and oxygen for
growth.
Angular straggling — Variation in particle
deflection angles as it passes through a
medium.
Anode — An electrode. The role and charge
of the anode depend on the type of system
using it. For example, in a Gabor lens, the
anode is a positive cylindrical electrode that
confines electrons to form a focusing field for
ion beams.
Antibody — Proteins that recognise and bind
to specific molecules.
Apoptosis — Programmed cell death; in the
context of radiotherapy, often the dominant
mode of cell death after irradiation.
Aspirate — To remove by suction (e.g.
pipette).
Astrocytes — Star-shaped glial cells that
support/protect the brain and central
nervous system.
Axisymmetric — Symmetric around a central
axis.

B
Binding energy — The energy required to
separate a nucleus into its individual protons
and neutrons, or to remove an electron from
its orbital in an atom.
Biological Effective Dose (BED) — Quantifies
the total dose required over all fractions to
achieve a specific effect.

Bragg peak — Point of maximum energy
deposition by certain charged particles (e.g.
¸-particles, protons, heavy ions) in a medium.
Bremsstrahlung radiation/photons —
Electromagnetic radiation emitted when
a charged particle (typically an electron)
is decelerated or deflected by the electric
field of an atomic nucleus.

C

Centrifuged — The process of spinning
a sample at high speed to separate
components based on their density.
Chromosomal instability — When unstable
chromosomal aberrations are replicated
throughout generations.
Chromosomes — Thread-like DNA structures
carrying genetic information.
Clonogenic cells—Cells that can divide and
form colonies.
Clonogenic survival — The fraction of cells
that maintain their clonogenic potential
(ability to divide and form colonies) after
exposure to a cell-lethal stressor such as
irradiation.
Clustered DNA lesions — Multiple DNA
damage sites (strand breaks, base damage,
or missing bases) occurring within 10-20 base
pairs of each other, making them difficult for
the cell to repair correctly.
Cobalt-60 — Radioactive isotope used as a
‚-ray source in radiotherapy.
Collimator — Device that shapes a beam by
obstructing/filtering.
Colony—Agroup of cells or a ’family’ of cells
derived from a single clonogenic cell.
Computed tomography (CT) — Imaging
technique that uses X-rays and computed
processing to create cross-sectional images
of the body.
Cross section — A measure of the probability
of a specific interaction between a particle



and a target.

D
DAPI — A fluorescent dye that binds to cells
for imaging.
Delta rays — Secondary electrons with
sufficient kinetic energy, produced by ionising
radiation, that can themselves cause further
ionisation along their path.
Dermatitis — Inflammation of the skin, which
can be an acute side effect of radiotherapy.
Desiccation — Process of water loss/drying.
Dicentric chromosomes — Abnormal
chromosomes.
Dipole magnet — Two-poled magnet used
to bend the trajectory of charged particle
beams along a curved path.
DNA-protein crosslink — A chemical bond
that incorrectly attaches a protein molecule
to the DNA strand.
Double-strand break (DSB) — DNA damage
where both strands are severed.

E
Elastic collision — Collision conserving both
kinetic energy and momentum.
Electrode — Conductive material that allows
the flow of electric current into or out of a
system.
Electron — A negatively charged subatomic
particle.
Electron cloud — Free electrons confined
within a region, typically by electric or
magnetic fields.
Energy straggling — Variation in energy loss
of particles as they pass through a material.

F
FaDu cells — Cells derived from a
hypopharyngeal squamous cell carcinoma.
Fermion — A class of subatomic particle
possessing half-integer spin (e.g. electrons,
protons, and neutrons).
Fetal bovine serum — A serum that provides
growth factors, hormones, and other proteins
that cells need to proliferate.
FLASH — Ultra-high dose-rate radiotherapy:
the FLASH effect is the observation of
reduced normal-tissue complications during
radiotherapy at ultra-high dose rates.

Fibrosis — Formation of excess fibrous tissue,
often a side effect of radiation.
Fixed-field alternating-gradient accelerator
(FFA) — A type of particle accelerator that
uses fixed magnetic fields combined with
alternating gradients to accelerate charged
particles.
Fragmentation — Breakup of atomic nuclei
after interacting with another nucleus.
Free radicals — Reactive molecules
with unpaired electrons (odd number of
electrons), often formed when ionising
radiation interacts with matter and can
cause indirect DNA damage.
Fundamental particles — Subatomic
particles that do not contain any other
particles.

G
G2 cells — Cells in the G2 phase. G2-phase
cells are typically considered radiosensitive
in radiobiology, especially if they fail to arrest
the cycle and repair DNA damage before
entering mitosis.
G2 phase — The phase where cells continue
to grow, produce proteins, and check for
DNA damage before dividing. A critical
checkpoint between G2 and mitosis ensures
cells do not enter mitosis with unrepaired DNA
damage.
Gamma rays—High-energy photons emitted
from the nucleus of an atom, typically during
radioactive decay.
Gray (Gy) — A measure of dose. 1 Gy is
equivalent to 1 J of energy per 1 kg mass.
GRID — An SFRT technique where radiation is
delivered through a ‘grid’, creating a pattern
of high-dose ‘peaks’ and low-dose ‘valleys’
across the tumour volume.

H
Haemocytometer — A device used for
counting the number of cells.
Hyperfractionation — Dose per fraction
below 1.8-2 Gy.
Hyperplasia — Tissue/organ enlargement
caused by increased cell proliferation.
Hypofractionation — Dose per fraction
above 2 Gy.
Hypopharyngeal — Relating to the
hypopharynx, which is the bottom part of



the pharynx (throat) that connects to the
oesophagus and larynx.
Hypoplasia — Tissue/organ cell reduction
caused by reduced cell proliferation.
Hypoxic — Condition of low oxygen,
reducing radiation effectiveness.

I
Inelastic collision— Interaction where kinetic
energy is not conserved.
Interstrand crosslink—A chemical bond that
incorrectly links the two strands of the DNA
double helix together, preventing them from
separating.
Ion — An atom/molecule with an electric
charge (a disproportionate ratio of protons
to electrons).
Ionisation — The process in which atoms
become charged due to gaining or losing
electrons.
Ionisation potential — The minimum energy
required to remove an electron completely
from an atom or molecule in its ground state.
In silico — Experiments/simulations
conducted using computational models.
Isoeffective — Describing different radiation
treatment regimens that produce the same
biological effect despite differences in dose,
fractionation, or delivery schedule.
In vitro — Experiments conducted on cells in
a controlled environment.
In vivo — Experiments conducted on living
organisms.

K
Kicker magnet — Fast-pulsed magnet used
to rapidly deflect or extract a beam from its
main trajectory for timing or steering.

L
Laboratory reference plane — Fixed
coordinate plane used as a standard
reference for spatial measurements in an
experimental setup.
Laryngeal — Relating to the larynx, or voice
box, located in the upper airway and
involved in breathing, sound production, and
protecting the trachea during swallowing.
Lattice — A 3D extension of GRID SFRT
therapy, using multiple high-dose spheres

(’vertices’) delivered inside the tumour
volume, surrounded by lower-dose regions.
Linear energy transfer (LET) — Energy
deposited per unit length by radiation in
tissue.
Lymphatic system — Network of vessels and
nodes involved in immune response and fluid
balance.

M
Magnetic focusing — Technique using
magnetic fields to shape and direct charged
particle beams.
Malignant — Cancerous.
MBRT—Minibeam Radiation Therapy: A type
of Spatially Fractionated Radiation Therapy
where the beam is split up into > 100 —m
fractions.
Metastasis — The process of cancer cells
spreading to another part of the body.
Mitosis — Cell duplication process: one cell
generates two daughter cells.
MRT — Microbeam Radiation Therapy: A
type of Spatially Fractionated Radiation
Therapy where the beam is split up into ≤
100 —m fractions.
Mucositis — Inflammation of the mucous
membranes, can be an acute side effect
of radiotherapy.

N
Necrosis — Uncontrolled cell death due to
external injury.
Non-homologous end joining (NHEJ) — A
quick repair process that directly rejoins
broken DNA ends, making it efficient but
more prone to errors.
Normoxic—Oxygen level is within the normal
range.
Nucleons — The particles that make up
an atomic nucleus, namely protons and
neutrons.
Nucleus/nuclei — Central part of a cell
containing genetic material.

O
Octupole magnet — Eight-poled magnet
used to correct higher-order beam
aberrations and enhance beam stability.
Osmotic shock — Sudden change in



concentration around a cell, causing water
to pass through the cell membrane.

P
Passive scattering — A particle therapy
technique that spreads the beam out using
scatterers to cover a larger tissue area.
Pellet — The cells at the bottom after
centrifugation.
Pencil scanning — A particle therapy
technique that uses a narrow beam to scan
the tumour in 3D layers to precisely deliver
radiation.
Penicillin-streptomycin—An antibiotic mix to
prevent bacterial contamination.
Permeabilise — The process of making the
cell membrane more permeable to enable
larger molecules to pass through.
Phenotype — The observable physical or
biochemical characteristics of an organism,
determined by both genetic makeup and
environmental factors.
Photobleaching — Loss of fluorescence due
to light exposure.
Photoelectron — An electron emitted from
an atom by interaction with a photon.
Photon — A fundamental particle/packet of
energy.
Plasma lens — A focusing device that uses
a plasma (ionised gas) to control and focus
charged particle beams.
Positron — Antiparticle of the electron, used
in PET imaging.
Proliferate — Multiplies and divides.
Proton — A positively charged subatomic
particle.

Q
Quadrupole magnet — Magnet with four
poles used to focus particle beams in one
plane while defocusing in the perpendicular
plane.

R
Radiation bystander effect — When
neighbouring cells of a directly irradiated cell
experience genetic and biological changes
without being directly exposed to radiation.
Radioresistant — Cells or tissues less affected
by radiation exposure.

Radiosensitive — Cells or tissues highly
affected by radiation.
Reactive Oxygen Species (ROS) — Highly
reactive molecules containing oxygen used
for signalling and immune defence in the
body that can cause damage to cells.
Relative Biological Effectiveness (RBE) — A
measure used to quantify the potency of a
radiation type relative to a reference.

S
SFRT — Spatially Fractionated Radiation
Therapy: The beam is split up into fractions to
distribute the dose according to a different
configuration.
Single-strand break (SSB) — DNA damage
affecting only one strand of the helix.
Solenoid — A coil of wire that generates
a magnetic field when an electric current
passes through it.
Space-charge field — Electric field due to
particle density in a charged beam.
Spread-Out Bragg Peak (SOBP) — Modified
Bragg peak. Combines multiple Bragg peaks
of different energies to deliver a uniform
radiation dose across the entire tumour
depth.
Subatomic particles — Particles smaller than
an atom.
Supernatant — The liquid on top of the cells
after centrifugation.
Surrogate model — Simplified model
approximating complex systems, often used
in machine learning.
Systemic therapy — Treatment affecting the
entire body, such as chemotherapy.

U
UM-SCC-12 cells — Cells derived from a
laryngeal squamous cell carcinoma.

V
Vascular — Relating to blood vessels and
circulation.

X
X-ray — Electromagnetic radiation used for
imaging and radiotherapy.



‚

‚H2AX — A marker for DNA damage.

‚-rays — High-energy photons from nuclear
decay, used in radiotherapy.
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