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Abstract

Radiotherapy is a powerful tool in oncology, from curative treatments to pain relief in
palliative care. However, the efficacy of radiotherapy is limited by side effects caused by
damage to healthy tissues. Ultrahigh dose-rate radiotherapy (UHDR-RT) has emerged as a
possible method of reducing damage to normal tissues while maintaining the ability to control
the progression of cancer. UHDR treatments are delivered three orders of magnitude faster
than conventional dose-rate radiotherapy (CDR-RT). To reach the dose rates associated with
UHDR-RT, novel radiation sources have been developed, spanning a wide range of radiation
types, energies, and time structures of delivery. These include kilovoltage x-rays produced
by a shutter-controlled x-ray tube, and very high energy electrons (VHEE) accelerated to
200 MeV at high energy physics laboratories. Testing the capability of these sources requires
specialized dosimeters and radiobiological models which are not commonly used in traditional
radiotherapy.

In this work, plastic scintillation detectors (PSDs) of various compositions were used
to measure dose from both 120 kVp x-rays and 200 MeV electrons. Experiments with the
shutter-controlled x-ray tube demonstrated that lead-doped polystyrene PSDs can be used
as accurate dosimeters for dose-rates of up to 40.1 Gy/s and for pulse widths of 1 - 100
ms. At the CERN linear electron accelerator for research (CLEAR) the ability of PSDs to
respond linearly with dose and independent of dose rate with 200 MeV electrons was assessed
as well as the radiation hardness of the probes. Polystyrene-based PSDs maintained linear
light output with dose up to 125.2 Gy per pulse. After receiving tens of kGy within one day,
PSDs showed reduced light output. However, they exhibited dose-dependent recovery, and
maintained linearity of output with dose per pulse.

To explore the radiobiological effects of the same radiation sources, Drosophila melanogaster
were irradiated as larvae and were monitored for effects on their development. It was shown
that UHDR 120 kVp x-rays are capable of reducing normal tissue damage in flies compared
to CDR treatments. At 22 Gy, the UHDR irradiated flies had a longer median lifespan, while
at 24 Gy they survived to adulthood at higher rates than the corresponding CDR groups.
Irradiations of D. melanogaster with 200 MeV and 9-20 MeV over a range of doses from 10 -
45 Gy at both UHDR and CDR were also performed. The dose response curves allowed for
an in vivo determination of the relative biological effectiveness (RBE) of VHEE beams, cal-
culated to be between 0.97 and 1.01. This work establishes that PSDs and D. melanogaster
are useful platforms for characterizing the physical and radiobiological properties of novel
UHDR-RT sources.
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Chapter 1

Introduction

Cancer is one of the leading causes of death worldwide, and is the top cause of mortality for
Canadians. As of 2021, it is estimated that 40% of Canadians will receive a cancer diagnosis
during their lifetimes, and 25% will die from it [1]. The most common types of disease
include lung, breast, colorectal, and prostate cancers, all of which can be treated effectively
with radiation therapy alone or in combination with chemotherapies. Currently, radiation
therapy is used in approximately 50% of all cancer cases, which includes both curative and
palliative treatments [2].

Following Lord Roentgen’s 1895 discovery of x-rays, radiation was immediately translated
into clinical practice. One year later, and just three days after announcing Roentgen’s
discovery, Emil Herman Grubbe treated a breast cancer patient with kilovoltage x-rays
produced by an x-ray tube [3]. During the next several years, Henri Becquerel discovered
radioactivity, and Marie and Pierre Curie began to explore the biophysical effects of radium
[4]. From the first uses of radiation as a cancer therapy, clinicians and patients observed
control of tumour progression, and pain relief. However, it would be decades before even
a partial understanding of the biological mechanism of radiation, or radiobiology, would be
developed. Radiation therapy primarily works by damaging deoxyribonucleic acid (DNA)
in tumour tissues. When the tumour cells fail to repair the damage, the effect is cytotoxic,
or lethal to the tissue. The rapid proliferation of cancer cells stops, and the growth of the
tumour is controlled [5]. Of course, normal tissues are also susceptible to radiation damage,
which manifest as side effects including burns, bleeding, and loss of organ function. These
normal tissue toxicities limit the dose that can be delivered to the tumour.

Modern radiation therapy has advanced by developing tools to sculpt dose distributions
around a patient’s anatomy, protecting organs-at-risk (OARs) and maximizing the damage
to the tumour. The most common radiotherapy techniques employed in Canada, center on
using electron linear accelerators to deliver megavoltage x-ray treatments. These machines

feature x-ray image guidance to make sure the dose is delivered to the target, and use



digitally controlled multi-leaf collimators (MLCs) to shape the beam, all contained within
a rotating gantry system as shown in Figure 1.1. In the last 50 years, significant work has
been done to develop techniques for intensity modulated radiotherapy (IMRT), in which
treatments are delivered from different beam angles and intensities to improve the resulting
dose distributions. The pinnacle of this work was Karl Otto’s volumetric modulated arc
therapy (VMAT) which uses a dynamic MLC aperture and fluctuating dose-rate within
a 360 degree delivery to limit dose to OARs [6]. An example of a planned VMAT dose

distribution is shown in Figure 1.2.

Figure 1.1: A Varian TrueBeam linear accelerator (Palo Alto, California, USA) which is used
to treat patients with megavoltage electron and x-ray beams. [7]

Medical physicists and radiation oncologists have also explored radiation modalities other
than electrons and x-rays produced by ~20 MeV linear accelerators in an effort to tailor
physical dose distributions to specific disease sites and patient anatomy. This has included
using protons to treat ocular melanomas [9] and pediatric patients [10], as well as heavy ion
beams to target deep-seated tumours. On the frontier of radiotherapy are very high-energy
electrons (VHEE), which have energies of 100 - 250 MeV. VHEE beams deposit their energy
much deeper in tissue than 20 MeV electrons and can result in physical dose distributions that
protect OARs [11]. They may also cause different amounts of biological damage for a given

dose compared to megavoltage electrons and x-rays routinely used to treat patients. The
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Figure 1.2: VMAT plan for treatment of a lung tumour with 6 MV x-rays. Axial, coronal,
and saggital views of the dose distribution are shown (anti-clockwise from top left). The
prescription dose is delivered to the planning treatment volume (PTV) contoured in orange.
The dose volume histogram (DVH) shown in the top right displays the dose received by the
PTV as well as several OARs including ribs, spinal cord, and normal lung. Adapted from
Pokhrel et al. [8].

comparative magnitude of biological damage caused by different radiation beams is called
the relative biological effectiveness (RBE). The RBE of new radiation modalities must be
well characterized in order to predict the efficacy of radiotherapy treatments.

Another technique that has gained significant attention in the last decade is ultrahigh
dose-rate radiotherapy (UHDR-RT), which is delivered approximately three orders of mag-
nitude faster than conventional dose-rate radiotherapy (CDR-RT). Radiobiological research
has shown promising results in exploiting UHDR irradiation to spare normal tissues while
effectively controlling tumour progression, which is widely referred to as the FLASH effect
[12, 13]. Over the previous decade, FLASH has been used to demonstrate a decrease in acute
and late radiation toxicities while maintaining tumor cell kill [14]. The difference between
the dose which causes intolerable normal tissue damage and the dose required to control the
tumour growth is referred to as the therapeutic window, shown in Figure 1.3. By reducing
the damage to normal tissues while maintaining the tumourcidal efficacy, this window can
be widened.

UHDR-RT has been a gateway for physicists to bring technical innovations from high

energy physics particle accelerators back to applications in cancer therapy for the first time



in several decades. This has unleashed a steady stream of new UHDR dedicated beamlines in
experimental facilities, and companies investing in the development of new UHDR-capable
clinical machines. However, in order to justify translating new delivery techniques into the
clinic, a case must be made for the biological benefit of UHDR-RT relative to CDR-RT.
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Figure 1.3: Depiction of the therapeutic window (TW) in radiotherapy and the hypothesized
differential effect of UHDR-RT on normal and tumour tissues. Dose escalation increases the
rates of both normal tissue complication probability (NTCP) and tumour control probability
(TCP). By moving to UHDR from CDR treatments, the TCP may be increased for a given
NTCP.

While the potential benefits of UHDR-RT are tantalizing, a rigorous characterization of
the FLASH effect and the radiation sources that can cause it is needed before widespread
clinical translation is advisable. Of the many challenges to this goal, the work presented in
this thesis will deal with two: the dosimetry of UHDR sources, and the difference in radiobi-
ological effects of sources operating at UHDR or CDR and at energies spanning kilovoltage
x-rays and VHEE.



1.1 Contributions of this work

1.1.1 Plastic scintillation detectors

UHDR-RT neccesitates new radiation sources and/or delivery techniques with time struc-
tures that complicate the use of traditional dosimeters such as ionization chambers and
radiochromic film. Plastic scintillation detectors (PSDs) are an alternative dosimeter with
possible solutions to this problem. When irradiated, PSDs emit optical light of an intensity
proportional to the absorbed dose [15, 16]. PSDs have high temporal resolution and have
been suggested to be dose-rate independent, which may allow them to be used as online
dosimeters of UHDR sources [17, 18]. In the work presented in this thesis, the response of
PSDs were tested with kilovoltage x-rays and VHEE beams both operating at UHDR. The
ability of PSDs to respond linearly with dose and dose-rate was assessed as well as the radi-
ation hardness of various scintillator materials. The author performed all of the experiments
and data analysis for the PSD investigations described in this thesis. The VHEE beamline
was operated by staff at CERN.

Figure 1.4: The CLEAR VHEE beamline at CERN (a) and the author along with collabo-
rators on VHEE experiments.

1.1.2 Fruit fly radiobiology

The understanding of the radiobiological effects of UHDR are still developing. While early
clinical trials have begun using protons [19, 20], and UHDR electrons [21], the fundamental
mechanisms behind the FLASH effect remain unclear. There are also less common radiation

modalities being introduced as possible UHDR-RT sources, including kilovoltage x-rays and



VHEE. The biological effects of these beams need to characterized, preferably with a high-
throughput model that would allow for insights into the mechanism behind the FLASH
effect. Drosophila melanogaster are a potential model that has been used extensively in the
past for radiobiology experiments and is currently used for cancer drug development. In this
work, Drosophila were irradiated with both kilovoltage x-rays and VHEE. The physiological
response of normal tissues to both CDR and UHDR was observed. The author performed
all of the fly irradiations described in this thesis (with beam operation provided by CERN
staff for VHEE experiments). Follow-up of flies and qPCR analysis for VHEE experiments
was performed by collaborators at the EPFL. All data analysis presented was performed by
the author.

Figure 1.5: The author and his supervisor using PSDs to measure dose from kilovoltage
x-rays (a), and VHEE (b). Collaborators immobilizing Drosophila larvae for irradiations

(c).

1.2 Structure of the thesis

The first three chapters of this thesis are dedicated to the relevant background to contex-
tualize the novel work presented here. Chapters 2, and 3 present the basic physics and
radiobiology underpinning the experiments and summarize the state-of-the field. The fol-
lowing section of the thesis contains the novel contributions of this work. PSD dosimetry
and fruit fly experiments with UHDR low-energy x-rays are detailed in chapters 4 and 5,
respectively. VHEE studies follow in chapters 6 and 7. Finally, concluding remarks on the
entire body of work and potential applications and future research directions are discussed in

chapter 8. The author performed all irradiation experiments with PSDs and flies contained



within this work. Follow-up and care for the flies described in chapter 5 was principally done
by the author with help from the Perlman lab. Post irradiation tracking of flies described
in chapter 7 was handled by the Lemaitre lab. All data analysis presented in the thesis was
conducted by the author.

Chapter 4 was published in Physics in Medicine and Biology in 2022 [22]. Chapter 6 was
published in IEEE Sensors in 2024 [23]. Chapter 5 is under review for publication in the
Journal of Radiation Research and won an award for best oral presentation at the FLASH
Radiotherapy and Particle Therapy (FRPT) conference in Barcelona (2022). Chapter 7
is being prepared for manuscript submission, was presented at FRPT in Toronto (2023,
oral presentation), and will be presented at the American Association of Physicists annual

meeting in Los Angeles (2024, oral presentation).



Chapter 2

Physics of Radiation Therapy

Safe and effective radiation therapy is enabled by the development of precise and accurate
dosimetry methods. This chapter is dedicated to describing the underlying physical principles
and equipment used to produce and measure ionizing radiation. While these tools are well

developed for CDR-RT, application to UHDR sources provides a new set of challenges.

2.1 Interactions of ionizing radiation with matter

To understand how radiation sources can deliver curative and biologically damaging doses, we
must begin with the basic particle-level interactions between ionizing radiation and matter.
For the work discussed in this thesis, the interactions of photons and electrons with matter

are most relevant.

2.1.1 Photons

The likelihood of a particle undergoing any particular interaction type is referred to as the
cross-section (o). For x-ray beams, we also define the linear and mass attenuation coefficients
(u and u/p), which are composed of the cross-section for all interaction types and depend
on the energy of the photons. The mass attenuation coefficient can be used to describe how
the intensity (/) of an x-ray beam decreases as it passes through a medium of density p, and

thickness t according to

I = Iye~W/rirt (2.1)

where I is the initial intensity of the x-ray beam. This section will describe each of the
possible photon interactions and how they contribute to the total cross-section. The proba-
bility of any of these processes occurring, orcross section, depends on the atomic number of

the medium (Z) and the energy of the incident photon (E).



Rayleigh scattering: Also called coherent scattering, Rayleigh scattering is an elastic
collision between an incident photon and an entire atom. While the path of the photon is
diverted, no energy is transferred in the process. The cross-section for Rayleigh scattering
is proportional to (Z/E)?.

Photoelectric effect: The photoelectric effect (PE) is the most dominant interaction
for low-energy x-ray beams. PE contributes significantly to imaging dose and radiotherapy
with orthovoltage beams but is less relevant to megavoltage radiotherapy. During a PE
interaction, a photon interacts with an atom, ejecting an electron from its orbit, and the
photon ceases to exist. The kinetic energy of the photon is completely transferred to the
ejected electron. PE is dominant at photon energies below 100 keV, and the likelihood of
interaction is proportional to Z3/FE3. In the event that a PE interaction removes an orbital
electron from an inner shell, an electron from a higher energy can fall to take its place,
emitting a characteristic x-ray with energy equal to the difference in binding energies of the
two electrons. The inner shell electron can also be replaced by another electron via internal
conversion processes, resulting in the ejection of a Meitner-Auger electron [24]. These low

energy electrons (1-10 keV) can also be exploited for cancer therapies [25].

atom

Figure 2.1: Depiction of a PE event. After the electron departs with angle, relative to the
incident photon, the atom also recoils. Adapted from Attix [26].

Compton scattering: For radiotherapy with megavoltage linear accelerators, the dom-
inant photon interaction is incoherent, or Compton scattering. In a Compton scattering
event, the incident photon loses some of its energy through an inelastic collision with an

orbital electron, continuing at a scattered angle, 6, dependent on the loss of energy. The
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energy of the scattered photon is given by

hv

hv' =
! 1+ a1 — cosb)

(2.2)

where hv is the energy of the incident photon, o = hv/0.511 MeV. The cross-section
for Compton scattering is described by the Klein-Nishina formula, which decreases with

increasing photon energy, and can be considered independent of Z [27].

Recoil eIectro_r]
with energy E >

Photon with wavelength A

and energy hv_
g

p=h/A=hv/c

Scattered photon -
hv'

p'=hv'/c

Figure 2.2: Kinematics of a Compton scattering event. Adapted from Johns and Cunning-
ham [27].

Pair and triplet production: Energetic photons can also interact directly with the
coulombic field of an atomic nucleus. If the incident photon has an energy exceeding the
threshold of 1.022 MeV, the photon can be absorbed and produce an electron-positron pair.
Triplet production can also occur if the interaction involves an orbital electron, resulting in
kinetic energy being transferred to the created electron-positron pair as well as an original
orbital electron. For triplet production to occur the threshold energy is raised to 2.044 MeV.
Downstream from pair or triplet production, the positron will come to rest and annihilate
with an electron, producing two 0.511 MeV photons. The cross-section for pair production
roughly follows a logarithmic relationship with photon energy, increasing steeply above the
threshold and then approaching a constant value. The cross-section is also proportional
to Z. As shown in Figure 2.3, pair and triplet production becomes the dominant photon

interaction with matter above energies of 10 MeV.
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Figure 2.3: Dominance of photon interaction type as a function of Z and photon energy.
Adapted from Attix [26].

2.1.2 Electrons

While energetic photons can transfer energy to matter through the interactions just de-
scribed, it is primarily electrons that deposit dose by directly ionizing the irradiated medium.
Electrons, either secondary electrons generated by x-ray beams or primary electrons pro-
duced by accelerators, interact with orbital electrons through Coulombic interactions. Elec-
trons also lose energy by interacting with the electric fields surrounding charged particles
and nuclei in a medium. As the path of the incident electron is deflected, it loses kinetic
energy be emitting bremsstrahlung x-rays (the German term for 'braking radiation’). The
bremsstrahlung x-rays carry energy away from the site of their production and deposit dose
downstream through creation of secondary electrons, also called delta rays.

Stopping power: To quantify the loss of energy from electrons as they pass through
a medium, we use stopping power, which is defined as the energy lost per path length by
a charged particle, and is typically described in units of [MeV /cm] or [keV/pum]. Stopping
power is divided into two sub-quantities: radiative and collisional. The radiative stopping
power is the energy lost through bremsstrahlung photons and is not accounted for in absorbed
dose. Collisional stopping power refers to the loss of energy through ionizations, and for

electrons is defined by
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(2.3)

where N, is the number of electrons per gram, F is the kinetic energy of the electron,

o is the rest mass (ug = moc?), B is the relativistic speed, and I is the mean excitation
energy. The final term in brackets, d, is a density correction term that reduces the effect of
the electric field at a distance from the incident electron. This formalism was first described

by Bethe and Heitler [28]. An approximation for the radiative stopping power is given by

1 (dE N.ZE [ 2(E+p) 1
Sraa = — | — = 4r? ] — = 2.4
1= (dX)md ST S 3 (24)

A closely related quantity to collisional stopping power is the linear energy transfer
(LET), also called the restricted stopping power, which is used to describe the energy de-
posited locally per path length of a radiation beam. LET and stopping power have the same
units. LET is considered more relevant to the biological damage caused by radiation than
stopping power and can be useful in assessing the relative effectiveness of different particle

types and energies [29]. LET can be calculated using

1 /dE
Ia=- (22
s P (dX)col

2B +2u0)(E-NA | E &% 4 o(2E + po)n(EZ2)

Ho
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o e TE-A (E + po)?

“ 5 In +1-p52=96

(2.5)

where the symbols have the same meaning as in equation 2.3, with the addition of an
energy cutoff term, A. The A term governs the energy limit of the delta rays that will
contribute to LET. As A increases, so does the LET, reaching the unrestricted S., at its
limit. The collisional and radiative stopping power as a function of electron energy for
water, polystyrene, and tungsten is shown in Figure 2.4. The collisional stopping power is
proportional to Z, and decreases with increasing electron energy. For VHEE beams, the

radiative stopping power becomes significant.
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Figure 2.4: Radiative and collisional stopping power of electrons in water, polystyrene, and
tungsten calculated from NIST ESTAR database [30].

Cherenkov: Electrons deposit the vast majority of their energy when their path inter-
sects with or travels very close to other charged particles or nuclei. However, they can also
weakly interact with atoms at greater distances, exciting orbital electrons and losing only a
few eV. This energy transfer is negligible in the context of radiological beams, accounting
for less than 0.1% of the energy lost [26]. As the excited orbital electrons relax, they emit
a bluish light called Cherenkov radiation. The angle of the emitted light, 6, relative to the
path of the electron is given by

PEN 2

n

where n is the index of refraction of the medium. As the electrons traverse the medium,
unaffected by the index of refraction, they are able to travel faster than the generated
Cherenkov light (in the medium). This leads to a kind of optical sonic boom, a blue flash
observable even by the naked eye under the right conditions. Under the high intensity
conditions of UHDR VHEE beams, the Cherenkov light is visible using a normal optical
camera as shown in Figure 2.5. There is a material dependent energy threshold for the
production of Cherenkov. For water the threshold is 264 keV [31].
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Figure 2.5: A cone of Cherenkov light produced by a UHDR VHEE beam travels through a
water tank.

2.2 UHDR Radiation Sources

UHDR-RT has been studied with many different sources and radiation types including elec-
trons, x-rays, protons, and other heavy ions. The vast majority of pre-clinical radiobiological
studies and clinical trials have been conducted with 6-20 MeV electron linear accelerators
[32], proton cyclotrons [19], and x-ray synchrotorons [33]. There are advantages of using
different particle types and energies for specific treatment sites, based on their geometry and
position relative to OARs. An important characteristic of a radiation beam is the percent
depth dose (PDD), which describes the relative dose deposition as a function of depth in
tissue. Figure 2.6 shows the PDDs for x-rays produced by a 120 kVp x-ray tube as well as
electrons ranging in energy from 5 to 250 MeV. Kilovoltage x-rays deposit most of their dose
at the surface, making them ideal for treating superficial lesions without damaging normal
tissues below, but generally inadequate for targeting deeper tumours. Electrons produced
by clinical linear accelerators are usually in the range of 6-20 MeV and penetrate a few cm
into tissue before exhibiting rapid dose fall off at greater depths, making them also best
suited for superficial lesions and post operative radiotherapy. Proton depth dose curves (not
pictured in Figure ??) feature a narrow Bragg peak at depth where a large amount of energy
is deposited. This makes protons very effective at delivering conformal dose distributions
around radiosensitive anatomy and are often employed for pediatric cases where secondary

cancers are a major concern. Proton cyclotrons are significanly more expensive than conven-
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tional x-ray and electron devices which prevents their widespread use in radiotherapy clinics.
VHEE beams are able to target much deeper tumours than 6-20 MeV electrons, due to their
reduced lateral scattering [34]. They are also less susceptible to range uncertainties caused

by heterogeneous tissues than proton beams of similar energies [35].
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Figure 2.6: PDDs of 120 kVp x-rays with and without 2 mm Al filtration compared to
electrons ranging from 5 to 250 MeV.

Throughout this thesis, beams are referred to as UHDR which cover a wide range of
parameters. UHDR Dose rates referred to as UHDR are broadly categorized by the lower
limit on average dose rate of 40 Gy/s, which are approximately three orders of magnitude
higher than CDR dose rates. However, an extremely broad range of average dose rates have
been referred to as UHDR, from 102 Gy/s [36] to 10® Gy/s [37]. Additionally, the fine details
of the time structure used to deliver the dose may be as or more important than the average
dose rate. The dose-per-pulse, dose rate within the pulse, inter-pulse spacing, number of
pulses, and total delivery time may all have significant impacts on the biological effects of
the beam. The effect of dose rate within the pulse and delivery time are described in Figure
2.7. For these reasons any conflation of the term UHDR and the advantageous biological
effects of FLASH should be cautioned and one should also be careful to detail as many

parameters of the time structure of dose delivery as possible.
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Figure 2.7: The ability to elicit the FLASH effect may depend on the pulsed dose rate and
total delivery time. Adapted from Montay-Gruel et al. [38].

The work described in this thesis is bipartite, with the first half devoted to the mea-
surement and radiobiological effects of UHDR kilovoltage x-rays, while the second half will
discuss experiments with electron beams spanning conventional energies (9-20 MeV) up to
200 MeV VHEE. Following is a description of the relevant radiation sources and the state

of the field regarding their development and use.

2.2.1 Kilovoltage x-ray sources

To produce kilovoltage x-rays, a cathode ray tube accelerates electrons from a cathode to
an anode in the presence of an electric field provided by a high voltage source. The anode
is made of a high-Z material, typically tungsten due to its elevated melting point. Upon
collision with the anode, electrons deposit their energy and emit bremsstrahlung x-rays as
shown in Figure 2.8.

The spectrum of x-ray energies produced by an x-ray tube is determined by the material
of the anode, and the tube wvoltage or strength of the electric field provided by the high
voltage source. The energy of x-ray tubes are typically described by their tube voltage in
units of peak kilovoltage (kVp), which is the maximum energy of the bremsstrahlung x-rays
emitted from the anode. Filtration of the x-rays results in beam hardening, or an upwards
shift of the mean energy as shown in Figure 2.9. This results in a more penetrating beam,
as shown in the 120 kVp beams with and without filtration in Figure 2.6, but also reduces
the intensity. For the UHDR x-ray tube experiments in this work, the beam intensity was
maximized by using minimal filtration. Only the inherent filtration of the tungsten anode

and beryllium window were used.
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Figure 2.8: Schematic of a basic x-ray tube including evacuated chamber, hot cathode, and
tungsten target mounted within the anode. Adapted from Bushberg [39].

The dose-rate of the x-ray tube is dependent on the rate of flow of electrons from the
cathode to anode, or tube current (measured in mA). Other than increasing the tube current,
the simplest way to increase the dose-rate of a radiation source is to reduce the source-to-
surface distance (SSD). The intensity of isotropic radiation beams, including bremsstrahlung
x-rays, follow an inverse square law (ISL) where I < 1/SSD?. By reducing the SSD of a
conventional 160 kVp diagnostic x-ray tube to less than 3 cm from the focal spot, Bazalova-
Carter et al. demonstrated that dose-rates in excess of 100 Gy/s could be achieved [40].
This method has since been advanced by using dual x-ray tubes with rotating anodes in
a parallel opposed geometry to improve the penetration depth and heat loading [41, 42].
Another limitation to x-ray tube based UHDR-RT is the ramp-up time for x-ray tubes to
reach stable operation as well as terminating the beam at precise time intervals to control
dose delivery. This has been overcome by utilizing a shielded aperture with a fast shutter
[18]. The x-ray tube and shutter assembly used throughout this thesis is shown in Figure
2.10.

2.2.2 Megavoltage electron accelerators

Electrons with energies in the megavoltage range are most often produced by linear acceler-
ators (linacs), which use radio-frequency (RF) electromagnetic waves to accelerate charged
particles in a linear path within an accelerator waveguide [43]. The waveguide, an evacuated
pipe with donut-shaped cavities, accelerates electrons through an oscillating electric field in

the microwave range produced by a klystron. The waveguide design can be standing-wave or
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Figure 2.9: Spectra produced by a 100 kVp x-ray tube with varying levels of filtration
including: none (A), 0.01 mm W anode filtration (B), additional 2 mm Al (C), 0.15 mm Cu
and 3.9 mm Al in addition to anode filtration (D). Adapted from Attix (1986) [26].

traveling-wave, with standing-wave designs being more common due to their shorter length.
In a linac, electrons gain energy from the electric field as they travel through the waveguide
at relativistic speeds. Eventually the electrons can collide with a heavy metal target to pro-
duce bremsstrahlung x-rays used in cancer treatment as shown at the end of the diagram in
Figure 2.11.
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Figure 2.11: Diagram of a medical linac used for treating patients with x-rays produced by
a conversion target. Linacs can treat patients with electron beams by removing the target
and flattening filter from the beam path. Adapted from Karzmark [43].
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The frequency of microwave power, and geometric design of the corresponding accelerat-
ing structures are determining factors in the efficiency and energy achievable by linacs. The
linacs widely used in radiotherapy to accelerate electrons up to 20 MeV operate at S-band
frequencies of ~3 GHz. Recent developments in linac design have explored using C-band (4
- 8 GHz), and X-band (8 - 12 GHz) designs [44]. Higher frequencies allow for more efficient

acceleration for a given waveguide length, but are limited by RF breakdown [45].

2.2.3 Very high energy electron accelerators

Historically, betatrons or racetrack microtrons were the first accelerators used to generate
electrons at energies greater than 50 MeV [46]. These were prone to activation and high
background dose rates, and did not catch on for clinical treatment. The VHEE source
used for the experiments described in this work is the CERN Linear Electron Accelerator
for Research (CLEAR) [47]. The accelerator technology used in the CLEAR beamline was
originally developed at the Compact Linear Collider (CLIC), which was originally proposed
as a potential successor to the large hadron collider (LHC) in the search for physics beyond
the standard model [48]. The CLEAR facility, which evolved from CLIC Test Facility 3,
currently uses the 25 m long CALIFES injector beamline followed by an additional 16 m
beamline to accelerate electrons to 200 MeV. The beamline schematic is shown in Figure
2.12. CLEAR uses two 3 GHz klystrons, each delivering up to 120 MW per pulse at repetition
frequencies of 10 Hz. Future plans for CLEAR include resuming studies with 12 GHz RF
power to increase the acceleration gradient [49]. In contrast to the thermionic electron
guns typically used by clinical linacs, the electron beam at CLEAR is generated by a laser-
activated photo-cathode made of CsyTe [50]. The end of the user beamline features an in-air

test stand which facilitates dosimetry and radiobiology experiments of VHEE beams [51, 52].
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Figure 2.12: Schematic of the CLEAR beamline, including the CALIFES injector (a), and
the user beamline (b). Adapted from Gamba [47].

At least two other test facilities have been proposed or are already built which will be
capable of producing VHEE beams. In the UK, the Compact Linear Accelerator for Research
and Applications (CLARA) accelerator uses an S-band accelerator to reach energies of 35
MeV. The design for the planned expansion to CLARA is to use a booster and additional
S-band linacs to reach 250 MeV and operate at 100 Hz [53]. The Photo Injector Test facility
at DESY in Zeuthen (FLASHlab@QPITZ) currently produces 22 MeV electrons at UHDR
utilizing a high brightness source [54]. PITZ can deliver bunch charges of up to 5 nC at
MHz repetition rates which results in peak dose rates of up to 10 Gy/s, making it the
highest intensity source described here. There are plans to increase the beam energy to 250
MeV.

Clinicians and companies are looking beyond basic research with VHEE beams towards
development of machines for clinical use. Researchers from Lausanne University Hospital
(CHUV) and CERN have been collaborating with the company THERYQ to adapt the
accelerator technology developed at CLIC and CLEAR into a commercial treatment machine,
called FLASHDEEP. The machine is expected to produce electron beams with energies
between 100 and 200 MeV [55]. At Sapienza/INFN, the SAFEST (SApienza Flash Electron
Source for radioTherapy linac) is being developed using a C-band accelerating structure
at 5.712 GHz [56]. The proposed design is expected to achieve energies between 60-160
MeV over a length of 3-4 meters, which would make it considerably more compact than
current VHEE test facilities and would be compatible with existing medical linac vaults.
Other experimental VHEE beamlines include the 170 MeV SPARC at INFN [57]. The beam

parameters of various VHEE sources are summarized in Table 2.1.
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Table 2.1: Comparison of beam parameters of current and proposed VHEE sources. *Denotes
proposed expansions to currently existing linacs. Adapted from Fischer et al. (submitted
2024) and Ronga et al. [46]

Accelerator  Energy (MeV) Repetition Bunch Bunch Dose rate Status
Rate (Hz) Charge (nC) Length (ps) (Gy/s)

CLEAR 30 - 220 0.8-10 0.005 - 1.6 0.1-10 >10% Active

SAFEST 60-160 >100 0.035 20 >106 Proposed

CLARA 15-250 10 0.02 - 0.1 03-5 Not published Proposed*

PITZ 22-250 1-10 <5 0.1-60 >10 Proposed*

SPARC 170 0.1-10 0.06 0.87 Not published Active

2.3 Dosimetry

Absolute dosimetry methods, in which the measurement directly determines dose in Gy,
include: calorimetry (dose dependent temperature change) [58], Fricke dosimetry (oxidation
of ferrous ions into ferric ions) [59], and ionometric dosimetry (measurement of ion-pairs
in a standard air chamber) [60]. These absolute dosimetry methods are typically laborious
and fail to meet some of the other requirements of a practically useful dosimeter. Reference
dosimeters can be calibrated in a standards lab to provide a measurement traceable to
an absolute dosimeter. Relative dosimeters are typically cross-calibrated against reference
dosimeters or normalized to specified conditions and then used to measure radiation sources

with greater practicality.

2.3.1 Determination of absorbed dose

In radiation therapy, dose is defined by the energy deposited by charged particles per unit
mass, and is measured in SI units of Gray (Gy), which are equivalent to [J/kG]. The dose
delivered by a radiation source can be measured with either absolute or relative dosimeters.
In the context of absolute dosimetry, the quantity of interest is absorbed dose which is
described as dE /dm, where dE,;, is the mean energy imparted to an infinitesimal mass, dm
[27]. Photon beams transfer energy to a medium by first imparting their energy to charged
particles via the interactions described earlier in this chapter such as PE and compton.

Immediately after the transfer of energy, a quantity called Kerma can be defined as

K=¢-(n/p) By (2.7)
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where ¢ is the photon fluence, p/p is the mass attenuation coefficient, and E,, is the
average energy transferred to electrons in each interaction. After transferring their energy to
electrons in the medium, all the energy is not immediately deposited by the electron. Some
may be carried away and lost through bremsstrahlung further down the path, this results
in Kerma and absorbed dose occurring in different locations. In the case where there is
charged particle equilibrium, i.e. the same number of electrons entering a volume as leaving

it, absorbed dose is defined as

D= (g) Fuy = K(1 - g) 2.5)

where E, is the kinetic energy transferred to electrons, g is the fraction of energy trans-
ferred to electrons that is subsequently carried out of the volume of interest by bremsstrahlung.
The product of 1/p and Eg; is the mass energy absorption coefficient, jiq/p. To determine
absorbed dose where there is not equilibrium with Kerma is more complicated and requires
considering the collisional stopping power of electrons. It is typical to use ionization cham-
bers to measure the charge liberated by radiation beams under reference conditions. The

absorbed dose-to-water for low LET radiation sources can then be determined using

Q J —water
Dyater = — | 33.97= ] S, 2.9
t m C air ( )

where () is the charge of ions produced in a volume with mass, m, and 3:;?” is the ratio
of electron collisional stopping powers in water and air for the range of electron energies
present in the beam. Additional correction factors are necessary to correct for the spectrum
of electron energies and the geometry of the detector, as well as ambient temperature and

pressure.

2.3.2 Radiation detectors

While accurate determination of absorbed dose using the formalism described in the section
2.3.1 is one aspect of dosimetry, there are several other attributes that should be considered
as well. These include: spatial resolution, temporal resolution, dose independence (or the
ability to measure a wide range of doses), and dose-rate independence. Application to
UHDR radiotherapy has widened the necessary operating ranges of dosimeters for each of
these parameters. UHDR sources are often small fields (on the order of mm in size) and doses
are delivered in sub-second treatment times, necessitating both high spatial and temporal
resolution. Another important attribute is the tissue equivalence (or water equivalence) of

a dosimeter. Though the response of the dosimeters discussed in this section are generally
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agnostic of the energy of the incident radiation beam, they may over or underestimate dose-
to-water under certain conditions, making them poor surrogates for determining dose to a

patient.

2.3.3 Ionization chambers

Ionization chambers operate by detecting liberated electron charge when ionizing radiation
creates ions within a gas-filled chamber. A voltage is applied between the shell of the chamber
and anode which protrudes into the chamber as shown in Figure 2.13. The liberated electrons
are collected at the anode, and measured using an electrometer. The resulting charge is then
used to determine the absorbed dose at the point of measurement, using versions of the
formalism described in equation 2.9. The clinical linear accelerators used for 6-20 MeV
electron experiments in this work were calibrated using the AAPM TG-51 protocol [61]. For
dose measurements of the UHDR x-ray tube source the AAPM TG-61 in-air method was used
[62]. Tonization chambers can be fabricated using a variety of designs, including cylindrical
[63], parallel plate [64], and free air chambers [65], each suited for different applications.
The specific formalism used to determine absorbed dose is governed by the quality of the

radiation beam and the design of the ionization chamber.

MONODIRECTONAL BEAM

l WALL

GUARD ELECTRODE =@ sl J/ —— = — ~ — ~ ~

~ N N
GAS FLOW O\
\ \
\
0 \ \
ELECTROMETER v, TITSIIIIIITID Il ,
INPUT COLLECTOR /1
/7
‘7
e
HV INSULATOR Sl — —— — — - - P 4

GASEXIT 5
CYLINDRICAL

Figure 2.13: Design of a spherical/cylindrical gas-filled ionization chamber. Adapted from
Attix [26].

Ionization chambers have limited spatial resolution on the order of several mm. They are
typically implemented in an absolute or reference dosimetry capacity where large sensitive
volumes reduce measurement noise. The temporal resolution of ionization chambers is lim-
ited by the readout speed of the corresponding electrometer, typically 0.5 seconds. They can
provide online dosimetry for linacs operating at CDR though they suffer from decreased ion

collection efficiency at UHDR [66]. This is the principal issue in using ionization chambers
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for dosimetry in a UHDR-RT context. For beam time structures with greater than 10 Gy

per pulse, the ion collection efficiency degrades and requires laborious corrections [67].

2.3.4 Radiochromic film

Radiochromic films are planar dosimeters that become darker in response to ionizing radia-
tion. Their design consists of a thin radio-sensitive layer sandwiched between two protective
polyester sheets. Radiochromic films undergo a self-developing process through a polymer-
ization reaction induced by radiation exposure, leading to darkening of the film proportional
to the absorbed dose. The pixel value or optical density of the film is then measured and
converted to absorbed dose. Films offer advantages over ionization chambers due to their
high spatial resolution, and tissue equivalence across a wide range of energies relevant to
radiotherapy [68, 69]. They are commonly used for determination of two-dimensional dose
distributions in a radiation therapy context [70].

The calibration process for films involves generating calibration curves to correlate the
darkening of the film with known absorbed dose values. This calibration is typically done by
exposing the films to doses using a linear accelerator. They are commonly cross-calibrated
against an ionization chamber under the same irradiation conditions. After exposure, the
films are scanned using a flatbed scanner to measure the optical density of the darkened
areas. The optical density is then converted to absorbed dose through the calibration curve,
which establishes the relationship between radiation dose and pixel value as shown in Figure
2.14.

Image processing is an essential part of film dosimetry. Regions of interest (ROIs) are
defined on the scanned image where the response of the film is quantified. The mean pixel
value within these ROIs are measured to establish the color-channel dependent relationship
between the known radiation doses D and pixel values according to

p-lazeth) (2.10)
(xe + )

where . is the red, green, or blue pixel value, and a, b, and ¢ are fit parameters [71].
The calibration curves of this form can then be used to transform pixel value images into
dose maps for additional analysis. For all the film dosimetry in this thesis, either the green
or red channel was used alone. As can be seen in the calibration curves in Figure 2.14, noise
in the blue channel pixel value would result in large uncertainties in dose measurements.
Typically, background (0 Gy) dose points are included on the calibration curve. In experi-
mental conditions, measured dose from un-irradiated background films are subtracted from
the dose maps of irradiated films. While software tools like FilmQA Pro (Ashland Advanced
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Figure 2.14: Example calibration curve for EBT-XD film. Independent calibration curves
are generated for the red, green, and blue channels using a rational fit.

Materials, Bridgewater, NJ) and ImageJ (National Institutes of Health) are commonly used
for this analysis [72], the film dosimetry presented in this thesis was conducted using codes
created in Python 3.10.

Films offer the highest spatial resolution of any dosimeter, with specifications as low as
25 pm [73]. This allows for detailed two-dimensional dose distribution measurements, which
is an asset for UHDR-RT with small fields. In contrast to the other dosimeters discussed in
this thesis, films do not provide any temporal information. Films instead give the integrated
dose over the duration of the dose delivery. The response of films does not depend on dose
rate, demonstrating linear response with dose when exposed to high dose-per-pulse beams at
least up to 8 x 10! Gy/s [11]. Films have also been shown to be accurate over a wide range of
doses. For example, Gafchromic™ EBT-XD (Ashland Advanced Materials) has demonstrated
accuracy within 1% over the range 0.4-40 Gy [74]. New readout techniques continue to be
developed which extend their usable range even further [75]. Films show energy dependence,
especially at low x-ray energies [76] and with high LET radiation sources [77], which can

impact the accuracy of dose measurements.
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2.3.5 Plastic scintillation detectors

Radioluminescence is a phenomenon where materials emit optical light after absorbing energy
from ionizing radiation. Electrons within the material are excited downstream of the basic
photon and electron interactions with matter described earlier in this chapter. As excited
molecules subsequently relax to their ground states, they emit fluorescence and phosphores-
cence light, which both fall under the umbrella of scintillation. The intensity of the light
produced by the radioluminescent material, or scintillator, is directly proportional to the en-
ergy absorbed, and is independent of the initial energy of the incident particle [78]. This light
can therefore be detected and used to determine the absorbed dose in the active scintillator
volume, and subsequently be used as a surrogate for absorbed dose-to-water. Cherenkov
light produced by charged particles is also related to absorbed dose but unlike scintillation
light is emitted anisotropically. This complicates dosimetry based primarily on Cherenkov

detection [79, 80], and generally renders it a contaminant in scintillation dosimetry [15].

History of scintillators

In 1903, British physicist and radio chemist Sir William Crookes accidentally created the first
scintillation detector when he spilled radium bromide onto a surface of zinc sulfide. As he
carefully recovered the expensive alpha-emitter with the aid of a magnifying glass he noticed
discrete flashes of light arranged in a turbulent luminous sea’ as the alpha particles struck
the zinc sulfide, a scintillating material [81]. Crookes refined his crude optical dosimetry
method into a device called the spinthariscope which was capable of counting individual
radioactive decay events.

In the century that followed, many scintillating materials were developed for applications
in medicine. These materials broadly belong to two camps: inorganic, and organic (or plastic)
scintillators. Inorganic scintillators, typically composed of high-Z elements, attenuate x-rays
more efficiently than plastics and have found uses in medical imaging [39]. These include Csl
for x-ray computed tomography (CT) [82], LSO for positron emission tomography (PET)
[83], and CWO for onboard MV imaging with a linac [84]. These applications benefit from
a material with a high cross-section, capable of maximizing signal-to-noise ratios with low
count rates. Plastic scintillating materials however, have found more traction in high fluence
environments, including radiotherapy [85] and high energy physics experiments [86]. Organic
scintillators can be made from crystalline materials like anthracene and stilbene, liquids
including benzene, and polymers such as polyvinyltoulene and polystyrene [87], which will
be discussed extensively throughout this thesis.

The first study of PSDs for dosimetry of radiotherapy beams was conducted by Murai
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et al. in 1964 who irradiated a 28 x 28 x 15 cm cubic plastic scintillator [88]. They were
able to determine the dose delivered to the volume by integrating the photoelectric current
measured by a photomultiplier tube (PMT). In 1992, Beddar et al. published a pair of
articles on PSDs for use in radiotherapy which are considered the foundational works in this
field [15, 16]. There has also been interest in the development of two dimensional PSDs
composed of scintillating sheets [89] and fibers [90]. In the realm of high energy physics,
PSDs have been used for experiments on the proton synchrotron [91] and the large hadron
collider [92] at CERN.

Physical properties of Scintillators

PSDs are a subset of radioluminescent detectors that use plastic-based scintillating materials
to detect ionizing radiation. Early PSDs, such as the one described by Figure 2.15, used
a scintillator as well as a clear fiber (for detecting Cherenkov) each coupled to a separate
photomultiplier tube (PMT) via a transparent light guide [15]. Most contemporary PSD sys-
tems use solid state photodetetors including photodiodes and charge-coupled devices (CCDs)
which do not require a stable high-voltage power supply and allow for multiple PSDs to be
connected to a single readout device [93, 94].

One advantage of PSDs is their ability to deliver high spatial resolution. Advances in
the manufacturing of scintillating materials have made it possible to fabricate probes with
limiting dimensions down to 10 um [17], though active scintillator dimensions of 0.1 to 1 mm
are more common [95, 96]. This high spatial resolution allows PSDs to overcome the vol-
ume averaging effect associated with most ionization chambers, and yields better agreement
with films as shown in Figure 2.16. This may be particularly important in the applica-
tion to UHDR dosimetry which is often associated with steep dose gradients, especially at
experimental facilities with small beam sizes.

While PSDs are capable of nearing the high spatial resolution and dose/dose-rate inde-
pendence of film, they stand alone in their ability to provide high temporal resolution. The
response time of the scintillating material to ionizing radiation is on the order of nanosec-
onds (depending on the composition) and is limited by the speed of the electronic readout.
State-of-the-art CCD systems are capable of temporal resolutions of 2.5 ms [97]. The tissue
equivalence of scintillation detectors depends on the composition of the scintillating material.

The active element of PSDs are composed of a bulk medium coupled to an aromatic
hydrocarbon and often, additional organic fluors to facilitate wavelength shifting [98]. The
PSDs used throughout this thesis utilize polyvinyltoulene plastic scintillators, or polystyrene
scintillating fibers as the active radioluminescent element. Scintillating fibers are differen-

tiated from plastic scintillators by polymethylmethacrylate (PMMA) cladding surrounding
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Figure 2.15: Schematic of the PSD design used by Beddar et al. in the first dosimetric
characterization of PSDs [15]. The Cherenkov signal is detected by a clear fiber connected
to a separate PMT in order to correct the PSD signal.

the fiber [99], which aids in total internal reflection and transport of scintillation light into

the optical fiber as shown in Figure 2.18.
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Figure 2.17: Schematics of PSDs fabricated from plastic scintillators (a), and scintillating
fibers (b). The PMMA cladding on the scintillating fiber increases the efficiency of trans-
mitting light to the optical fiber. Adapted from Archambault et al. [100].

Scintillation photons, which are produced isotropically within the scintillator volume,

can only be transmitted to the optical fiber if they are incident to the optical fiber at an
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Figure 2.16: Profiles of a half-blocked *°C'o beam were measured by Beddar et al. with a 1
mm diameter PSD as well as film and two common ionization chamber types [16]. The PSD
signal shows excellent agreement with film.

acceptance angle less than «, determined by

1
o = sin”! ( \/n2, — n§l> (2.11)
Nsci

where n.;, N, and ny are the refractive indices of the scintillating fiber, optical fiber, and

cladding, respectively [100]. Scintillation fibers increase the acceptance angle compared to
plastic scintillators by surrounding the scintillating volume with a material of lower refractive
index. Scintillating fibers also mitigate the optical effects of physical damage and do not
require perfectly polished surfaces.

In response to ionizing radiation plastic scintillating materials produce 7,000 to 10,000
photons per MeV absorbed, corresponding to an efficiency of ~2.5% [85]. As stated previ-
ously, the light yield efficiency of a scintillator is generally independent of the energy of the
incident radiation beam. However, when exposed to high LET radiation beams, PSDs can
experience a kind of temporary radiation damage or saturation of their scintillation efficiency
called ionization quenching [101]. This becomes relevant for protons and heavy ions near
the Bragg peak [98] as well as photo-electrons with energies below ~125 keV [102]. Birk

developed an empirical formula to describe the effect of stopping power on the scintillation
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efficiency, given by

A X dE/dx
dL/dx = 2.12
/4 = B % dB s (2.12)

where dL/dz is the is the light output per path length of the incident particle, dF/dx is
the depth dependent stopping power, A is the un-quenched scintillation efficiency, and kB is
the Birk quenching constant [78]. For low LET radiation, dL/dx ~ A x dE /dz, and for high
LET radiation it becomes dL/dx ~ A/kB. Using Birk’s formula Wang et al. experimentally

determined the depth dependent quenching correction factors for PSDs used to measure 73
to 230 MeV proton beams [103].

Stem corrections

PSD signals can become contaminated with Cherenkov produced within the scintillator and
optical fiber as well as fluorescence from within the optical fiber. These contaminant signals
are referred to as stem effects and in many cases must be corrected for to provide accurate
determinations of dose. The first technique, proposed by Beddar et al. was to simply
subtract the isolated Cherenkov and fluorescence signal using a two fiber system [16]. Single
fiber approaches were subsequently developed which exploit differences in the spectra of the
different radioluminescence types. While the spectra of Cherenkov and fluorescence signals
overlap with the desired scintillation signal, differences in their peak wavelength and intensity
can be used to remove them. Cherenkov light peaks in the blue-violet range, which de Boer
et al. exploited by using plastic scintillators with high concentrations of wavelength-shifting
fluors. The resulting green and orange light emitted by the PSDs could more easily be
distinguished from the undesired Cherenkov light [104].
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Figure 2.18: Measured spectra of BCF-60 (Luxium Solutions, Hiram, OH), a commonly
used PSD. The total signal is shown along with the isolated Cherenkov contribution and
the resulting spectra from three filters that can be used to discriminate and subtract stem
effects. Adapted from Cloutier et al. [31].

Modern stem correction methods take advantage of the ability to measure the optical
spectrum using CCDs [105]. Multispectral [106] and hyper spectral approaches [107] are
able to discriminate the scintillation spectra from contaminants and increase the accuracy of
PSDs for small-field dosimetry [108]. To apply these spectral removal techniques, the energy
and angular dependence of the contamination signals can also be exploited. Cherenkov light
has an energy threshold of ~ 180 keV in plastics [109], while fluorescence does not have an
energy threshold. Additionally, the Cherenkov signal reaches a maximum intensity at ~41°
to the incident radiation beam. This allows for the signals to be isolated by measuring the
spectral output at the beam angles corresponding to the minimum and maximum Cherenkov
signal. The stem effect contribution of fluorescence is also mitigated by using PMMA optical

fibers which have a lower fluorescent yield than silica, which was used previously [110].

2.3.6 Comparison of dosimeters

A comparison of the detector types discussed in this section is shown in Table 2.2. Due to
their high spatial and temporal resolution, as well as their potential dose-rate independence,
scintillation detectors (including PSDs) offer clear advantages over ionization chambers and
radiochromic films. The work presented in this thesis will also explore the tissue equivalence

of PSDs of various compositions.
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Table 2.2: Summary of attributes relevant to UHDR-RT for common dosimeter types. *Tem-
poral resolution of PSDs depends on the readout device and can be much faster, 2.5 ms was
the limiting resolution for the platform used in this thesis. Adapted from Romano et al.
[111].

Detector Spatial Resolution  Temporal Resolution = Dose-rate Independence
Ionization Chamber  Poor (>2 mm) Good (~0.5 s) Poor (< 10? Gy/s)
Radiochromic Film  Excellent (<0.1 mm) None Excellent (> 8 x 10! Gy/s

Scintillator Detector Good (<0.5 mm) Good (<2.5 ms*) Excellent (> 10° Gy/s)
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Chapter 3

Radiobiology of Ultrahigh Dose-Rate Radiotherapy

The biological mechanisms behind UHDR radiotherapy and the FLASH effect are still un-
der active investigation, with hypotheses focusing on oxygen depletion [112, 113], immune-
mediated responses [114, 115], and DNA damage [116, 117]. Studies have utilized various
model organisms such as mice [33], mini-pigs and cats [13], zebrafish embryos [118], and cell
cultures [119] to explore the effects of FLASH radiotherapy on different tissues and tumour
types. These studies have highlighted the potential of FLASH radiotherapy to maintain
tumour control while sparing normal tissues, paving the way for further preclinical investi-

gations and clinical trials to establish its safety and efficacy in human patients.
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Figure 3.1: Radiobiological models frequently used for assessing the effects of UHDR-RT on
normal tissues. Adapted from Limoli [120].

This chapter will give a primer on the historical background of UHDR radiotherapy and
the current understanding of the radiobiological FLASH effect, including possible mecha-
nisms. Drosophila melangoaster will be introduced as a model organism for studying cancer

therapies and as a potential candidate for FLASH experiments.
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3.1 History of FLASH Radiobiology

The first published observation of a sparing effect from UHDR irradiation was an experiment
performed by Dewey and Boag in 1959 [121]. The bacterium Serratia marcescens were
irradiated with x-rays and electrons produced by a 1.5 MV linear accelerator in the presence
of different oxygen conditions. They noticed that delivering doses of 10 - 20 krads with
electrons in single 2 microsecond pulses (dose rates of 5 — 10 x 107 Gy/s) in normal oxygen
conditions resulted in survival fractions consistent with conventional dose rate irradiations
(0.1 Gy/s) in anoxic conditions. Under the anoxic conditions (100% nitrogen) the UHDR
and CDR treatments had similar clonogenic survival. Contrary to the results of Dewey
and Boag and the current heterodox understanding of FLASH, in 1966 Hornsey and Alper
found that the lethal dose for mice decreased with increasing dose-rate [122]. In the 1970’s,
additional mouse studies showed normal tissue sparing under UHDR conditions [123, 124].
Early in vitro studies of HeLa cells and Chinese hamster cells also showed reduced damage
from UHDR sources [125, 126].

3.1.1 Pre-clinical FLASH

The field of FLASH radiotherapy lay largely dormant until 2014, when a group based at
CHUYV in Lausanne investigated the potential for reducing normal tissue toxicities in mice
while maintaining tumour control after UHDR electron treatments [12]. Favaudon et al.
observed a differential effect where lung fibrosis was reduced with UHDR irradiation com-
pared to CDR (0.03 Gy/s) while also effectively repressing the growth of lung tumours. This
seminal paper also established a speed limit of sorts for CDR-RT, stating that dose rates
in excess of 40 Gy/s could be considered capable of inducing the FLASH effect. While this
work has come under scrutiny and generated controversy [127], it has served as the nexus
for a new sub-field of research within radiotherapy.

In the following years the ability to reduce normal tissue toxicities in a variety of normal
tissue types using UHDR beams was confirmed. Early studies continued to focus on mice,
including the ability to reduce side effects of brain irradiation with electrons [33] and x-rays
produced by a synchrotron [128]. Skin sparing effects were then demonstrated in mini-pigs
and in cat patients while effectively controlling tumours [13]. However, a clinical trial of cat
cancer patients was terminated early due to the development of severe late toxicities (bone
necroses) in the UHDR-RT arm which was not observed with cats treated with CDR-RT
[129]. A sample of the studies focusing on the response of tumour and normal tissues to
UHDR and CDR-RT is presented in Tables 3.1 and 3.2.

One way to quantify the magnitude of the FLASH effect is with a normal tissue dose
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modifying factor, defined as:

Duupr

DMF = (3.1)

Dcpr

where Dygpr and Depgr are the doses required to reach the same level of normal tissue

toxicity. The reciprocal of the DMF, the FLASH Factor, is also sometimes used [130]. UHDR

has been shown to cause a FLASH effect across a diverse set of species and normal tissue
types with DMF values between 1.3 and 1.8 [131].

Most pre-clinical studies of UHDR-RT have utilized a single delivery of the full prescrip-
tion dose, rather than a fractionated delivery as is common practice with CDR-RT [132].
There is however, conflicting evidence on the impact of fractionation on the magnitude of
the FLASH effect. Montay-Gruel et al. found that the neurocognitive sparing effects and
efficacy of slowing glioblastoma growth with 6 MeV electron UHDR-RT were conserved
when the dose was split into three fractions [38]. Sorensen et al. measured skin toxicitiy
after UHDR-RT with protons and found that splitting the dose across multiple fractions
reduced the normal tissue sparing effect [133]. When three fractions were used, UHDR-RT
had equivalent toxicity to CDR-RT.

3.1.2 Early Clinical Translation of FLASH

Given the ability of UHDR beams to demonstrate sparing effects of similar magnitudes across
several mammalian models within a few years of the rediscovery’ of FLASH, clinicians felt
comfortable moving towards clinical translation. The first patient to be prescribed UHDR-
RT was treated in Lausanne in 2019 [32]. A 75 year old man with multiresistant CD30+
T-cell cutaneous lymphoma was given 15 Gy in 90 ms (~167 Gy/s mean dose rate) to a
3.5 cm diameter tumour. This treatment resulted in control of the tumour, measured at 5
months follow-up, and demonstrated the safety of implementing UHDR-RT for skin lesions.
The first clinical trial for UHDR-RT, began enrolment in November 2020 [134]. FAST-
01, which was sponsored by the radiation device vendor Varian, included 10 patients and
was designed to test the feasibility, and efficacy of UHDR protons to treat painful bone
metastases. This non-randomized trial showed consistent clinical results with conventional
radiotherapy [19]. The path to clinical translation has continued for protons with the FAST-
02 trial [20]. Additional clinical trials with electrons for treatment of skin lesions are also

underway with a Phase II randomized trial [21].



Table 3.1: Selection of UHDR irradiations of tumour models. Adapted from Gao et al. [135].

Model Total dose (Gy) UHDR dose rate (Gy/s) Radiation source type Outcome Reference
NMRI mice with FaDu cells 17.4 and 19.7 > 10% (Pulse mode) SNAKE (proton) isoefficacy Zlobinskaya [136]
C57BI/6J mice with 18 40 (proton) UHDR improved efficacy Rama [137]

Cat, T2/T3NOMO squamous-cell-carcinoma 2541 130-190 Kinetron/Oriatron 6e (electron) isoefficacy Vozenin [13]
Human, CD30+ T-cell cutaneous lymphoma 15 167 Oriatron eRT6 (electron) isoefficacy, tissue sparing Bourhis [32]

Mice, pancreatic cancer flank tumors 15/12-18 78 IBA Proteus Plus (proton) isoeflicacy Diffenderfer [138]
Mice, total abdominal irradiation 16 216 N/A (electron) isoefficacy Levy [139]

Mice, with head and neck cancer 15 115 Varian Probeam (proton) isoeflicacy Cunningham [140]
Mice injected with glioblastoma cells 25 2.5%10% to 7.8x10° Oriatron eRT6 (electron) isoefficacy Montay-Gruel [38]
Mice. Total body irradiation 4 200 OriatroneRT6 (electron) isoefficacy Chabi [141]

Table 3.2: Selection of UHDR irradiations of normal tissues. Adapted from Gao et al. [135].

Model Total dose (Gy) UHDR dose rate (Gy/s) Radiation source type Normal tissue sparing Reference

Mice 10 >100 Oriatron 6e (electron) Yes Montay-Gruel [33]
Mice 10-22 210 N/A (electron) Yes Loo [142]

Mice 10 37 ESRF (X-ray) Yes Montay-Gruel [128]
Mice 30 200-300 Varian 21EX (electron) Yes Simmons [143]
Mice 15/17.5/20 40 N/A (proton) Yes Abel [144]

Mice 16 37 Varian 2100 IX (electron) No Venkatesulu [145]
Mice 13-22 120 IBA C230, (proton) Yes Zhang [146]

Mice 8 4.4x106 Oriatron eRT6 (electron) Yes Alaghband [147]
Mice 5.2/4 >20 N/A (electron) Yes Fouillade [148]
Mice 16 216 N/A (electron) Yes Levy [139]

Mice 12-18 78 IBA Proteus Plus (proton) Yes Diffenderfer [138]
Mice 35 57 Varian Probeam (proton) Yes Cunningham [140]
Mice 4 200 Oriatron eRT6 (electron) Yes Chabi [141]

Mice 30/45 69-124 IBA Proteus Plus (proton) Yes Velalopoulou [149)
Mice 7.5-12.5 >280 6-MeV electron linear accelerator Yes Ruan [150]

Mice 12.7-587 44.4 IMBL (X-ray) No Smyth [151]
Mice/zebrafish 10/14 37 ESRF (X-ray) Yes Montay-Gruel [152]
Zebrafish embryos 0-45 100 UPTD (proton) No Beyreuther [153]
Zebrafish embryos 26 105 (mean) ELBE (electron) Yes Pawelke [154]

Pig skin 22-34 300 Kinetron (electron)/Oriatron Ge (electron) Yes Vozenin [13]
Human lung fibroblasts 20/10 100/1000 RARAF (proton) Yes Buonanno [155]

LE
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3.2 Potential mechanisms of FLASH

After the immediate physical effects of ionizing radiation occur, a cascade of chemical and
biological processes are set into motion, including the formation of reactive oxygen species
(ROS), and cellular pathways to repair damage. The timescale of these processes is described
in Figure 3.2. UHDR-RT, which is characterized by mean dose-rates greater than 40 Gy/s,
generally results in sub-second treatments. Conventional treatments however, at dose-rates
of < 0.1 Gy/s, take on the order of minutes [156]. The FLASH effect therefore interacts with
a different set of processes downstream from the physical effects generated by UHDR-RT
than conventional RT. This section will explore a few possibilities for how these processes
may be disrupted in a way that leads to the FLASH effect.

Time (s) .
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Figure 3.2: Timeline of the physical, chemical, and biological processes involved in the
response to ionizing radiation. Adapted from Vozenin [157]

3.2.1 Oxygen

The role of oxygen in triggering the FLASH effect has gained attention from the first studies
of UHDR irradiations, with Dewey and Boag speculating that rapid depletion of local oxygen

after a single large radiation pulse could confer radio-resistance [121]. Dewey and Boag



39

confirmed this a decade later [158]. This idea was expanded on by Ling et al. in 1978 when
they irradiated mamallian cells with UHDR and estimated the time-scale of oxygen mediated
radiosensitivity to be on the order of 3 x 1073 s [159].

To understand why oxygen has been such a popular explanation for driving the mecha-
nism underlying the FLASH effect we need to examine the role that oxygen typically plays in
radiotherapy. The oxygen effect refers to the enhancement of the therapeutic or detrimental
effects of ionizing radiation due to the presence of oxygen. The radiolysis of water produces
free radicals, including solvated electrons and hydrogen radicals (e;, and "H), that can cause
DNA damage. In an oxygenated environment, these radicals also create superoxide and
hydroperoxyl (O, and HO,) which make the DNA damage harder to repair (referred to as
fizred damage) [160, 161]. Conversely, in the absence of oxygen (hypoxic conditions), cells
become more resistant to radiation-induced damage. To quantify this effect, radiobiologists

use the oxygen enhancement ratio (OER), which is defined as

D
OER = D—’” (3.2)

P2
where D,, and D,, are the required doses to reach the same biological effect under hypoxic
(p1) and normoxic conditions (p2). Typically, the OER for low-LET radiation (e.g. x-rays,
and electrons) ranges from 2.5 to 3.5 at high dose levels [160]. The OER decreases as the
linear energy transfer (LET) of the radiation increases, with high-LET radiation (e.g. alpha
particles, neutrons) having an OER close to 1. The OER can also depend on factors such as
the tissue type, oxygen partial pressure, and the chosen biological endpoint. Tumour tissues
are typically hypoxic due to poor vasculature, which can confer radio-resistance, making
them difficult to treat effectively. The differential OER between well-oxygenated normal
tissues surrounding hypoxic tumours can result in increased side effects when delivering
tumour controlling doses. A potential mechanism for FLASH is therefore the induction of
temporary hypoxia in normal tissues, effectively pushing the OER towards unity.

In order to determine whether FLASH could be harnessing the power of the oxygen
effect, we must consider the timescale of oxygen depletion relative to the time structure of
UHDR and conventional dose rate beams. Based on the work by Ling et al. it is estimated
that cells in a monolayer are able to restore normal intracellular oxygen concentrations in
~ 1072 s [113, 159]. The rate of oxygen diffusion and cellular metabolism is also dependent
on the cell type (including cell diameter), and availability of ambient oxygen. Studies of
the mechanistic role of oxygen in causing the FLASH effect have focused on in silico [162],
and in vitro tests [163], where the oxygen kinetics can be well understood. The results of

these studies have diverged, with several concluding that oxygen could only have a marginal
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role in the FLASH effect [164] or that it could only cause tissue sparing in already hypoxic
tissues [113]. Montay-Gruel et al. tested the impact of oxygen concentration in vivo by
allowing anesthetized mice to breath carbogen during irradiation. They found that oxygen
concentrations greater than normoxic conditions reversed the cognitive sparing effects of

UHDR-RT [152].

3.2.2 Immune Response
Reduced Damage to Circulating Immune Cells

Another possible explanation for the FLASH effect is that by reducing the total treatment
time with UHDR-RT, a decreased volume of circulating blood is irradiated. This circulating
blood contains immune cells which play a role in protecting normal tissues post irradia-
tion. Jin et al. performed a computational study which concluded that immune cell killing
could be reduced to ~80 % using UHDR-RT [114]. This study suggested that the dose-rate
threshold for FLASH would be dependent on total volume irradiated. Galts and Hammi
later showed that UHDR-RT with pencil-beam scanning protons could be used to spare
circulating lymphocytes for brain patients [115].

Modulation of the Tumour Micro-environment

UHDR-RT may also alter the tumour micro-environment in a way that changes the mech-
anism of tumour control, without necessarily changing the efficacy. Kim et al. found that
UHDR-RT increased the production of ROS while simulataneously decreasing activation
of myosin light chain and YyH2AX (which are markers for lethal DNA damage) relative to
CDR-RT [119]. They hypothesized that normal tissues would be more efficient at removing
ROS through metabolic processes than tumour tissues. Their results also suggested that

UHDR-RT allows immune cells to more efficiently infiltrate tumour tissues.

3.2.3 DNA Damage
Incidence of damage

The final potential FLASH mechanism presented here is differences in the induction of DNA
single-strand breaks (SSBs) and double-strand breaks (DSBs) compared to CDR-RT. Perstin
et al. found that UHDR was associated with reduced induction of SSBs and DSBs in plasmid
DNA, compared to CDR-RT [116]. They observed greater differential in SSBs which might
suggest the FLASH effect may be more effective in reducing non-lethal DNA damage which

can lead to late effects, rather than the most acute forms of DNA damage. This reduced
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DNA damage from UHDR-RT was confirmed by Fouillade et al. with an in vitro study of
lung cells [148].

Impaired DNA Repair in Tumour Cells

Tumour cells often have defects in DNA repair pathways, such as BRCA1 mutations, which
can lead to improper repair of DSBs. The 53BP1 protein, which is crucial for DNA repair,
may be deferentially affected by UHDR in normal versus tumour cells. In normal cells,
the reduced DNA damage under UHDR-RT may lead to fewer 53BP1 foci and less error-
prone DNA repair pathways like non-homologous end joining. In contrast, tumour cells
with BRCAL1 deficiencies may be unable to properly repair the DNA damage induced by
UHDR-RT, leading to more cell death and genomic instability [165].

3.3 Drosophila melanogaster

Drosophila, commonly known as the fruit fly, is a widely used model organism in biology and
cancer research. There are at least 1,600 documented species in the diverse genus Drosophila
[166]. The focus of this thesis will be Drosophila melanogaster, which will be referrred to
as simply Drosophila throughout this chapter. Several advantages of Drosophila over the
mammalian models prevalent in the FLASH literature discussed previously include: low-cost,

short life cycle, genomic characterization, and logistical practicality.

3.3.1 Life Cycle

The life cycle of Drosophila is approximately 10 days from egg to emerged adult fly as shown
in Figure 3.3. Drosophila undergo complete metamorphosis, with distinct embryonic, larval,
pupal, and adult stages. The embryonic stage lasts 24 hours, followed by three larval instars
(development stage between moulting) over 5 days, a pupal stage of about 6 days, and finally
the adult stage which can last 60-100 days [167]. The exact duration of each life stage and
overall lifespan is related to environmental stresses including temperature, crowding, and
substrate [168]. The transition from larva to pupa involves a dramatic remodeling of tissues,
while the pupal stage is a non-feeding, immobile phase of metamorphosis. Drosophila can
develop spontaneous tumours as they age, making them a useful model for studying cancer

progression.
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Figure 3.3: Life cycle of Drosophila from embryo to adult takes ~10 days at 25°C.

3.3.2 Anatomy and Development

The Drosophila larval body consists of a head, thorax, and abdomen totalling a length of
~3mm. Larvae develop a well-developed digestive system, respiratory system, and nervous
system. These tissues (which have homologs in humans as shown in Figure ??) can be used
to study disease. Also present in the Drosophila larva are imaginal discs, which are clusters
of cells which become functional tissues in the adult flies, including: wings, eyes, legs, and
genitals. These imaginal discs are groups of undifferentiated epithelial cells that can be
monitored throughout development to study cell fate and even transplanted between flies
[169]. The third instar larval stage is the final and largest larval stage, which is typically used
to study tumourigenesis [170]. During the third instar, the imaginal disc cells divide rapidly,
leading to a ~1000-fold increase in the size of the discs. The cells present in Drosophila
imaginal discs show properties similar to mammalian epithelial cells and are amenable to
cellular transformation. The rapidly growing imaginal disc tissues, such as the wing disc and
eye-antenna disc, are commonly used models to study cancer-related processes in Drosophila
larvae.

Adult Drosophila have a relatively simple body plan consisting of a head, thorax, and
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abdomen. The head contains the eyes, antennae, and mouth-parts. The thorax has three
pairs of legs and two pairs of wings. The abdomen contains the digestive and reproductive
organs. The species name melanogaster, or "black-bellied’, refers to the characteristic solid-
colored lower abdomen of adult male flies which differentiates them from females. Adult
flies reach sexual maturity within a few days of emergence from the pupal case. A single
female fly can produce 400-500 offspring, laying about five eggs at a time. Drosophila larva
and adults are omnivores, surviving on a variety of diets including decomposing fruits and
yeasts. They can also exhibit carnivorous and cannabalistic diets, with larva feeding on the
carcasses of adult flies [171]. The flies used for experiments included in this thesis were raised

primarily on a diet of Carolina instant Drosophila medium (a potato starch based diet).

3.3.3 History of fruit fly radiobiology

Drosophila have been central to the study of radiobiology since before the development of the
linear accelerators commonly used for radiotherapy in 1953 [172]. Herman Joseph Muller’s
fruit fly experiments in 1926-1927 led to him receiving the Nobel prize for the discovery of
x-ray mutagenesis [173]. Research conducted by Muller’s students also contributed directly
to the development of the linear-no-threshold (LNT) model for radiation protection, which
posits that there is ‘no safe dose’ of ionizing radiation [174, 175]. This work has faced scrutiny
[176] and some have even suggested that there may be benefits to low doses of radiation, a
so-called "hormetic’ effect [177].

Dose-rate radio-biology using Drosophila models has recently re-gained attention, but the
field has been limited to very low dose rates (on the order of CDR or lower). Low dose rate
priming doses of 0.2 Gy have been shown to reduce DNA damage and impact gene expression
[178]. Other groups have studied the effects of low dose rate background irradiation from
cosmic rays by shielding Drosophila deep underground. These works have demonstrated a
link between dose rate and genetic and phenotypic responses [179, 180]. There is evidence
that there may be a radio-adaptive response (RAR) which confers a radio-resistance to

tissues pre-irradiated with low dose rate ionizing radiation [178].

3.3.4 Drosophila model of cancer

Beyond their important place in the early history of radiobiology, there are good reasons
to renew radiobiology experiments with Drosophila. One of the strengths of the Drosophila
model is the well documented genome (i.e. the Drosophila Genetic Reference Panel [181]),
which contains valuable parallels to human genetics. Most importantly for cancer research,

flies have orthologs to humans (genes with common ancestors) for up to 75% of disease
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causing genes [182]. Many human cancer genes have orthologs in Drosophila that were first
discovered and characterized in the fly. For example, the tumor suppressing genes lethal
giant larvae (lgl) [183] and discs large (dlg) [184] were initially identified in Drosophila and
later found to have human counterparts involved in tumourigenesis.

Two cellular phenomena first discovered in Drosophila that have led to important devel-
opments in the understanding of human cancer and its treatment include cell competition,
and compensatory proliferation. Cell competition, which was discovered in the wing discs
of Drosophila larvae, is a process in which unusual cells are detected by comparing to sur-
rounding cells within a tissue. Cells which are deemed potentially aberrant or oncogenic
are activated to initiate apoptosis (genetically-controlled cellular death) [185]. This has a
powerful tumour suppressing capability, which was later found to exist in mammals. Com-
pensatory proliferation was also first observed in the wing discs of Drosophila larvae [186].
In this case, irradiated larvae suffered reduction of up to 60% of proliferating cells in their
imaginal wing discs and yet were able to form fully functioning wings as adult flies [187]. This
introduced the possibility that dying cells are able to communicate with their neighbors and
cause them to increase the rate of proliferation to overcome radiation-induced tissue damage.

Due to their diminutive size and low cost Drosophila is a model that could provide greater
statistics while also offering a genetic model with direct homologs [188, 189]. Models for a
number of human cancers have been developed for both larvae and adult flies which can be
used to develop new therapies [190]. Additionally, there are significant logistical advantages
to working with fruit flies: no research ethics board approval is required, and results with
large numbers of flies at various life stages can be generated quickly. Unlike murine models
which are typically irradiated one mouse at a time, many larvae or adult flies can be treated
simultaneously.

Drosophila can be used to model various aspects of cancer progression, including tumor
initiation, growth, invasion, and metastasis. Flies expressing oncogenes like RasV12 or
Src64B in specific tissues can develop tumors that recapitulate key hallmarks of human
cancers [191]. The whole-organism nature of the Drosophila model allows for the study
of tumor-host interactions and systemic effects like cancer cachexia. The speed, low cost,
and genetic tractability of Drosophila make it an excellent platform for high-throughput
screening to identify new cancer drug targets and test potential therapeutic compounds
[192]. Drosophila models have been used to validate findings from human cancer studies and
uncover novel mechanisms of tumorigenesis [193].

In summary, Drosophila is a powerful model organism that has significantly advanced
our understanding of the genetic basis of cancer. Its unique advantages, including rapid

life cycle, genetic tools, and conservation of cancer-related pathways, make it an invaluable
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complement to mammalian models in cancer research.

3.3.5 FLASH experiments with flies

Earlier in this chapter, some of the most influential works on the FLASH effect were high-
lighted, including studies of mice, mini pigs, cats [33, 13], and the early clinical trials with
human patients [19]. Each of these studies is limited by relatively poor statistics. High
throughput models, including Drosophila are needed in order to reduce statistical noise and
deliver clear answers regarding the UHDR parameter space compatible with achieving the
FLASH effect.

One possible experimental design is to deliver whole-body irradiations to third instar
larvae with different dose rates spanning CDR and UHDR. The progression of the flies can
then be tracked through pupae and to adulthood as shown in Figure 3.4.

UHDR

/ eclosed adult

il — 1))
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Figure 3.4: Third instar larvae can be irradiated with either UHDR or CDR to the same
doses and tracked through pupae and adulthood to score eclosion.

Beyond a certain dose threshold, some subset of irradiated flies will fail to fully develop
and emerge (or eclose) from the pupal case. Eclosion, which is a surrogate for survival, can
be calculated according to:

Nadults

eclosion = (3.3)

Npupae
where ngguis is the number of live adult flies that fully eclose, and npypec is the number
of larvae that reaches the pupal stage post irradiation. This experimental design represents

a simple approach to determine the overall physiological response of Drosophila to ionizing
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radiation. In this thesis work, this basic framework was used as a method to explore the

influence of dose, dose-rate, particle type, and energy on the radiobiology of normal tissues.
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Chapter 4

Lead-doped Scintillator Dosimeters for Detection of

Ultrahigh Dose-rate X-rays

The following work was published in Physics in Medicine and Biology in 2022 and can be
found at the following DOI: 10.1088/1361-6560/ac69a5.

4.1 Summary

Objective: Lead-doped scintillator dosimeters may be well suited for the dosimetry of
FLASH-capable x-ray radiotherapy beams. Our study explores the dose rate dependence
and temporal resolution of scintillators that makes them promising in the accurate detection
of ultrahigh dose-rate (UHDR) x-rays.

Approach: We investigated the response of scintillators with four material compositions
to UHDR x-rays produced by a conventional x-ray tube. Scintillator output was measured
using the HYPERSCINT-RP100 dosimetry research platform. Measurements were acquired
at high frame rates (400 fps) which allowed for accurate dose measurements of sub-second
radiation exposures from 1 to 100 ms. Dose-rate dependence was assessed by scaling tube
current of the x-ray tube. Scintillator measurements were validated against Monte Carlo
(MC) simulations of the probe geometries and UHDR x-ray system. Calibration factors
converting dose-to-medium to dose-to-water were obtained from simulation data of plastic
and lead-doped scintillator materials.

Main Results: The results of this work suggest that lead-doped scintillators were dose-rate
independent for UHDR x-rays from 1.1 to 40.1 Gy/s and capable of measuring conventional
radiotherapy dose-rates (0.1 Gy/s) at extended distance from the x-ray focal spot. Dose-to-
water measured with a 5% lead-doped scintillator detector agreed with simulations within
0.6%.

Significance: Lead-doped scintillators may be a valuable tool for the accurate real-time
dosimetry of FLASH-capable UHDR x-ray beams.


https://doi.org/10.1088/1361-6560/ac69a5
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4.2 Introduction

Ultrahigh dose-rate (UHDR) radiotherapy (RT) aims to simultaneously reduce treatment
times and increase the quality of cancer treatment. By triggering the so-called FLASH effect,
UHDR treatments can potentially spare damage to healthy tissue, when compared with
conventional low dose-rate RT (CONV-RT), while delivering an isoeffective dose to tumours
in sub-second irradiations [12][194][32][13]. Adoption of a UHDR treatment paradigm, in
which single-fraction or hypo-fractionated FLASH-RT schedules might be conceived [38],
could foster improved patient outcomes, by increasing the therapeutic index and freezing
organ motion, while also providing opportunities to increase patient throughput in the clinic.
Radiobiologists, however, do not yet fully understand the mechanisms by which UHDR
radiotherapy can engage the sought after benefit of the FLASH effect [113][114].

To elucidate the biological mechanisms behind FLASH, and maximally exploit the defin-
ing tissue sparing effects, it is essential that the dosimetric properties of the requisite UHDR
radiation sources are characterized both accurately and reproducibly. To date, the FLASH
effect has been observed with several types of particle radiation, including electrons [33],
protons [195], and heavy ions [119] in addition to x-rays [196], which will be the focus of this
work. However, the ability to measure dose accurately and precisely at FLASH-compatible
dose rates (often referenced as >40 Gy/s), and across various radiation modalities, remains a
primary concern. Various dosimeters commonly employed to measure CONV-RT dose rates,
which are on the order of 0.1 Gy/s, have been shown to be inappropriate for this task due
to strong dose-rate dependencies. Examples notably include, ionization chambers and some
solid state (i.e. diode) detectors, which offer online measurement capabilities that are vital
to a rapid real-time UHDR beam monitoring system and can enable current cut-off under
off-normal beam conditions. This is especially true for pulsed radiation sources which may
employ very high dose-per-pulse (DPP), for which saturation effects can become difficult to
correct, inclusive of the electron linear accelerators that are ubiquitous within the literature
for FLASH-RT [67][194]. As such, there yet remains a need to adapt or find new traceable
reference dosimeters as well as relative dosimetry techniques that can enable dose monitoring
for patient treatments, especially where active dosimetry is concerned.

X-rays produced by linear accelerators for CONV-RT are routinely measured with ioniza-
tion chambers and radiochromic film. Ionization chambers are commonly used as reference
dosimeters with a traceable calibration and offer the capacity for online dose monitoring.
Moreover, they can be successfully employed in continuous UHDR x-ray [197] and proton
sources [198][199] with careful application of conventional protocols (i.e. TRS 398), assum-

ing the source may be considered continuous. Unfortunately, they also require laborious
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dose-rate dependent calibration factors, complicating their use for commonly-used pulsed
(i.e. linear accelerator) radiation sources which can produce dose rates spanning the range
suitable for CONV-RT and FLASH-RT [67]. Film, on the other hand, provides excellent
spatial resolution, but lacks the temporal resolution needed for dosimetry of UHDR beams.
Specifically, the response of film to ionizing radiation changes over time and generally re-
quires careful post-irradiation redoubt procedures, and are incompatible with the real-time
dosimetry needs of FLASH-RT in view of clinical translation. Nevertheless, the dose-rate
independence [200][201] of radiochromic film makes it well suited to pre-treatment dose ver-
ification and quality assurance protocols.

In contrast with the previously mentioned technologies, plastic scintillator dosimeters,
which respond to ionizing radiation by emitting optical light, may be a suitable alternative for
UHDR dose measurements due to their dose-rate independence and high temporal resolution
[15][16][17][18]. Further, the ability to read out the signal from scintillators in real-time
conveys a clinical advantage over dose-integrating dosimeters by enabling online dosimetry
and beam monitoring compatible with adaptive radiotherapy protocols [202]. The relative
tissue-equivalence of plastic scintillators without inorganic doping also confers a distinct
advantage by circumventing the need for additional energy dependent correction factors that
may complicate the calculation of dose-to-water (or tissue). This contrasts with inorganic
scintillators which trade tissue-equivalence for superior radiation hardness and detection
efficiency [203]. While inorganic scintillators offer reduced temporal resolution compared to
organic materials by an order of magnitude, they maintain fast decay times in the range of
tens of nanoseconds [204]. To date, some evidence supporting the use of scintillation detectors
in UHDR x-ray fields exists for point measurements in kilovoltage synchrotron beams [17]
and for proton and electron beams using various 2D detectors [79]. Nevertheless, plastic
scintillators, while demonstrated to be excellent dosimeters for CONV-RT, must be further
tested in the short time-intervals and at ultrahigh dose-rates characteristic of FLASH-RT
[95].

In this work, we demonstrate the feasibility of using plastic scintillators and hybrid
lead-doped scintillators for dosimetry of continuous, low energy (80 to 120 kVp) UHDR x-
rays produced by a conventional x-ray tube equipped with a beam shutter system [40][18].
Temporal resolution is assessed by measurement of sub-second irradiations and dose rate
independence (i.e. linearity of response to dose rate) is investigated by measuring both
UHDR and CONV-RT dose rates with the same x-ray source.
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4.3 Materials and methods

4.3.1 Ultrahigh Dose Rate X-ray System

All irradiation experiments described in this work were conducted using an MXR-160/22
conventional x-ray tube (Comet, Flammatt, Switzerland). The x-ray tube was modified with
an in-house designed, removable shutter system (Figure 4.1), allowing samples to be placed
within 2.5 cm of the x-ray focal spot and exposed to x-rays for a user-defined duration [18].
The beryllium window of the x-ray tube was positioned 1.69 cm from the x-ray focal spot
and recessed 0.75 mm from the face of a 2.5 mm thick tungsten shutter wheel which shielded
samples from radiation exposure. The shutter wheel rotated a 1 mm wide rectangular slit
using a stepper motor to allow UHDR x-rays to reach the scintillators placed in a 0.2 mL
test tube (Fisher Scientific, Nepean, ON, Canada). Using this system, dose rates of 114
Gy/s to water have been achieved [40]. The dose rate can be scaled by adjusting the tube
current and the total dose delivered to a sample can be specified by changing the speed of
the shutter wheel.

4.3.2 Scintillator Detectors

Four scintillators with different material compositions were used to measure light output
in response to UHDR x-rays. Each of the scintillators was constructed according to the
schematic shown in Figure 4.1 and the composition detailed in Table 4.1. The active scintil-
lating volumes were 3.6 mm long with a diameter of 0.97 mm. A cap 3.6 mm long and 2.5
mm in diameter sealed the active volume from light contamination and protected it from
physical damage. The dimensions of each of the probes were verified with x-ray images

acquired using a photon-counting detector.

Table 4.1: Material composition of scintillators by mass and their mass densities.

Probe Composition Density (g/cm?)
BCF-10 C: 92.6%, H: 7.74% 1.050
Pb 0.5% | C: 91.66%, H: 7.84%, Pb: 0.5% 1.101
Pb 1.4% | C: 90.85%, H: 7.75%, Pb: 1.4% 1.194
Pb 5% C- 89%. H: 6%, Pb: 5% 1.562

4.3.3 Scintillator measurements

In this work, scintillator response to UHDR x-rays was characterized by radiation experi-

ments within the x-ray shutter system. Dose rate independence was evaluated by varying
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Figure 4.1: A schematic of the scintillator construction and orientation relative to x-rays
(a). Experimental setup with a scintillator placed in the x-ray shutter system (b), with the
2.5 mm thick tungsten shutter wheel allowing x-rays to pass through the 1 mm wide slit (c).
Measurements at extended SDD were taken without the shutter system in place, and a 5
mm diameter collimator shaping the beam (d).

tube current from 1.0 to 37.5 mA at a fixed exposure setting of 50 ms. The temporal reso-
lution of each scintillator was investigated using 80 kVp 25 mA x-rays and shutter exposure
settings from 1 to 100 ms. The shutter exposure setting controls the rotational speed of the
shutter wheel. Slower speeds result in longer exposures to x-rays as the 1 mm rectangular
aperture sweeps across the sample holder. Energy dependence experiments were conducted
by irradiating each scintillator with 80, 100, and 120 kVp tube voltages with a fixed tube
current of 25 mA and a shutter exposure setting of 50 ms. Scintillator measurements outside
the shutter system at source-to-detector distances (SDDs) of 10 to 20 c¢cm were also con-
ducted at 80 kVp, 2.5 mA, to verify the ability to measure CONV-RT dose rates. For these
measurements, the 5% Pb scintillator was taped to a motion stage and the x-ray beam was
shaped with a 5 mm diameter lead collimator as shown in Figure 4.1d.

Scintillator light output was measured using the HYPERSCINT dosimetry research plat-
form (HYPERSCINT-RP100, Medscint, Quebec, Canada). All scintillator measurements
were acquired over 5 second intervals, with a frame rate of 400 fps (2.5 ms integration time).
A background reading was acquired and subtracted from measurement for each scintillator
on each day of data acquisition. For all scintillator irradiation experiments, three trials were

recorded.
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4.3.4 Monte Carlo simulations

The scintillator measurements in this study were validated and normalized using Monte Carlo
(MC) simulations of the irradiation setup and probe geometries. Phase-space files for 80, 100,
and 120 kVp tube voltages with 21.6 x 10°, 26.8 x 10°, and 31.6 x 10° photons, respectively,
were produced with EGSnrc/BEAMnrc [205] and then used in TOPAS [206][207] to score
dose within the active scintillator volume of each scintillator. The x-ray shutter system and
scintillator geometries shown in Figure 4.1 were accurately modelled within TOPAS using
probe compositions listed in Table 4.1. The components of the scintillators were modeled
as described by Cecchi et al. [18]. The simulated probe geometry was determined using
the x-ray image of the 5% Pb probe (the active scintillator was visually discernible due to
the high concentration of Pb). The same probe geometry (shown in Figure 6.1) was used
for each of the scintillator material compositions. In addition to the lead-doped and plastic
scintillators, a simulation of dose-to-water in the place of the scintillator material using the
same probe geometry was included. For each probe, 81 shutter positions were simulated, in
0.5° steps (spanning a 40° rotation). This was repeated 10 times with unique random seeds
before combining into a single simulation. Scored dose (Gy) for each shutter position was
normalized by the number of initial electrons simulated in the EGSnrc simulation and then
scaled by tube current to obtain dose rate (Gy/s). The duration of each shutter position was

determined using the angular velocity of the stepper motor for various exposure settings.

4.3.5 Data Analysis

For temporal dose rate profiles, the three trials acquired for each scintillator measurement
were aligned using the maximum output and averaged to obtain a single dose rate profile. The
measured exposure duration was determined by calculating the full width at half maximum
(FWHM) for each scintillator measurement for exposure settings from 1 to 100 ms. The mean
and standard deviation of the five measurements at each exposure setting were taken as the
measured FWHM and error, respectively. The signal-to-noise ratio (SNR) was calculated

for each scintillator according to:
Somaz

SOsp

where SO,,4, is the maximum scintillator output from a 80 kVp, 25 mA, 10 ms exposure,

SNR = (4.1)

and SOgp is the standard deviation of the scintillator output from 50 frames measured with
the shutter wheel blocking the beam.

For dose measurements, the mean and standard deviation of the three integrated scin-
tillator signals were calculated as the measured dose and error, respectively. Scintillator

output recorded in arbitrary units of light output was normalized using MC simulation data
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for each of the measured probes. For temporal dose rate profiles, scintillator output from

each frame was scaled by a correction factor, cf, defined as:

. M Cmax

= 50

(4.2)

Where M C,,,, is the maximum dose rate to medium (Gy/s) calculated from simulations,
and SO,,q, is the maximum scintillator output. To compare with simulation data, the
measured and simulated profiles were fit with a Gaussian and aligned to their maximum
output and dose rate, respectively.

For dose measurements, including dose as a function of tube current, and shutter exposure
setting, scintillator output was integrated using the full width at tenth maximum (FWTM).
The scintillator measurements were then normalized using the integrated FWTM dose to
scintillator material (Gy) of the MC data at 80 kVp and 25 mA tube current. To assess
the energy dependence and water equivalency of the probes, calibration factors from dose-
to-medium to dose-to-water were calculated from simulations for each scintillator material
and tube voltages of 80, 100, and 120 kVp. The calibration factor was defined as

Dy

calibration factor =
Dscintillatm"

(4.3)

where Dy, and Deintitiator are the FW'TM integrated doses to water and to scintillator
material, respectively. The calibration factors were then validated by converting dose-to-
medium to dose-to-water for scintillator measurements at each tube voltage and comparing

with simulated dose-to-water. All data analysis was conducted using Python (v3.8.2).

4.4 Results

Figure 4.2 shows the measured and simulated dose rate to each scintillator as a function of
exposure time for 10-ms and 100-ms shutter exposures. Each measured scintillator temporal
profile matched well with MC. Measured SNR for each of the scintillators is listed in Table
4.2. The lead-doped probes showed the highest SNR values, with the 1.4 and 5% probes an
order of magnitude greater than the pure plastic scintillator, BCF-10.

The maximum instantaneous dose rates absorbed by the scintillators were calculated from
MC simulations for each of the probe compositions and are reported in Table 4.3. Due to
the 3.6-mm attenuating cap on each of the probes, only the 5% lead-doped probe absorbed
dose rates to scintillator medium above the typical 40 Gy/s UHDR, threshold. By scaling
tube current from 1.0 to 37.5 mA for a tube voltage of 80 kVp, maximum instantaneous
dose rates of 1.1 to 40.1 Gy/s were obtained for the 5% lead-doped scintillator.
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Table 4.2: Measured SNR for each scintillator exposed for 100 ms to 80 kVp, 25 mA x-rays.

Scintillator | SNR
Pb 5% 1146.2
Pb 1.4% 1216.9
Pb 0.5% 670.8
BCF-10 140.3
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Figure 4.2: Dose rate to medium as a function of time for 10 and 100 ms shutter exposure
settings. Measured scintillator output is shown with MC simulations for all probes for 80
kVp 25 mA x-rays.

4.4.1 Shutter time linearity

Normalized scintillator output presented in Figure 4.3 showed excellent agreement with sim-
ulations for each of the probes for shutter exposure settings from 1 to 100 ms. Measured
dose exhibited a linear relationship with shutter setting for all probes (R? > 0.9999). The
actual exposure time for a sample within the shutter system depended on the dimensions of

the irradiated sample. The measured FWHM of the dose rate profiles for the scintillators
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Table 4.3: Maximum dose rate to medium (Gy/s) from simulation data for each scintillator
composition as well as dose-to-water at 37.5 mA for 80 kVp and 25 mA for both 100 and
120 kVp.

Scintillator | 80 kVp | 100 kVp | 120 kVp
Pb 5% 40.1 35.2 43.0
Pb 1.4% 21.2 18.1 21.0
Pb 0.5% 12.8 10.7 12.3
BCF-10 7.1 5.8 6.6
Water 14.4 11.6 13.1

exhibited a linear relationship with shutter exposure setting, as shown in Figure 4.4.

4.4.2 Tube current linearity

Measured dose presented in Figure 4.5 showed a linear relationship with tube current from
1.0 to 37.5 mA for each of the four scintillators irradiated with a 50 ms exposure setting. The
lead-doped scintillators demonstrated the most linear behaviour with R? > 0.999 compared
to the plastic BCF-10 probe with R? > 0.99.

4.4.3 Response to x-ray tube voltage

Calibration factors converting from dose-to-medium to dose-to-water are shown in Table 4.4.
The lead-doped scintillators exhibited greater energy dependence than the BCF-10 probe,
with calibration factors decreasing with tube voltage. While the 0.5% Pb probe is near tissue
equivalent, with a calibration factor of 1.094, the BCF-10 is the least energy dependent, with
a coefficient of variation of 0.68% calculated from the three calibration factors. The energy
dependence of the lead-doped probes is also evident from the ratio of maximum dose-rates
shown in Figure 4.6. Scintillator output normalized to 80 kVp MC data and converted to
dose-to-water using the energy dependent calibrations factors from Table 4.4 agreed with
water simulations within 5% for the lead-doped probes, and within 8% for the undoped
BCF-10. The 5% Pb probe showed the best agreement with simulations, measuring dose-to-
water within 0.6% for both 100 and 120 kVp. The dose-to-water measured from each probe

and percent difference from simulated dose-to-water is shown in Figure 4.7.
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Figure 4.3: Dose linearity with shutter exposure setting: 1 to 100ms (a) and 1 to 10 ms (b)
for 80 kVp, 25 mA measured with all probes. The same linear fit is shown in both plots.
Scintillator output was normalized to MC data for the 100 ms exposure setting.

4.4.4 Extended SDD measurements

Scintillator measurements taken outside the shutter system at increasing SDD shown in
Figure 4.8 confirmed that the dose fall-off follows an inverse square law (ISL). By reducing
tube current from 25 mA to 2.5 mA and increasing the distance from the x-ray focal spot,
CONV-RT dose rates of 0.1 Gy/s can be obtained by the 5% Pb scintillator at a tube voltage
of 80 kVp.
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Figure 4.4: Measured FWHM (ms) of the scintillator output as a function of exposure setting.
The average FWHM of the five scintillators is shown.

Table 4.4: Calibration factors from dose-to-medium to dose-to-water for each of the scintil-
lator materials. The calibration factor was defined as the ratio of dose-to-water to dose to
scintillator material for 80, 100, and 120 kVp tube voltages.

Scintillator | 80 kVp | 100 kVp | 120 kVp | Mean Cal | CV

Pb 5% 0.370 0.343 0.316 0.331 6.85 %
Pb 1.4% 0.700 0.671 0.637 0.648 3.56 %
Pb 0.5% 1.159 1.126 1.091 1.094 2.28 %
BCF-10 2.059 2.038 2.008 2.013 0.68 %

4.5 Discussion

The principal aim of this investigation was to demonstrate that scintillators maintain dose
rate independence and excellent temporal resolution when used to measure UHDR kilovoltage
x-rays delivered in sub-second irradiations. After validating the response of each of the
probes with MC simulations, we confirmed that the integrated scintillator signal captured at
a frame rate of 400 fps followed a linear relationship with exposure durations of 1 to 100 ms,
as shown in Figure 4.3. All four probes exhibited dose rate independence, based on linearity
of response to varying tube currents as can be seen in Figure 4.5. While all probes were
irradiated under the same conditions, because of differences in energy absorption coefficients

of the different material compositions, only the 5% lead-doped scintillator absorbed dose



o8

3.0 —
Pb 1.4%
2 Pb 0.5%
BCF-1
2.0 $# BCF-10
o
£15
2
S
1.0
2~ 0.997
05 __““—5_* ———————— :
— i ——— * ————— ”-———
00  EE==W=T= 5
0 5 10 15 2 T = +

Tube Current (mA)

Figure 4.5: Dose linearity with tube current (1.0 to 37.5 mA) for 80 kVp measured with
all probes. Measured scintillator output was normalized to MC data for a 50 ms exposure
setting and 25 mA tube current. All scintillator measurements were taken at an exposure
setting of 50 ms.

rates reaching UHDR of 40.1 Gy/s for a tube voltage of 80 kVp and tube current of 37.5
mA.

The HYPERSCINT-RP100 system used in this work is described and characterized else-
where [96][208][18]. The spectrometer is composed of an array of cooled photodetectors that
collect the spectral information of the light. The signal coming from the optical fiber is
therefore spread over numerous photodetectors which allows the recorded signal to be far
below saturation. The light detection efficiency of the photodetector array is ~ 2 counts per
photon across the spectral range of 400 to 700 nm according to the dosimetric characteri-
zation performed by Jean et al. [96]. While this relatively high sensitivity could threaten
saturation at ultrahigh dose-rates, this can be overcome by reducing the signal integration
time and operating at high frame rates, as in this work. It is important to note that the
performance characteristics of the scintillators reported in this work apply only to the combi-
nation of the scintillators and the HYPERSCINT-RP100 spectrometer together. Regarding
scintillation quenching, plastic scintillators have typical response times in the ns range and
therefore would not be affected by the dynamic of the beam here. Additionally, any partial
dead-time would be accounted for as part of the calibration process. A continuous x-ray
beam was used here and may not be subject to the same limitations as a pulsed beam.

The measurements taken at extended SDD confirmed that the unfiltered 80 kVp x-rays
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Figure 4.6: Water equivalency of scintillator detectors. The ratio of maximum dose rate
to water to maximum dose rate to scintillator material from simulations is shown for tube
voltages of 80, 100, and 120 kVp.

produced by the conventional x-ray tube in our system followed an ISL dose-rate fall off and
allowed production of both UHDR and CONV-RT dose rates by adjusting tube current and
distance from the x-ray focal spot. While the dose absorbed by the plastic scintillators was
below the threshold for UHDR, this is due in part to the long 3.6-mm cap. The difference in
en/ p between water and the polystyrene-based plastic scintillators (BCF-10) also results in
a reduction of absorbed dose by a factor of ~2. This is confirmed by the mean calibration
factor of 2.013 for BCF-10 shown in Table 4.4. For irradiations of small biological samples,
the dose rates will be >100 Gy/s, as demonstrated in previous studies of this system [18][40].
This system therefore has the ability to serve as a low cost platform for radiobiological
investigations of the FLASH effect. Radiation experiments with cellular spheroids and even
small animals may be conducted using this system. The use of low energy, continuous x-rays
for FLASH-RT is currently an under-investigated corner of the FLASH literature.
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Figure 4.7: Measured dose-to-water for each scintillator detector, irradiated with 80, 100, and
120 kVp x-rays at a tube current of 25 mA and exposure setting of 50 ms. FWTM integrated
scintillator output was normalized to dose from 80 kVp simulations for each scintillator
material and then converted to dose-to-water (a). Percent difference from simulated dose-
to-water is shown for measurements at 100 and 120 kVp (b).

4.5.1 Limitations

The lead-doped scintillators used in this work exhibited the least dose rate dependence.
While this property makes lead-doped scintillators a compelling choice for UHDR dosimetry,
they have the significant drawback of being non-tissue equivalent. Modifying the BCF-10
probe with a shorter cap would allow investigation of a near tissue equivalent detector at
absorbed dose rates above the 40 Gy/s UHDR threshold.

The probe geometry used to simulate all probes was based on measurements from the
x-ray images of the 5% Pb scintillator. However, based on the x-ray images of the 1.4 and
0.5% Pb probes, both the PMMA caps and the active scintillator volumes may be slightly
shorter. This may explain the narrower temporal dose rate profiles for both 1.4 and 0.5%
Pb probes compared with MC shown in figure 4.2. Inconsistencies in probe construction
would have a significant impact on the measured SNR reported in Table 4.2. It is expected
that SNR would increase with higher concentrations of Pb, but a shorter cap could explain
the higher signal measured by the 1.4% Pb probe compared to the 5% Pb probe. Also, if
the PMMA cap is less than the simulated 3.6 mm, the x-ray beam would be subject to less
beam hardening which could explain the under response to 100 and 120 kVp x-rays of the
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1.4% PDb scintillator when normalized to 80 kVp data as shown in Figure 4.7.

A noteworthy complication of using scintillators for dosimetry are the stem effects caused
by Cherenkov radiation and radioluminescence, which must be corrected for at x-ray energies
above the threshold of 178 keV [107][16]. As the highest tube voltage explored in this work
was 120 kVp, stem effects were not considered. However, as described by Archer et al.,
corrections must be applied when measuring higher energy sources with scintillators [17].

The x-ray shutter system used in this work is designed to expose UHDR x-rays to a
sample by rotating the 1-mm wide rectangular slit through a single point in the selected
exposure time. This results in an exposure time that is dependent on the dimensions of the
sample or detector placed in the test tube, which has a diameter of 6.8 mm. The actual
exposure time scales linearly as our results in Figure 4.4 show, but this design makes it more
difficult to provide accurate dosimetry for samples of varying geometry. A future design
which exposes the entire sample holder simultaneously could improve the usefulness of the

system for more robust radiobiology studies.
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4.6 Conclusion

This work has demonstrated that scintillators are suitable dosimeters for UHDR x-rays
produced by a conventional x-ray tube. Experimental measurements with four scintillators
of different material composition were compared to Monte Carlo simulations. Our results
confirmed that scintillator response is linear with shutter exposure setting from 1 to 100 ms
and with tube current from 1.0 to 37.5 mA (corresponding to dose rates of 1.1 to 40.1 Gy/s
for the 5% Pb probe). Scintillator measurements of dose-to-water agreed with simulations for
tube voltages of 80, 100, and 120 kVp. Finally, by extending the source-to-detector distance

and and reducing tube current, conventional dose rates of 0.1 Gy/s were measured.
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Chapter 5

High-throughput, low-cost FLASH: Ultrahigh
dose-rate irradiation of Drosophila melanogaster with

low-energy x-rays

The following work is under review for publication by the Journal of Radiation Research.

5.1 Summary

FLASH radiotherapy is an emerging technique in radiation oncology that may improve clin-
ical outcomes by reducing normal tissue toxicities. The physical radiation characteristics
needed to induce the radiobiological benefits of FLASH are still an active area of investi-
gation. To determine the dose rate, range of doses, and delivery time structure necessary
to trigger the FLASH effect, Drosophila melanogaster were exposed to ultrahigh dose-rate
(UHDR) or conventional radiotherapy dose-rate (CONV) 120 kVp x-rays. A conventional x-
ray tube outfitted with a shutter system was used to deliver 17 to 44 Gy doses to third instar
D. melanogaster larvae at both UHDR (210 Gy/s) and CONV (0.2 - 0.4 Gy/s) dose rates.
The larvae were then tracked through development to adulthood and scored for eclosion and
lifespan. Larvae exposed to UHDR eclosed at higher rates and had longer median survival
as adults compared to those treated with CONV at the same doses. Eclosion rates at 24 Gy
were 68% higher for the UHDR group (p<0.05). Median survival from 22 Gy was >22 days
for UHDR and 17 days for CONV (p<0.01). Two normal tissue sparing effects were observed
for D. melanogaster irradiated with UHDR 120 kVp x-rays. The effects appeared only at
intermediate doses and may be useful in establishing the dose range over which the benefits
of FLASH can be obtained. This work also demonstrates the usefulness of a high-throughput

fruit fly model and a low cost x-ray tube system for radiobiological FLASH research.
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5.2 Introduction

The goal of modern radiation oncology is twofold: to deliver a sufficient dose of ionizing radi-
ation to a tumour in order to stop the proliferation of cancer cells and also to minimize harm
to normal tissue. Failure to achieve the latter can result in serious side effects and potentially
cause additional cancers in the future. The conventional solution to this problem is to in-
crease the conformality of radiotherapy treatments. Through techniques including intensity
modulated radiotherapy (IMRT) and advances in the repeatability of patient positioning and
image guidance, radiation dose distributions can be carefully sculpted to minimize radiation
to healthy tissues [209]. Physicists and radiation oncologists have focused on effectively re-
ducing the physical margins of radiotherapy but recently there has been renewed interest in
the radiobiological differences between cancerous and healthy tissue [210]. Radiobiologists
have turned their attention to dose rate as a potential tool to find differential biological re-
sponses. Many studies have suggested that delivering doses at so-called ultrahigh dose-rates
(UHDR, >40 Gy/s) may cause less damage to normal tissue than conventional dose rates
(CONV, ~ 0.1 Gy/s) while maintaining cancer cell kill efficacy [13, 139]. This has been
termed the FLASH effect.

Before treating human patients with UHDR radiation sources in hopes of benefiting
from the FLASH effect, it is imperative to develop a robust radiobiological understanding of
UHDR radiotherapy through animal studies. Drosophila melanogaster have been central to
the study of radiobiology since before the development of the linear accelerators commonly
used for radiotherapy. Herman Joseph Muller’s fruit fly experiments in 1926-1927 led to his
receiving the Nobel prize for the discovery of x-ray mutagenesis [173]. Research conducted
by Muller’s students also contributed directly to the development of the linear-no-threshold
(LNT) model for radiation protection, which posits that there is ‘no safe dose’ of ionizing
radiation[174, 175]. This work has faced scrutiny [176] and some have even suggested that
there may be benefits to low doses of radiation [177]. Dose rate radiobiology using D.
melanogaster models has recently gained attention, but the field has been limited to very
low dose rates (on the order of CONV dose rates or lower). Low dose rate priming doses
(0.2 Gy) have been shown to reduce DNA damage and impact gene expression [178]. Other
groups have studied the effects of low dose rate background irradiation from cosmic rays
by shielding D. melanogaster deep underground. These works have demonstrated a link
between dose rate and genetic and phenotypic responses [179, 180].

Beyond their historical relevance to radiobiology, there is a compelling case to be made
for radiobiological studies of D. melanogaster as an excellent model for human cancers. To

date, the most influential works on the FLASH effect have included studies of mice, mini
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pigs, cats [33, 13|, and the early clinical trials with human patients [19]. It remains a
serious issue that these studies involve low numbers of subjects with high heterogeneity of
results. Development of new high-throughput models, such as Caenorhabditis elegans, would
be helpful to increase the statistical power of radiobiological studies [211]. D. melanogaster
is another such model that could provide greater statistics while also offering a genetic model
with direct homologs to humans [188, 189]. Models for a number of human cancers have
been developed for both larvae and adult D. melanogaster which can be used to develop
new therapies [190]. Additionally, there are significant logistical advantages to working with
fruit flies: no research ethics board approval is required, and results with large numbers of
flies at various life stages can be procured on short notice. The life cycle of D. melanogaster
is approximately 10 days from egg to emerged adult fly.

The irradiations described in this work were performed using a low-cost system based
around a conventional x-ray tube [40]. FLASH research is typically an expensive undertaking,
with most studies utilizing proton cyclotrons [118, 212] and experimental electron linear
accelerators [32, 150]. The work described here seeks to demonstrate the viability and
utility of a low-cost irradiation platform coupled with a high-throughput whole-organism.
By irradiating late third instar D. melanogaster larvae with 120 kVp x-rays at UHDR and
conventional dose rates we can gain insights about the range of doses and time structure of
UHDR beams that are necessary to elicit the FLASH effect.

5.3 Methods

5.3.1 Flies

Wild-type D. melanogaster (Oregon-R) were used in this study. Post irradiation, larvae were
placed in a fresh vial with an antifungal grape juice medium [25 ml grape juice, 75 ml water,
2.25 g agar, 0.15 g nipogin| and kept at 24°C. After emergence, adult flies were placed in
Carolina Instant D. melanogaster Medium and flipped twice weekly. The incubator was set

to a 12-hour light and dark cycle.

5.3.2 Irradiation Conditions

Late-third instar were immobilized with double-sided tape on acrylic cylinders for the ir-
radiations. Control groups were given a mock irradiation (immobilized but not exposed to
x-rays). Three larvae were immobilized and irradiated simultaneously as shown in Figure
5.1. For each experiment, at least 20 larvae were irradiated. Each experiment was repeated

in triplicate on different days, for a total of 60 larvae irradiated per each dose and dose rate

group.



66

5.3.3 Survival Analysis

Flies were scored for eclosion (complete emergence of adults from pupae) starting at 4 days
post irradiation. Fractional eclosion for each dose group (eclosed adults/irradiated larvae)
was normalized to the percent eclosion from the control group treated on the same day such
that:

irradiated eclosion rate

% eclosion = , x 100% (5.1)
control eclosion rate

Adult flies were also tracked for survival up to 22 days post irradiation. Deaths were
scored once daily and flies lost or damaged during transfer were right-censored. After flipping

adults into new vials, the previous vials were kept in order to check for offspring production.
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Figure 5.1: Procedure for immobilizing and irradiating third instar larvae D. melanogaster
within the x-ray tube shutter system. The UHDR and CONV delivery schemes are shown
in the second panel.

Statistical Analysis

All statistical analyses were performed with Python 3.8. Mann-Whitney U tests and Stu-
dent’s t-tests were performed to assess differences in eclosion between dose rate groups.
Kaplan-Meier lifespan analysis was conducted using the lifelines package [213]. Results were
regarded as significant for eclosion at p < 0.05. For lifespan analysis, log-rank tests were

used and considered significant at p < 0.01.



67

5.3.4 X-ray System and Dosimetry

The irradiations described in this work were conducted using a conventional x-ray tube mod-
ified with a shutter system to precisely control exposure times. This system has previously
been characterized elsewhere [40, 18, 22]. For these experiments, the tungsten shutter wheel
was updated with a 5.1 mm diameter circular aperture as shown in Figure 7.2. This design
functions by rotating the aperture into a fixed position for the duration of the exposure.
The circular aperture allows for delivery of uniform dose distributions to a ~5mm diameter
area on the acrylic immobilization cylinder. For all irradiations the tube voltage was set to
120 kVp. For UHDR irradiations, a single pulse at a tube current of 25 mA was used. The
width of the pulse (exposure duration) was varied between 75 and 200 ms to deliver doses
from 17 to 44 Gy. For CONV treatments, tube current was reduced and additional pulses
were delivered to reach the same total dose in a delivery time of ~100 s, yielding average
dose rates on the order of typical CONV treatments. CONV delivery regimens consisted of
either 5 pulses at 5 mA with 25 second inter-pulse spacing (referred to as CONV-high) or 25
pulses at 1 mA with 4 second inter-pulse spacing (CONV-low) as shown in Figure 5.1. The

ability to linearly scale dose rate with tube current and dose with shutter exposure time has

previously been demonstrated [22].

Hyperscint

RP-100 Radiochromic film

Scintillator

Figure 5.2: Conventional x-ray tube fitted with shutter system (a). Tungsten shutter wheel
with circular aperture (b). Schematic of dosimetry methodology (c¢) and photograph of
parallel plate ionization chamber calibration procedure (d).

Dosimetry was performed with plastic scintillator detectors (PSDs), ionization chambers,
and radiochromic film to confirm the delivery of consistent doses at both UHDR and CONV
dose rates. PSDs and films were calibrated with either a PTW 23342 parallel plate soft x-
ray chamber (PTW, Freiburg, Germany) or PTW TN30013 Farmer chamber using the in-air
method [214]. Laser cut EBT3 Gafchromic films (Ashland, Bridgewater, NJ) were placed
on the surface of the acrylic immobilization cylinders providing a high spatial resolution
2D dose distribution measurement. Films were scanned 24 hours post irradiation with an

Epson flatbed scanner (Expression 10000 XL, Epson, Long Beach, CA). Pixel values were
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converted to dose using a red channel calibration curve generated with Farmer chamber
measurements. PSDs connected to a hyper spectral dosimetry system, Hyperscint RP-100
(Medscint, Quebec City, QC), were used to measure light output from irradiations at a frame
rate of 400 Hz.

5.4 Results

5.4.1 Dosimetry

The x-ray shutter system produced uniform 2D dose distributions on the surface of the acrylic
cylinders, allowing three larvae to be irradiated simultaneously. PSD and film dosimetry
confirmed that doses delivered with UHDR and CONV agreed within 0.1%. High temporal
resolution measurements with the PSD also confirmed the time structure of the delivered
radiation, i.e. the pulse width and inter-pulse spacing. The average dose rates (over the
duration of the treatment) were determined from film measurements: 210 Gy/s for UHDR
and 0.2 to 0.4 Gy/s for CONV.

5.4.2 Larva Development

Post irradiation, larvae developed into pupae and then emerged as adult flies several days
later. The rate of survival to adulthood decreased with dose as shown in Figure 7.3 and
described in Table 5.1. The average eclosion rate from all control groups was 86.1%. The
overall dose response curves presented in Figure 7.3a do not differ significantly between
UHDR and CONV (p = 0.841 from Mann-Whitney U test). However, at a dose of 24 Gy the
mean emergence of adult flies was 60.5% for UHDR and 35.9% for CONV (p = 0.0119 from
Student’s t-test). From the sigmoidal fits of dose response, the LDsg was calculated to be
25.4 Gy for UHDR and 24.1 Gy for CONV. Eclosion rates for 22 Gy irradiations performed
at UHDR and CONV-High and CONV-Low dose rates are presented in Figure 7.3b. The
mean eclosion rate for CONV-Low was 4% lower than CONV-High and was not significant
(p = 0.5831). Five replicates were used for the 24 Gy dose groups (n = 100 for both dose
rates).

Irradiated D. melanogaster larvae that developed to adulthood showed several signs
of physical radiation damage including severe deformity that prevented complete eclosion
(which were not scored as emerged adults) and a range of wing malformations. These in-
cluded wings that failed to completely open or close as well as partially developed wings.
Examples of physical radiation damage to adult flies are shown in Figure 5.4.

No offspring were found in vials holding adults irradiated with 26 Gy UHDR (and
greater), and 24 Gy CONV (and greater) indicating sterility of adults, though conclusions
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Figure 5.3: Eclosion (emergence as viable adult flies) irradiated with UHDR and CONV with
doses from 17 to 44 Gy (a). Error bars show the standard deviation of three replicates (n =

60 for each dose). Comparison of eclosion rates from flies irradiated to 22 Gy with UHDR
(1 x 25 mA, CONV-High (5 x 5 mA), and CONV-Low (25 x 1 mA) delivery regimens (b).

Table 5.1: Fraction of irradiated larvae which eclosed as adult flies normalized to control. *
Statistically significant differences between UHDR, and CONV eclosion rates.

Dose (Gy) UHDR CONV UHDR/CONV p-value

17 0.845 0.846 1 0.5021
22 0.839 0.762 1.10 0.2880
24 0.605 0.359 1.68 0.0117*
26 0.507 0.386 1.32 0.0909
28 0.28 0.36 0.78 0.7072
33 0.136 0.062 2.17 0.1932
44 0.189 0.131 1.45 0.263

about sex specific sterility cannot be reached. Larvae and pupae were found in vials con-
taining adult flies irradiated with 24 Gy UHDR (and lower), 22 Gy CONV (and lower), and
in all vials from control flies.

Larvae irradiated with 24 Gy were scored daily for emergence from the pupal case. Figure
5.5 shows higher emergence of the UHDR irradiated flies compared to CONV at each day
post irradiation. Emergence curves appear to be shifted vertically relative to the control
group indicating that irradiations are not inducing a delay in eclosion.

Adult flies exposed to 22, 24, and 26 Gy as larvae were scored daily for survival up
to 22 days post irradiation. The Kaplan-Meier estimator for probability of survival after
irradiation is shown in Figure 5.6 and the median survival times are summarized in Table
5.2. The median survival times were 17 days for flies treated with either CONV-High or
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Figure 5.4: Emerged adult flies irradiated with UHDR and CONV x-rays at 24 Gy as
larvae. Some flies from both dose rate groups were unable to fully eclose from pupae (a,d).
Radiation damage also leads to wing abnormalities, including failure to close normally (b,e),
and deformity (c, f).
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Figure 5.5: Time of emergence from pupal case of larvae irradiated with 24 Gy, normalized
to the maximum eclosion of the control group. The shaded area indicates the standard
deviation from three replicates.

CONV-Low at 22 Gy. The UHDR groups exhibited a median survival time greater than
22 days at 22 and 24 Gy, and 15 days at 26 Gy. The probability of survival was higher for
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flies treated with UHDR at all time points post irradiation for both 22 and 24 Gy. The
differences in log rank survival was significant for 22 Gy for both CONV-High and CONV-
Low treatments (p = 0.008 and 0.009).
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Figure 5.6: Kaplan-Meier survival estimator for emerged adults irradiated with 22, 24, and
26 Gy as larvae. The number of live adult flies included in the analysis is shown in the
legend of each subplot. CONV-Low treatments are shown with a dotted line and CONV-
High treatments are shown with a dashed line.

Table 5.2: Median survival times post irradiation for adult flies treated with 22, 24, and 26
Gy. *Statistical significance from log-rank test when p<0.01.

UHDR CONV

Dose (Gy) Median Survival (days) p-value
22 >22 17 0.009*
24 >22 21 0.286
26 15 15 0.735
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5.5 Discussion

D. melanogaster larvae irradiated with UHDR x-rays exhibited normal tissue sparing com-
pared to CONV treatments in two scenarios. Statistically significant differences were ob-
served for increased eclosion rates of larvae treated with 24 Gy UHDR and extended lifespan
for flies irradiated with 22 Gy UHDR when they were compared to the respective CONV ir-
radiations. These effects could be considered acute and long-term effects of radiation damage
which may have implications for determining dose limits in a radiotherapy context. Neither
acute or long term sparing was observed for flies irradiated with doses <22 Gy or >26 Gy, in-
dicating a possible threshold and limit for observing a FLASH effect given our study design.
It is indeed expected that very low or very high doses would have similar responses regardless
of dose rate. The magnitude of FLASH sparing has been shown to be dependent on dose,
tissue type and the endpoint observed [215]. Previous studies have observed a threshold dose
of ~20 Gy for tissue sparing ex vivo and in vitro[155, 117]. Proton irradiations of zebrafish
embryos have suggested a dose window for tissue sparing effects ~10 - 50 Gy [118].

Interestingly, the two tissue sparing effects did not overlap at the same doses. The
differences in eclosion rate at 22 Gy were not significant nor was the difference in lifespan
for flies irradiated with UHDR and CONV at 24 Gy. The CONV treatments for 22 Gy
were delivered with both CONV-Low and CONV-High regimens, both of which resulted in
shorter median lifespans compared to the UHDR irradiated flies. This suggests that the
difference in pulsed dose rates for CONV-Low and CONV-High (8.8 Gy/s compared to 44.2
Gy/s) is less important for triggering the longer time scale normal tissue sparing effects than
the average dose rate over the duration of the treatment, which was 0.2 Gy/s for both. It
should be noted that the median survival times calculated from the Kaplan-Meier estimator
and reported in Table 5.2 suggest that flies irradiated with 24 Gy CONV survive longer than
the 22 Gy CONYV treatment. This is not indicative of a sparing effect from dose escalation
and is in fact an artifact due to normalizing to the number of eclosed adult flies rather than
the number of irradiated larvae. Note that fewer adults are included in the Kaplan-Meier
analysis for 24 Gy than for 22 Gy shown in Figure 5.6.

While this work represents the first UHDR irradiation study of D. melanogaster, there
are a number of studies on the dose response of D. melanogaster at different life stages.
Insects are significantly more radioresistant than mammals, and D. melanogaster are no
exception. However, there are great inconsistencies in the literature. One study found that
the minimum dose to cause lethal damage to third instar larvae was 500 Gy, while the LDs
was 1429 Gy [216]. The LDsq reported varies widely depending on the definition of the
endpoint used. For late third instar larvae, the LDsq is frequently cited as 4,000 R [188].
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Under the definition used in that work, this dose results in greater than 95% emergence of
adults from the pupal case followed by 50% mortality of adults at 48 hours post eclosion.
This description is inconsistent with the results presented here in terms of both emergence
and survival of adult flies. It is also inconsistent with other recent works investigating the
dose response to 0.662 - 6 MeV x-rays and 225 MeV protons, which found that the doses
required to reduce eclosion to 50% was between 40 and 50 Gy [217, 218]. Further, the use
of low energy x-rays in this work raises the issue of relative biological effect (RBE). Low
energy x-rays have been estimated to cause more biological damage per unit dose compared
to standard megavoltage radiotherapy beams (RBE> 1). The dose dependent RBE makes
it difficult to directly compare the dose response of the flies in these experiments to other
works. It is apparent that the focus on acute endpoints, including lack of mobility in larvae
and 48 hour mortality of adult flies, and inconsistency in endpoint definition has created
confusion about the radiosensitivy of D. melanogaster.

The largest difference in emergence of adult flies was observed at 24 Gy, where UHDR
had 68% greater emergence than CONV. This suggests that it may be possible to increase
the therapeutic window by using UHDR radiotherapy for some intermediate doses. The
reduction in normal tissue toxicities detailed here (eclosion rate and lifespan) are the first
prerequisite in demonstrating a FLASH effect induced by low energy x-rays. While the
differential effect of UHDR and CONV dose rates on normal tissues is promising, iso-efficacy
between UHDR and CONV on tumour tissues must be shown to establish a potential clinical
benefit. The availability of D. melanogaster tumour models should be exploited for further
investigation of a possible FLASH effect.

In addition to differences in survival and lifespan between UHDR and CONYV, this work
also revealed early signs that the effects of radiation on D. melanogaster fertility may be
dose rate dependent. While the surviving adults irradiated with UHDR yielded progeny at
higher doses (up to 24 Gy) than the corresponding groups irradiated with CONV (up to
22 Gy), this experiment was not designed to provide quantitative fecundity results. Future
experiments should isolate irradiated male and female flies and cross them with unirradiated

virgin flies.

5.6 Conclusions

D. melanogaster larvae were irradiated with conventional and ultrahigh dose-rate x-rays
generated by a shutter controlled 120 kVp x-ray tube. Larvae irradiated with 24 Gy at 210
Gy/s demonstrated 68% higher rates of eclosion compared to larvae irradiated at 0.24 Gy/s.
Additionally, flies irradiated with 22 Gy had higher probabilities of survival post irradiation
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and longer median survival times, respectively, when irradiated with UHDR compared to
CONV. Significant differences in eclosion or lifespan were only observed for flies irradiated
with doses between 22 and 26 Gy, suggesting that there is a dose window to observe the
FLASH effect in D. melanogaster. UHDR irradiation may decrease rates of radiation induced
sterility compared to CONV. The similarity of response between CONV-Low and CONV-
High treatments suggests that average dose rate may be more important that instantaneous

dose rate in triggering normal tissue sparing effects.
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Figure 5.7: Calibrated scintillator measurements of 100 ms irradiations at 25 mA and 5
mA. Film measurements of 50 ms exposures show agreement between UHDR and CONV
irradiation modes.
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Figure 5.8: Films show a uniform 2D dose distribution is delivered to the surface of the im-
mobilization cylinder and confirm the position of larvae during irradiations. D. melanogaster
immobilized on acrylic cylinders for irradiation (a). Film placed underneath the larvae con-
firms larvae positioning during irradiation (b).
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Chapter 6

Plastic scintillator dosimetry of ultrahigh dose-rate 200
MeV electrons at CLEAR

The following work was published in IEEE Sensors in 2024 and can be found at the following
DOI: 10.1109/JSEN.2024.3353190.

6.1 Summary

Very high energy electron (VHEE) beams with energies greater than 100 MeV may be
promising candidates for FLASH radiotherapy due to their favourable dose distributions
and accessibility of ultrahigh dose-rates (UHDR). Combining VHEE with the normal tissue-
sparing FLASH effect of UHDR radiotherapy could improve patient outcomes. The standard
dosimeters used for conventional radiotherapy, including ionization chambers and film, have
limited application to UHDR radiotherapy due to deficits in dose rate independence and
temporal resolution. Plastic scintillator detectors (PSDs) are a potential alternative. PSDs
connected to a Medscint Hyperscint RP-100 were used to measure the response to 200 MeV
electrons produced by the CERN Linear Electron Accelerator for Research (CLEAR). The
dose-response linearity and radiation hardness of PSDs under UHDR VHEE conditions was
investigated, using dose rates up to 1.21 x 10° Gy/s. Two scintillators were investigated: a
polystyrene-based BCF-12 and a proprietary polyvinyltoluene (PVT)-based material. The
BCF-12 probe exhibited linear light output with dose per train from 4.9 to 125.2 Gy, and
dose rates up to 1.16 x 10° Gy/s within a single pulse. The output of the PVT-based
probe was linear from 3.9 to 59.5 Gy per train, and dose rates up to 9.92 x 10® Gy/s.
While output linearity was retained (R? > 0.998) after delivering 26.2 and 13.8 kGy to the
BCF-12 and PVT-based probe, respectively, the light output was reduced by < 1.5%/kGy.
The performance of PSDs in this work suggest they may be useful real-time dosimeters for
applications in UHDR VHEE radiotherapy.


https://doi.org/10.1109/JSEN.2024.3353190
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6.2 Introduction

Conventional external beam radiation therapy primarily relies on megavoltage x-rays pro-
duced by an electron linear accelerator to effectively kill cancerous tissues. Unfortunately,
conventional therapies also cause normal tissue toxicities due to shallow dose gradients. Elec-
tron beams with energies greater than 100 MeV, very high energy electrons (VHEE), have
the potential to improve conformality of radiotherapy treatments due to both their supe-
rior dose distributions and deeper penetration [219, 11, 220]. Deep-seated tumours can be
targeted with VHEE beams while minimizing the collateral damage to healthy tissues with
sharp dose gradients. In addition to the physical dose distribution limitations of conventional
radiotherapy, there is a growing understanding that dose rate has a significant effect on the
radiobiology of cancer treatment. By delivering radiation doses at ultra-high dose rates
(UHDR) in sub second delivery times, it may be possible to give a sufficient dose to tumours
while reducing normal tissue toxicities, by means of the so-called FLASH effect[119, 221, 13].
The beam parameters necessary to trigger the FLASH effect are not yet well understood and
may depend on the treatment site and particle type, among other factors[222]. While the
FLASH effect has been demonstrated with multiple different particle species, electrons may
be the simplest to translate into the clinic first for logistics reasons: photon conversion targets
suffer from heat-loading and radiation damage [223], while protons and heavy ion facilities
are scarce and prohibitively expensive. The first patient to receive FLASH radiotherapy, was
treated with electrons[32]. Combining VHEE with the normal tissue-sparing FLASH effect
of UHDR radiotherapy could lead to improved outcomes for oncology patients[224].

UHDR VHEE beams present unique challenges in terms of dosimetry, necessitating new
tools that provide accurate and real-time measurement. Radiochromic films are useful for
their dose rate independence and high spatial resolution but lack temporal information[52].
Ionization chambers, which are current the gold standard for conventional radiation ther-
apy dosimetry, suffer from ion recombination losses which make them ill-suited for UHDR
beams[225, 67]. Scintillator detectors, which produce optical photons in response to ionizing
radiation, may be an alternative which avoid the previously mentioned problems. Combining
fast response times (and the ability for real-time readout), with sub-mm spatial resolution,
and dose rate independence for a variety of radiation types and sources [226, 227, 17, 18, 22,
97, 228|, radioluminescent detectors are excellent dosimeters for use across the spectrum of
dose rates employed in preclinical studies and radiotherapy[229, 230, 231]. There are a wide
range of scintillating materials including organic (polystyrene and polyvinyltoluene-based
plastics), and inorganic scintillators. Inorganic scintillators can produce a higher yield of op-

tical photons than plastics and are routinely used in imaging applications where maximizing
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signal-to-noise is a primary concern[82]. In the context of UHDR beams, the lower signal of
plastic scintillators is less relevant and confers the advantage of having similar radiographic
properties to human tissue [15]. Scintillators and accompanying light guides can also emit
other types of radioluminescence, including fluorescence and Cherenkov light. These other
light sources may contaminate the scintillator signal but may be removed if their unique
spectral signature is known [93, 105].

Plastic scintillator detectors (PSDs) have proven to be an effective relative dosimeter for
many UHDR radiation sources but have never been tested in VHEE beams [16, 100, 85]. In
this work, we explored the possibility of using PSDs coupled to an optical spectrum-based
scintillation dosimetry platform to perform dosimetry of VHEE beams at the CERN Linear
Electron Accelerator for Research (CLEAR). Currently, CLEAR is the only facility capable
of producing UHDR VHEE beams up to 200 MeV. The X-band accelerator technology
developed for the CLIC (Compact Linear Collider) study and tested at CTF3/CLEAR are
also the basis for a prospective UHDR VHEE clinical accelerator [232].

While previous work has shown PSDs to be excellent dosimeters for UHDR protons and
low energy x-rays, electron dosimetry with PSDs has only been validated at lower energies
and conventional dose rates. Inorganic gadolinium-based scintillator detectors have been
used to measure dose delivered by 4.5 MeV electrons produced by the Kinetron (CGR-MeV
Co., Buc, France) at dose rates up to 3.5 x 105 Gy/s [226]. PSDs with and without inorganic
dopants have been used to measure dose delivered by 250 MeV protons up to 92.5 Gy/s
[227], synchrotron x-rays at greater than 4000 Gy/s [17], and 120 kVp x-rays up to 40 Gy/s
[18, 22]. The same type of optical spectrum-based scintillator system used in this work was
previously used to validate the response of a PSD to 16 MeV electrons at 100 Gy/s [97].
The aim of this work was to expand the application of PSDs to UHDR VHEE beams by
investigating the light output linearity with dose and examining the radiation hardness of

two different plastic scintillator compositions.

6.3 Materials & Methods

6.3.1 CLEAR Beamline

All measurements presented in this work were acquired using the laser-driven electron accel-
erator at CLEAR, which produces electron beams with mean energies between 60 and 220
MeV [51]. For the experiments described here a mean energy of 200 MeV with 1% full-width-
half-maximum (FWHM) energy beam spread was targeted. The VHEE beams produced at
CLEAR have a time structure composed of bunches (groups of electrons 10 ps in length),
and trains (groups of bunches at a frequency of 1.5 — 3 GHz, duration from 10 ps to 150
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ns). For this study ‘train’ is synonymous with ‘pulse’ as it is the shortest resolvable time
structure by the PSD system under investigation. The beam parameters used are reported
in Table 6.1. Gaussian beams of sizes with 1 — o greater than the dimension of the active
scintillator volume were achieved using quadrupoles and a yttrium aluminum garnet (YAG)
scatterer upstream of the vacuum window [34]. An integrating current transformer (ICT)
placed immediately after the vacuum window of the beamline allowed for verification of the
delivered charge per train. A simplified schematic of the time structure and beamline are

shown in Figure 6.1, more detailed descriptions can be found elsewhere [50].

Table 6.1: Summary of beam parameters available at CLEAR.

Beam Energy 60 — 220 MeV
Number of Bunches 1 - 400

Charge per Train ~20 pC — 85 nC
Bunch Frequency 1.5 - 3.0 GHz
Train Duration ~10 ps — 150 ns

Repetition Frequency 0.83 Hz - 10 Hz

6.3.2 Plastic Scintillator Dosimetry System

Dose delivered by UHDR VHEE beams produced by the CLEAR beamline was measured
with PSDs coupled to a Hyperscint RP-100 optical spectrum-based scintillation dosimetry
platform (Medscint, Quebec City), hereafter referred to as a spectrometer, with a 30 me-
ter PMMA optical fiber [96]. Two scintillator compositions were investigated: a standard
polystyrene BCF-12 scintillator and a proprietary polyvinyltoluene-based scintillator mate-
rial (both constructed according to the schematic shown in Figure 6.2). The active scintillator
volumes were 0.5 mm diameter and 0.5 mm thick with a manufacturing tolerance of £10%.
The spectrometer was set to an acquisition speed of 5 Hz to allow for continuous real-time
measurements (with an integration time of 0.2 seconds). A background was measured (with
the same full spectral measurement parameters) for each PSD on each day of experiments.
For all PSD measurements, background subtracted signals were normalized to a single PSD
reading (one for each PSD probe). The normalized PSD signals are therefore in arbitrary
units. No further post-processing (smoothing, filtering, etc.) was applied to the spectral
PSD signals before data analysis.

Both scintillator probes and films were positioned in the CLEAR in-air test stand using
the C-Robot [233] as shown in Figure 6.3. A 3D-printed holder allowed for the films or

scintillators to be kept out of the beam in a lead-shielded staging area until the time of
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Figure 6.1: Time structure of the laser generated, and RF accelerated electron beam at
CLEAR showing trains comprised of ~200 pC bunches (a). Schematic of the final section of
the CLEAR beamline and in-air test stand used for the PSD experiments.

measurement. The holder also featured an yttrium aluminum garnet (YAG) scintillating
screen behind the PSD probe. Scintillation light emitted from the YAG screen was reflected
upwards by a mirror (positioned behind the YAG screen 45 degrees off-axis to the beam) to

a camera, enabling real-time visualization of the beam alignment with the PSD probes.

6.3.3 Film Dosimetry

To obtain dose-to-water calibrations for the scintillators, Gafchromic EBT3 and MDV3 film
(Ashland, NJ) measurements were conducted under the same beam conditions as scintillator
measurements. Dose-to-water film calibrations were obtained using a 5.5 MeV electron beam
at 0.05 Gy/s produced by an eRT6 Oriatron. EBT3 film has previously been shown to be
dose rate independent for electron beams up to 8 x 10° Gy/s [200] and energy independent

up to 165 MeV[57]. Film measurements were used to calculate the doses delivered to the
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towards a camera. The structure of a single train is shown, composed of several bunches.
The number and charge of bunches can be scaled to vary the charge (and therefore dose)
per train.

scintillator probes (as absorbed dose-to-water, Dy, ) for both output linearity and radiation
damage measurements. Film measurements were also used to convert ICT readings from
charge per train to absorbed dose. The films were scanned 24 hours post irradiation using
an Epson Perfection V800 Photo scanner (Epson, Long Beach, CA) at 300 DPI. Pixel values
from the green channel were converted to dose-to-water and background corrected with
unirradiated films. For determining dose to the scintillator probes from the film, a 10 x 10
convolutional (0.85 x 0.85 mm) kernel was used to smooth the dose map and the mean of
the three highest pixel values was taken as the film dose. This kernel size was chosen to
cover the active scintillator volume and to account for minor misalignment with the central
axis of the beam. The beam sizes were determined by fitting Gaussian curves to the x and

y profiles intersecting the maximum dose point.

6.3.4 Output Linearity

Output linearity measurements were conducted by scaling the dose per train between 4 and
160 Gy. To achieve this, the number of bunches and charges per bunch were adjusted to
deliver charges per train up to ~70 nC, and dose rates up to 1.2 x 10° Gy/s, as detailed in
Table 6.2. Dose rate was calculated by normalizing the delivered dose by the train length



82

(which varies depending on the total charge delivered and the number of bunches required).
All doses were delivered in a single train and thus average dose rate (dose normalized by total
delivery time) and instantaneous dose rate (dose per train normalized by train length) are
equivalent for the purpose of this work. For characterizing PSDs as a VHEE dosimeter under
conventional radiotherapy dose rates (i.e. 0.1 Gy/s over the duration of the treatment time)
it may become necessary to distinguish average dose rate from instantaneous, train, or even
bunch dose rate. Because varying the number of bunches and charge per bunch can alter
the optics of the beam, the YAG screen was used to verify the positioning of the beam with
respect to the central axis of the active scintillator volume for each measurement. Three
single trains were delivered to the scintillator probes per dose point to allow calculation
of a mean and standard deviation of the response. Scintillator signals were analyzed by
integrating the background subtracted light output. To obtain dose-to-water calibrations for

the PSDs, the delivered ICT readings (in nC) were first converted to dose according to

where k¢ is the dose/charge (Gy/nC) calculated using films. Values of k; were determined
for each day of experiments to control for varying beam sizes. Then, a linear fit was applied
between the PSD output and Dy, such that

PSD = Dykg (6.2)

where kg is the slope of the fit, a correction factor dependent on the PSD and the gain
setting of the spectrometer. Signal-to noise ratio (SNR) was also calculated from the same

data set according to:

SNR = ps/op (6.3)

where p, is the integrated light output from the spectra, and o, is the standard deviation
of the background spectral signal (wavelength range 0 to 10 in arbitrary units which does not
contribute to the scintillation light). Additionally, the spectral output from each dose was
examined to determine if radiation damage had caused any changes in optical properties.

All data analysis was conducted in Python 3.10 using the SciPy scientific library [234].
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Figure 6.3: The PSD setup within the water tank relative to electron beam. The C-Robot
moves samples (films or PSD probes) from the shielded area to a user-defined location in the
beam path. The YAG screens allow for verification of the transverse beam size and position
before delivering dose to samples.



Table 6.2: Targeted beam parameters used for output linearity measurements shown in Figure 6.5.*The factor used to calculate
the target dose per train values shown (2.31 Gy/nC for BCF-12 measurements) was taken from the film shown in Figure 6.4b.
For doses to the PVT+ probe, a separate factor was calculated from the film in Figure 6.4e. The reported dose rate is for the
duration of the train. {When targeting 70 nC/train, a scattering YAG screen was placed upstream of the vacuum window,
which may have increased the beam size. The mean energy also decreased to 185 MeV.

charge/train dose/train ~ # of  charge/bunch bunch frequency train duration dose rate

(nC) (Gy)* bunches (nC) (GHz) (ns) (Gy/s)
2 4.6 12 0.167 1.5 8 5.78E+08
9 20.8 95 0.164 1.5 37 5.67E+08
30 69.3 180 0.167 3 60 1.16E+409
50 115.5 386 0.130 3 129 8.98E4-08
%) 127.1 400 0.138 3 133 9.53E+08

707 161.7 400 0.175 3 133 1.21E4-09

78
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6.3.5 Radiation Damage

The PSDs used in this work had been exposed to negligible amounts of dose prior to experi-
ments at CLEAR. Radiation hardness was assessed by recording the delivered charges (ICT
readings) to each of the probes during all measurements. When positioning the beam on the
PSDs, the charge received (and indirectly, dose) was recorded. The probes were also exposed
to large cumulative doses of radiation, 26.2 and 13.8 kGy for the BCF-12 and PVT-based
probes, respectively, in ~3 kGy increments. Limited beam time availability prevented deliv-
ering the same total doses to both probes. For these irradiations the beam was operated at a
train repetition frequency of 0.83 Hz, with 9-10 nC per train, until reaching a total delivered
charge of 1250 nC. The output reduction over the course of these irradiations was assessed by
comparing the mean signal from 9 nC trains before and after each ~3 kGy dose. The mean
reading from five trains was averaged to account for normal fluctuation in the beam output.
Output linearity measurements (three single trains with 2 to 30 nC/train) were conducted
before and after these damaging doses to monitor changes in the performance of the probes.
By normalizing to the slope of the initial output linearity measurement (as in Figure 6.7),
the decrease in output as a function of radiation damage was observed. Time between mea-
surements when the PSD probes were not being irradiated (during beam diagnostics tests or
film measurements) allowed for testing the recovery of the scintillators. Limited beam time

made it impractical to conduct a systematic study of scintillator recovery at CLEAR.

6.4 Results

Figure 6.4 shows the response of both PSD probes and films to 200 MeV electrons at CLEAR.
Figure 6.4b and e show that dose per train decreases from 2.31 to 1.97 Gy/nC when beam size
increases from 3.7x3.8mm to 4.0x4.4mm (1 — o). These dose/charge factors were used for
calculation of dose-to-water absorbed by the BCF-12 and PVT-based probes, respectively,
shown in Figures 6.5 and 6.7.

6.4.1 Output linearity

Output linearity with charge per train for both scintillators is shown in Figure 6.5a and c.
The targeted dose rates are shown in Table 6.2, which range from 5.67—12.1x 10® Gy/s. The
BCF-12 probe exhibited linear light output with dose per train from 4.9 to 125.2 Gy (2.1 to
54.2 nC). At higher doses per train the probe failed to respond linearly, yielding a lower light
output than at lower doses per train. The PVT-based probe saturated at lower doses than
the BCF-12, showing linearity from 3.9 to 59.5 Gy (2 to 30.2 nC). The scintillator spectra

from linearity measurements are reported in Figure 6.5b and d. The lowest and highest
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Figure 6.4: Film and PSD measurements of dose delivered by 200 MeV electrons under
the same beam conditions for BCF-12 (a-c), and the PVT-based PSD (d-f). Integrated
light output from three trains is shown for both PSD compositions (a,d). PSD signals are
normalized to maximum frame for each measurement for display only. The larger beam in e
corresponds to a lower dose per charge compared to the beam shown in b.

charge in the linear regime, as well as the saturating charges are shown to highlight any
spectral changes that may have occurred due to transient radiation damage. The normalized
spectra from both scintillator compositions remains nearly constant. No significant shift of
the peak wavelength was observed. In addition to showing output linearity with dose per
train, both PSD probes exhibited excellent output reproducibility. The mean of the standard
deviations for all measurements shown in Figure 6.5 was 2.39% for BCF-12 and 2.36% for
the PVT-based probe.

The SNR values for both PSDs are reported in Table 6.3. SNR increased with charge
per train except in the case of 68.2 nC delivered to BCF-12 in which case the output was

also reduced compared to lower charges per train.

6.4.2 Radiation Damage

The PSD response to irradiations at a repetition rate of 0.83 Hz is shown in Figure 6.6. After
receiving 2.89 and 2.45 kGy, the output of the PSDs decreased by 3.47% and 6.04% for the
BCF-12 and PVT-based probes, respectively. Output linearity was retained for both probes
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Figure 6.5: Output linearity as a function of dose-to-water and corresponding spectra for
BCF-12 (a,b) and PVT-based (c,d) PSDs. The circled output values in a and ¢ represent
the response to the lowest charge, highest linear response, and the saturating signal. The
spectra are normalized to the peak intensity for each measurement.

Table 6.3: SNR for both scintillator compositions calculated from the output linearity data
shown in Figure 6.5 for both scintillator compositions.

BCF-12

charge (nC) SNR

2.1
8.9
18.9
30.5
20
04.2
68.2

1583.4
4478.3
8772.7
18570.8
26621.0
26650.5
24209.2

PVT+

charge (nC) SNR
2 400.9

8.2 1210.6

18.4 2079.8
30.2 3854.3

41.3 4524.6

60.9 4624.3

(R? > 0.99) after delivering total accumulated doses of 26.2 and 13.8 kGy to the BCF-12 and
PVT-based probes. However, the light output (the slope of the fit from equation 6.2) was
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reduced in both cases. For example, the slope of the output linearity for BCF-12 decreased
by 10% from 0.015 to 0.0135 when the total received dose increased from 4.6 to 10.1 kGy
as shown in Figure 6.7. The output of the BCF-12 scintillator decreased by 1.21%/kGy
while the PVT-based PSD output decreased by 1.51%/kGy. Between the third and fourth
BCF-12 linearity measurements (corresponding to ~18 kGy total delivered dose), the PSD
was allowed 15 minutes to recover. The BCF-12 recovered to 99.6% of the linearity slope
at 10.1 kGy. Between the final two BCF-12 output linearity measurements, ~8 kGy was
delivered (9 nC at 0.83 Hz) followed by 17 hours without any irradiation. No recovery was
observed in the output of the PSD after this rest interval.
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Figure 6.6: The irradiations delivered in ~3 kGy doses to BCF-12 and PVT-based probes
to assess radiation damage. Scintillator response decreased by 3.47% and 6.04% over the
duration of the irradiations shown for the BCF-12 and PVT-based probes, respectively.
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Figure 6.7: The output linearity measurements for BCF-12 are shown with 5.5 kGy delivered
between (a,b). The slope of the output linearity measurements was used to determine the
reduction in output as a function of total accumulated dose (c).

6.5 Discussion

One of the most important attributes of a dosimeter is the ability to respond linearly with
dose irrespective of dose rate within ranges relevant to clinical use. For FLASH radiotherapy;,
it can be expected that single fraction treatments and dose escalation will require dosimeters
capable of measuring higher doses than those used for conventional radiotherapy. To date,
FLASH radiotherapy has been delivered to patients under two prescriptive regimens: 8 Gy
with 250 MeV protons in the FAST-01 trial [134] and 15 Gy with 5.6 MeV electrons [32], both
in a single fraction. Some proposed VHEE plans have included prescription doses of 36.2 Gy
to the planning treatment volume (PTV)[11]. Both PSD probes investigated in this work
demonstrated high degrees of output linearity (>0.998) with dose at UHDR, which would
make them suitable dosimeters for verifying delivery of large doses in a single fraction. It
should be noted that the investigation presented here only included dose rates which can be

considered UHDR. Other work has found that inorganic scintillators exhibit linearity at both
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conventional and UHDR with 9 MeV electron beams, but required independent calibrations
for each dose rate regime [235]. Although both PSDs showed excellent linearity with large
doses delivered in a single train, accumulated doses on the order of kGy caused reduction
in scintillator light output. The output of both probes decreased by ~1.2-1.5%/kGy, which
means routine recalibration would be required to enable accurate dosimetry for radiotherapy.

When the PSDs failed to respond linearly with dose per train, review of the scintillator
spectra before and after saturation helped to eliminate the spectrometer as the source of
signal saturation as seen in Figure 6.5 (we would expect to see a flattened spectrum if the
spectrometer was saturating). The source of the saturation cannot be definitively isolated
as either accumulated dose or dose rate because the dose rate was not constant with dose
per train (as reported in Table 6.2). The lack of shift in the spectra during output linearity
measurements (~400 Gy per output linearity set) may indicate that the probes could be
recalibrated after being damaged by simply scaling the slope of the calibration curve. Further
experiments are needed to determine if any damage-induced wavelength shifts occur in the
active scintillator volume or the irradiated stem over time.

Cherenkov light produced within the scintillator volume, and the PMMA optical fiber can
significantly contribute to the integrated light signal [236]. For the experiments presented
here, stem-from-subtraction measurements were acquired with the beam on the optical fiber,
and off-axis, to minimize scintillation light signal. After reviewing the spectra from these
measurements, it was determined that applying corrections was unnecessary. Additionally,
the small transverse beam sizes as well as the perpendicular orientation of the probe and fiber
with respect to the beam helped to mitigate the contribution of Cherenkov light. Measure-
ments with a clear optical fiber (without active scintillator material) in addition to BCF-12
and PVT+ scintillators in a single probe allowed for an estimation of the Cherenkov contri-
bution to the total light signal. The average contribution was 13.7% for BCF-12 and 17.2%
for PVT+. While this is non-negligible, it did not alter the linearity of the total integrated
signal. Future experiments using this combined probe design will enable a more thorough
investigation of the impact of Cherenkov light and may allow for spectral subtraction of the
Cherenkov signal from every PSD measurement.

An unexpected signal was observed from the BCF-12 probe in the frames immediately
following the scintillation response as shown in Figure 6.8. With frame durations of 0.2
seconds, there should not be any scintillation light remaining in subsequent frames. The light
output from the next frame shows that the spectrum is shifted towards higher wavelengths.
This phenomenon is notably absent from the PVT+ data. The spectral shift and time delay
of this signal may indicate that the PMMA cladding (which is unique to the BCF-12 probe

design) is an additional source of radioluminescence. The source and conditions necessary
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to produce this secondary signal should be investigated in future work.
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Figure 6.8: Spectral output from BCF-12 in response to 54.2 nC delivered in 3 separate
trains for output linearity measurements. The frames following each peak signal show a shift
to higher wavelengths.

An advantage of PSDs is that their high spatial resolution allows for measurement of steep
dose gradients[16]. While the spatial resolution of the PSDs used in this work was limited
by their 0.5 mm dimensions, the measured SNR values far exceeded the recommendation
of the Rose criterion (see Table 6.3). This suggests that smaller scintillators with higher
spatial resolution could be used without producing excessively noisy signals. Future testing
of spatial resolution and output linearity of smaller scintillator detectors may help to identify

a more appropriate detector design.

6.5.1 Radiation Damage

The two PSD compositions used in this work showed excellent radiation hardness, with out-
put decreasing by less than 1.5%/kGy when irradiated with 200 MeV electrons at UHDR.
This compares favorably with other investigations of PSDs under lower energies and dose
rates which showed reduction in scintillator output as high as 16%/kGy [203, 237]. In ad-
dition, the BCF-12 probe was shown to recover from radiation damage in one case, when
left unirradiated for 15 minutes between measurements. However, after 17 hours of recovery
time the final output linearity test did not result in any significant recovery of light output.
This demonstrates that UHDR VHEE damage up to 18 kGy may be at least temporarily
recoverable but could become permanent at higher doses. Further investigation of the irra-
diated probes would be necessary to quantify the potential for PSD recovery as a function
of time and lifetime accumulated dose. Previous work has shown pure polystyrene PSDs to
recover from 50% reduction in output after 10 kGy doses to less than 10% output loss after
more than 500 hours [203].
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6.5.2 Limitations

This work has explored the possibility of using PSDs and the Hyperscint RP-100 spectrom-
eter as a combined system for dosimetry of UHDR VHEE beams. Two limitations of the
Hyperscint RP-100 were encountered in this work: the saturation of the photodetector ar-
ray at high gain settings, and the maximum frame rate resulting in insufficient temporal
resolution. The dose calibration obtained for each PSD is dependent on the gain setting of
the system. An investigation of the relationship between gain and scintillator output may
allow for gain adjustments to be made without recalibration and could increase the linear
range in terms of doses and dose rates for a given PSD. The temporal resolution in this
work was limited by the maximum frame rate of 5 Hz which the Hyperscint RP-100 can
stream continuous measurements, 5 Hz. Higher frame rates (up to 400 Hz) are possible, but
do not allow for real-time visualization, and thus immediate verification of beam delivery.
Other preclinical scintillator systems have achieved higher acquisition speeds on the order of
nanoseconds, however these do not capture the full spectral information [111]. Recent work
has emphasized that the FLASH effect has a nuanced relationship with the time structure of
irradiation. It may not simply depend on a threshold average or instantaneous dose rate but
could also be influenced by the micro structure of the beam, i.e. the bunch frequency and
inter-train spacing [117]. While the spectrometer used here could resolve individual trains
in real time, having sub-train temporal resolution would be useful for both beam diagnostics
and radiobiological FLASH studies. CLEAR is an experimental beamline and has increased
uncertainty in dose delivery compared to the commercially available linear accelerators used
in clinics. Examples of aberrant signals and their possible causes are shown in Figure 6.9.

PSD experimental uncertainties are a combination of beam operation uncertainties and
film dose calibration uncertainties. As previously mentioned, the absorbed dose reported in
this work was determined using EBT3 films calibrated with 5.5 MeV electrons, which can
be expected to add an uncertainty of ~5% for use with 200 MeV electrons [57]. Further, the
response of PSDs is expected to be independent of energy over this range as the variance
in collisional mass stopping power ratio for water to polystyrene is under 0.5% as shown in
Figure 6.10.

As shown in the beam profiles in Figure 6.4, CLEAR produces small Gaussian fields
which can easily be misaligned with the active scintillator volumes used in this study. The
beam was frequently re-positioned visually using the shadow of the PSD probes on the YAG
screen to mitigate beam positioning as a source of error. Future work with a flattening
filter in the beam path could help to further reduce uncertainty. It is also possible that
operating parameters, such as the repetition rate, impact the stability of the beam. For

example, when trains were delivered at 10 Hz (as shown in Figure 6.6) there was greater
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Figure 6.9: Examples of PSD signals which can be explained by malfunctions in the CLEAR
beamline. The most likely cause of these fluctuations in dose rate are due to laser breakdowns
causing trains with either very high or very low charge. This is not uncommon towards the
end of the operation year where the laser may lose synchronization and the photocathode is
at less than optimal condition.

variation in the measured output per train than the ~2.4% associated with the output

linearity measurements which were delivered without a set repetition frequency.

6.6 Conclusions

Electron radiation may be the modality best positioned to facilitate the clinical translation
of FLASH radiotherapy. By combining the radiobiological benefits of UHDR radiotherapy
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Figure 6.10: Collisional mass stopping power for water and polystyrene over the range of
electron energies produced at CLEAR. The stopping power ratio for water to polystyrene
varies by less than 0.5% from 1 to 250 MeV.

with the advantageous physical dose distribution of very high energy electron beams, cancer
treatment could cause less collateral damage to healthy tissues and become more effective. To
move towards clinical translation, it is essential to develop accurate dosimeters exhibiting
dose rate independence and sufficient radiation hardness. To this end, plastic scintillator
detectors were tested with the 200 MeV beam with dose rates up to 1.21 x 10° Gy/s at
CLEAR. We have demonstrated that polystyrene and polyvinyltoluene-based PSDs respond
linearly with dose per train up to 59.5 and 125.2 Gy, respectively. These doses exceed what
we would expect to be given in a single therapeutic dose, which suggests that PSDs could
accurately verify dose delivery during VHEE FLASH radiotherapy treatments. In addition,
we found that while the output of PSDs is reduced by radiation damage, PSDs retain output
linearity after receiving high accumulated doses of radiation, allowing them to be recalibrated

for further use.
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6.7 Supplementary Materials
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Figure 6.11: Percent depth dose (PDD) measured with both PSDs compared with film
measurements. Transverse beam sizes of 4mm 1 — o were used except for one set of PVT+
measurements acquired with a 0.5mm 1 — ¢ pencil beam. BCF-12 data was measured by
delivering 2 nC in a single train or in ten 200 pC trains, all other data was delivered as a
single 2 nC train. The C-Robot was used to acquire step-and-shoot PDD measurements at
different longitudinal positions in the water tank.
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Chapter 7

First in vivo determination of the relative biological
effectiveness of very high energy electrons using
Drosophila melanogaster irradiated at conventional

and ultrahigh dose-rates

The following work is being prepared for manuscript submission to Scientific Reports.

7.1 Summary

Very high energy electrons (VHEE) may be able to facilitate FLASH radiotherapy of deep-
seated tumours due to their physical dose distribution. To investigate the radiobiological
effects of VHEE at conventional and ultrahigh dose-rates (UHDR), Drosophila melanogaster
larvae were irradiated with 200 MeV VHEEs and 9-20 MeV energy electrons. White-eyed D.
melanogaster (w''®) larvae were irradiated to doses between 15 and 45 Gy with 200 MeV
electrons using the CLEAR beamline at both UHDR, (~ 3 x 10 Gy/s) and conventional
dose-rates (CDR, 0.2 Gy/s). Larvae were also irradiated with 9-20 MeV electrons produced
by a Varian TrueBeam at dose-rates of 0.2 and 130 Gy/s. Flies were monitored through de-
velopment, including qPCR analysis and eclosion of adults post irradiation. Percent eclosion
was calculated by normalizing to the number of pupae and the eclosion rate for unirradiated
controls. The dose yielding 50% eclosion, F Dso, was used to determine the relative biological
effectiveness (RBE) of VHEE compared to CDR 9-20 MeV electrons. Flies irradiated with
UHDR VHEE eclosed at higher rates than those treated with CDR VHEE resulting in F D5
values of 37.4 and 35.1 Gy, respectively. Irradiations with clinically used electron beams at
CDR yielded very similar dose response curves, with E Dsq values of of 35.3 Gy for 9 MeV,
and 34.6 Gy for 20 MeV. This first in vivo confirmation that the RBE of VHEE is near unity

may be useful in predicting the efficacy of VHEE beams for cancer treatment.
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Introduction

External beam radiation therapy using megavoltage x-rays is an effective and widespread
treatment for many cancers. These beams are produced by electron linear accelerators with
energies up to 20 MeV using transmission targets to create bremsstrahlung x-rays. Electron
beams produced by the same linear accelerators are also used for cancer treatment directly,
but are limited to treatments of shallow lesions due to their physical dose distributions.
Recently, interest has grown in using electrons with energies greater than 100 MeV, so-
called very high energy electrons (VHEE), to target deep-seated tumours [219, 11, 238,
239]. VHEE beams have been shown to penetrate deeper into tissue than conventional x-
ray or electron beams, providing dose distributions more similar to heavy-ion beams while
being less susceptible to range uncertainties caused by inhomogeneities in tissue density [35].
Accelerators capable of producing VHEE beams could do so at ultrahigh dose-rates (UHDR)
[240, 51, 23], which have the potential of sparing damage to normal tissues surrounding a
tumour while effectively controlling cancer growth, known as the FLASH effect [13, 139].
UHDR radiotherapy is characterized by a time structure in which the treatment dose is
delivered ~1000 times faster than conventional dose-rate radiotherapy (CDR-RT).

The scarcity of VHEE capable beam lines has relegated nearly all studies of their applica-
tion in radiotherapy to the simulation space [11, 241]. The CERN linear electron accelerator
for research (CLEAR) is the first 200 MeV electron beam line to facilitate user experiments
focused on dosimetry and radiobiology. Dosimetry studies with film [51], ionization cham-
bers [225], and scintillators [23] have characterized the operating parameters of the beam in
the in-air test stand. To advance the clinical translation of VHEE radiotherapy at UHDR
or CDR dose rates the radiobiological effects of such beams should be characterized. The
first such studies included simulations of linear energy transfer (LET) and dose-mean lin-
eal energy [242] as well as DNA plasmid irradiations at CLEAR [37]. Survival of lung and
prostate cancer cells irradiated with 154 MeV electrons using the ARES linac at DESY have
also been investigated [243]. The goal of these studies was to use a range of proxy metrics for
biological damage in order to determine the relative biological effectiveness (RBE) of VHEE
beams. The results of these studies suggest that the radiobiological mechanisms of VHEE
are similar to x-ray and proton irradiations and that the RBE of VHEE beams is close to
unity.

The next step towards translation of VHEE beams into oncology practice should be
to use high throughput whole-organism radiobiological models to experimentally determine
the RBE compared to the lower electron energies commonly used in the clinic. Drosophila

melanogaster have advantages over more frequently used radiobiological models for both
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practical and biological reasons. From the early history of radiobiology [173, 174, 175] to more
recent studies investigating the complexities of dose rate [179, 180], D. melanogaster have
provided a statistically powerful model of how ionizing radiation affects a whole organism.
The short life cycle (~10 days from egg to adult fly) allows for quick determination of dose
response and limited follow up time. The genome of D. melanogaster is well characterized and
includes many homologs to human genes, including those responsible for DNA damage repair
pathways [188]. In this work we examine the survival and overall physiological responses of
D. melanogaster larvae irradiated with ~10 to 50 Gy with the 200 MeV beam at CLEAR
and 9 - 20 MeV electrons produced by a clinical linear accelerator. Additionally we evaluate
the effects of these beams at both UHDR and CDR. This first study of an in vivo model is

an important step towards clinical translation of VHEE beams.

Results

To explore the radiobiological effects of VHEE, D. melanogaster larvae were irradiated to
doses of 15 to 45 Gy with 200 MeV electrons at CLEAR and 9-20 MeV electrons produced
by a conventional radiotherapy linac. Post irradiation the larvae were tracked through de-
velopment to adulthood as described in Figure 7.1. Eclosion of adult flies was used to assess
the possibility of normal tissue sparing at ultrahigh dose-rates as well as the RBE of VHEE
beams. For UHDR irradiations the average dose rate (normalized by total treatment time)
were 130 Gy/s, and 3 x 10® Gy/s for 10 MeV and 200 MeV, respectively. CDR treatments
at both 9-20 MeV and 200 MeV were delivered at 0.2 Gy/s.
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@ 24-36 h mj)} ~6 days
larva pupa eclosed adult

Figure 7.1: Experimental design for the D. melanogaster irradiations with VHEE and 9-20
MeV electrons. Larvae were irradiated with UHDR or CDR at each dose and electron energy;,
before being tracked through development to adulthood. Larvae irradiated with 200 MeV
at CLEAR were also frozen at 9 h post irradiation for qPCR analysis.
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7.1.1 Dosimetry

Films placed on either side of D. melanogaster larvae during VHEE irradiations are shown
in Figure 7.2, which allowed for retrospective determination of the delivered doses and beam
sizes. The average beam size was 5.9 mm x 6.2 mm (z X y, 1-0). The three closest delivered
doses determined from film were treated as replicates. Analysis was conducted using the
three to five closest doses. Using three neighboring doses was found to minimize the standard

deviation of eclosion and mean dose delivered for each dose group.

Dose (Gy)
o

_
o

0 10 20
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Figure 7.2: Radiochromic films placed upstream (a) and downstream (b) of irradiated larvae
immobilized within a 0.5 ml eppordorf tube held in a 3D-printed jig. An example dose map
(c) and corresponding gaussian profiles of the 200 MeV beam (d).

7.1.2 Larvae development

Post irradiation, larvae developed into pupae and then emerged as adult flies several days
later. The rate of survival to adulthood decreased with dose as shown in Figure 7.3. No
significant differences between response curves generated from UHDR and CDR were ob-
served with either 200 MeV (Figure 7.3a) or 9-20 MeV electrons (Figure 7.3b). Individual
dose groups were directly compared only for 9 MeV CDR and 10 MeV UHDR irradiations
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because identical doses were delivered for all replicates and experiments were conducted on
the same day. Mean eclosion rates presented in Figure 7.3 are summarized in Table 7.1. The
eclosion rate for flies irradiated to 20 Gy with 10 MeV UHDR was 18% higher than flies
irradiated with 9 MeV CDR (p < 0.05).
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Figure 7.3: Eclosion (emergence as viable adult flies) irradiated with UHDR and CDR using
VHEE (a) and 9-20 MeV electrons (b). Error bars show the standard deviation of three
replicates (n ~120 for each dose).

Table 7.1: Mean eclosion rates and dose modifying factors for flies irradiated with 10 MeV
UHDR and 9 MeV CDR electrons.

Dose (Gy) 10 MeV UHDR 9 MeV CDR UHDR/CDR  p-value

15 0.93 0.87 1.07 0.25

20 0.90 0.77 1.18 0.039*
25 0.72 0.75 0.95 0.670
30 0.70 0.68 1.03 0.391
35 0.55 0.50 1.11 0.254
45 0.03 0.14 0.18 0.968

The E D5y was calculated from the polynomial fit for each dose response shown in Figure
7.4 and is reported in Table 7.2. The highest observed EDsq was 37.4 Gy for UHDR 200
MeV and the lowest was 34.6 Gy for CDR 20 MeV. These values were used to determine
dose modifying factors for UHDR relative to CDR of 1.07 for VHEE and 1.01 for 9-20 MeV
electrons. The average F D5y from 9/20 MeV electrons and CDR VHEE were also used to
calculate a RBE value of ~1 (0.97 - 1.01 within 1-0).

D. melanogaster larvae that survived to adulthood exhibited symptoms of radiation dam-
age which were not quantified in this study. These included failure to completely emerge

from the pupal case (which were not counted in the eclosion rate calculation). Other defor-
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Table 7.2: Calculated E Ds, for each beam energy and dose-rate. The R? from the polynomial
fit shown in Figure 7.4 is also reported.

Source Mode  Energy  ED50 (Gy) R?

CLEAR CDR 200 MeV  35.1 £ 0.7 0.93
CLEAR UHDR 200 MeV 37.4 4+ 0.7 0.87
TrueBeam CDR 20 MeV 346 £1.0 0.98
TrueBeam CDR 9 MeV 35.3 £0.8 0.99
TrueBeam UHDR 10 MeV 352 4+ 1.0 0.98

mities included wings that failed to completely open or close. The fecundity of adult flies was
monitored by checking food vials for progeny. No offspring were found in vials containing
flies irradiated with 40 Gy and higher at either 10 MeV UHDR or CDR with 9/20 MeV
electrons. Offspring were found in vials of flies irradiated up to 35 Gy. Adult flies were not
kept from the VHEE irradiations.

Discussion

D. melanogaster larvae irradiated with UHDR electrons at both conventional and very high
energies exhibited similar dose response compared to CDR treatments. Additionally there
were not significant differences in dose response between irradiations with 200 MeV and 9-20
MeV electrons. From the measured dose responses, and specifically the corresponding F D5
values, we can conclude that the RBE of 200 MeV electrons is very close to unity. This
study is the first in vivo whole-organism investigation of the radiobiological effects of VHEE
beams and should be used alongside results from simulation and in vitro studies to predict
the clinical effectiveness of VHEE beams in human patients.

RBE is typically described as increasing with linear energy transfer (LET) [244], and on
this basis it has been speculated that the RBE of VHEE beams might be between that of
conventional photon/electron treatments and protons. The first simulation studies of VHEE
beams to assess the macrodosimetric properties, namely LET, suggested that the RBE of
VHEE would be significantly increased compared to 20 MeV electrons [242]. However,
Delorme et al. also simulated microdosimetric properties, including dose-mean lineal energy,
which predicted no difference in RBE of VHEE compared to low energy electron beams.
Similarly, a DNA plasmid study conducted with the CLEAR beamline found no difference
in rates of double strand breaks under VHEE conditions at both UHDR and CDR [37].
Lung and prostate cancer cells were irradiated in vitro with 154 MeV electrons at dose rates
of 1.8 Gy/s with the ARES linear accelerator [243]. Wanstall et al. estimated the RBE

on cancerous tissues to be between 0.93 and 0.99 compared to 300 kVp x-rays. The whole-



102

100 ---- 200 MeV UHDR
e ---- 200 MeV CDR
~~~~~~~~~~~ SIS, 20 MeV CDR

801 R ---- 9 MeV CDR
S SR ---- 10 MeV UHDR
2 60-
©
g _________________________________________
7 EDsp
B 40 1
L

201

0 T T T T T 1
15 20 25 30 35 40 45

Dose (Gy)

Figure 7.4: Eclosion rate as a function of dose for each energy and dose-rate was modeled
with a polynomial fit in order to estimate the FDs5,. The shaded region around the fit
represents +10 and was used to calculate the uncertainty in £ D59 and RBE.

organism D). melanogaster dose response presented here is in agreement with these published
results.

The FE Dsg values determined in this work are lower than other recent works investigating
the dose response to 0.662 - 6 MeV x-rays and 225 MeV protons, which found that the doses
required to reduce eclosion to 50% was between 40 and 50 Gy [217, 218]. It is important
to note that the E D5y in those publications was calculated for Oregon-R flies. Nakajima
et al. also showed that w'!'® flies were more radio-sensitive than Oregon-R and exhibited
greater variability in eclosion rate for a given dose. Assessing the dose response of Oregon-R
flies to VHEE beams may allow for determination of an RBE value with higher precision.
The dose response curves presented in Figures 7.3 and 7.4 differ from the sigmoidal response
observed for Oregon-R flies irradiated with kilovoltage x-rays. This is likely due to both the
increased RBE of low energy x-rays (which is also dose dependent), as well as the increased

18 compared to Oregon-R.

radiosensitivy of w

The principal limitation of studying radiobiological effects of VHEE is the extreme
scarcity of VHEE sources. Currently, the only operational source of 200 MeV electrons (at
UHDR or CDR) is the laser-driven accelerator at CLEAR. While CLEAR is capable of pro-

ducing beams with adequately uniform dose distributions and energy spread, repeatability is
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a significant concern. Film dosimetry yielded different doses for UHDR and CDR doses when
targeting the same charge per pulse. Further, frequent breakdowns of the photocathode-laser
can result in unintended delivery of dose (either too low or too high).

Average dose rates >40 Gy/s have become synonymous with the FLASH effect [245],
however the role of the peak instantaneous dose rate and the overall time structure of the
treatment delivery is not well understood [150]. In addition to the differences in electron en-
ergy explored in this work, the beams studied also had significantly different time structures,
as described in Table 7.3. The instantaneous dose rates of the 200 MeV beam were ~ 4 x 10!
Gy/s for both CDR and UHDR treatments (the same bunch charge was used). It should also
be noted that the term UHDR is used to describe both the VHEE CLEAR beamline and
the converted 20 MeV linac when operating with very different time structures. While both
beams achieve average dose rates that far exceed what could be considered ’conventional’,
they should not be conflated as having the same properties. It is quite possible that average
does rates on the order of 10? Gy/s and 10° Gy/s have very different biological effects.

The experiments presented in this work were solely focused on the radiobiological effects
of electron irradiation on normal tissues. The potential benefits of FLASH radiotherapy
can only be demonstrated when cancerous tissues are targeted, and the treatment results
in tumour control while preferentially sparing healthy tissues. Future experiments with
D. melanogaster could attempt to trigger this effect by irradiating tumour bearing larvae
or adult flies with varying dose rates. Models for a number of human cancers have been
developed for both larvae and adult D. melanogaster which can be used to develop new
therapies [190].

Methods

7.1.3 Flies and irradiation conditions

H18) were used in this study. Mid-L3 to wandering L3 larvae

White-eyed D. melanogaster (w
were placed within 0.5 ml eppendorf tubes and irradiated with either 200 MeV electrons or
9-20 MeV electrons and tracked for physiological responses as described in Figure 7.1. The
irradiations were performed in a water tank for VHEE and in acrylic and Solid Water®
phantoms (Sun Nuclear, Melbourne, FL) for the 9-20 MeV beams. Control groups were
immobilized in tubes behind lead shielding at CLEAR and outside the linac vault for 9-
20 MeV irradiations for the duration of the experiments. The positioning of larvae with
respect to the 200 and 9-20 MeV beams is shown in Figure 7.5. Post irradiation, larvae were

transferred to fresh food vials. The incubator was kept at 25° C.
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7.1.4 Irradiation sources and dosimetry

CDR and UHDR VHEE irradiations were conducted at CLEAR using the 200 MeV beam-
line. Larvae were irradiated with a symmetrical 6 mm 1-0 gaussian beam positioned in a
water tank in the in-air test stand. Details on the CLEAR beamline and in-air test stand
capabilities are described elsewhere [47, 23]. CDR treatments were delivered at a pulse repe-
tition rate of 0.833 Hz, with each pulse comprised of a single bunch of electrons. The UHDR
treatments were delivered in a single pulse, and different doses were achieved by scaling the
number of bunches per pulse. The bunch frequency for all irradiations was 1.5 GHz.

Conventional and UHDR irradiations with 9-20 MeV electrons were performed with True-
Beam (Varian Medical Systems, Palo Alto, CA) medical linear accelerators. The UHDR
irradiation conditions were achieved by operating the linac in photon mode without a con-
version target in the beam path [246, 228]. The targeted dose delivery and time structures
of the beams are summarized in Table 7.3.

Table 7.3: Dose delivery time structures for both CDR and UHDR modes used at CLEAR
and with the TrueBeam linac.

Source Mode  Energy Dose range Dose per pulse Pulse length Irradiation time
CLEAR CDR 200 MeV  15-45 Gy ~0.4 Gy ~10 ps ~4 min
CLEAR UHDR 200 MeV  15-45 Gy 15-45 Gy <150 ns <150 ns
TrueBeam CDR  9/20 MeV 15-45 Gy 0.16 Gy ~4 s 2.5 - 7.5 min
TrueBeam UHDR 10 MeV 15-45 Gy 0.35 Gy ~4 ps ~100 - 350 ms

Dosimetry was performed with ionization chambers and radiochromic films to confirm
the delivery of consistent doses at both UHDR and CDR dose rates. Films used for 200
MeV irradiations at CLEAR were calibrated against an ionization chamber in a clinical 5.5
MeV electron beam. Laser cut and labeled MDV3 and EBT-XD Gafchromic films (Ashland,
Bridgewater, NJ) were placed on both sides of the larvae during irradiations as shown in
Figure 7.2. Films were scanned 24 hours post irradiation with a flatbed scanner (Expression
10000 XL, Epson, Long Beach, CA). Pixel values were converted to dose using a red channel
calibration curve which was obtained using a clinical 5.5 MeV linear accelerator [200]. To
verify the position of the flies with respect to the beam, additional irradiations were per-
formed with lead placed in the eppendorf tubes in place of larvae. The position of the lead
on the films was used to draw the regions-of-interest (ROIs) for evaluation of the dose to
larvae. The mean value of the pixels contained in the ROI was reported as the delivered
dose.

Dosimetry for the 10 MeV UHDR irradiations was performed with a CCO1 ionization
chamber (IBA, Freiburg, Germany). The CCO01 ionization chamber was calibrated under
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Figure 7.5: Irradiation setup with 200 MeV electrons at CLEAR (a,b) and 9-20 MeV elec-
trons produced by a TrueBeam (c,d). A 3D-printed holder for positioning larvae filled
eppendorf tubes is aligned with a laser indicating the center of the CLEAR beam line (a).
The holders are centered on the beam using the C-Robot (b). An acrylic jig for immobilizing
larvae during 9-20 MeV electron irradiations (c¢) placed within blocks of solid water (d).

standard reference dose conditions using a 9 MeV electron beam operating at 600 MU /min
(0.1 Gy/s average dose rate), with a 10x10 cm? electron cone, at 100 cm source-to-surface-
distance and depth of 2 cm in a Solid Water® phantom. This beam had previously been
calibrated using the AAPM TG-51 protocol [61] to deliver 1 ¢cGy/MU at the reference con-
ditions and was monitored daily as part of the institutional quality assurance program to
maintain consistency within £2%. The CC01 chamber was cross-calibrated with a calorime-
ter under UHDR conditions. Comparisons between the CC01 chamber and passive dosime-
ters, including optically stimulated luminescent dosimeters (OSLDs) and radiochromic film,
agreed within 5%. For the UHDR fly irradiations, the ionization chamber was placed within
the field and off-axis correction factors were used to determine the dose delivered to the

larvae.
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The doses for the 9 and 20 MeV CDR irradiations were determined using the monitor
chamber in the linac treatment head. The larvae were placed in Solid Water® phantoms at

the reference depth for both energies which allowed for delivering 1 ¢Gy/MU.

7.1.5 Survival analysis

Flies were scored for eclosion (complete emergence of adults from pupae) starting at 5-7 days

post irradiation. Fractional eclosion for each vial was calculated as:

% eclosion = 24 100% (7.1)

Npupae

where nyquits Was the maximum number of adult flies emerged post irradiation and npupae
was the number of pupae counted in the vial several days post irradiation. Normalizing
to the number of pupae allowed for variation in the number of irradiated larvae per vial
and excluded any larvae killed while transferring between vials. The mean and standard
deviation of eclosion for four replicates for 9-20 MeV irradiations and three nearest doses for
200 MeV irradiations was reported. The mean eclosion rates were also normalized to the
control groups on each day. Data from experimental days with average eclosion rate from
control groups less than 95% were excluded from analysis.

Eclosion rate as a function of dose was modeled using a second-order polynomial. From
the polynomial fit, the dose to 50% eclosion (EDso) was calculated. The E D5y values were
then compared to assess possible tissue sparing effects of UHDR treatments as well as the
RBE of 200 MeV electrons compared to 9-20 MeV electrons routinely used for radiotherapy.
The RBE was defined as

EDsocr

RBE =
EDsovueE

(7.2)

where EDsoyvuggr, and EDsgcr were the doses required to reach 50% eclosion with the
200 MeV and 9-20 MeV conventional energy (CE) beams, respectively. Flies irradiated with
9-20 MeV electrons were kept to monitor fertility. After flipping adults into new vials twice

weekly, the previous vials were kept in order to check for offspring production.

7.1.6 Statistical analysis

All statistical analyses were performed with Python 3.10. Mann-Whitney U tests and Stu-
dent’s t-tests were performed to assess differences in eclosion between irradiation groups.

Results were regarded as significant for eclosion at p < 0.05.
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Chapter 8

Conclusions and Future Work

In this thesis, four investigations have been presented which contribute to the field of UHDR-
RT. The first goal of this work was to test the ability of PSDs to accurately measure novel
UHDR radiation sources including a shutter operated kilovoltage x-ray tube and the VHEE
beamline at CLEAR. The second objective of this work was to discern the radiobiological
effects of the same radiation sources using a low-cost, and high-throughput model. To this
end, Drosophila melanogaster were irradiated at CDR and UHDR with both sources, and

were observed for several physiological endpoints.

8.1 Plastic scintillator dosimetry

It was demonstrated that PSDs doped with varying concentrations of lead can accurately
measure dose from UHDR x-ray sources. Each of the tested detectors showed excellent
linearity with dose rate from 1.1 to 40.1 Gy/s, and with exposure time from 1 to 100 ms.
It was also shown that lead-doped PSDs were more tissue equivalent dosimeters than pure
polystyrene-based PSDs for kilovoltage x-rays. This may be a valuable insight for selecting
PSD compositions for kilovoltage radiotherapy applications.

PSDs were also shown to be useful dosimeters for the 200 MeV VHEE beam at the
CLEAR facility. In this application, PSDs demonstrated linear response with dose up to
125.2 Gy delivered in a single train at a dose rate of 1.21 x 10° Gy/s. The output of PSDs
decreased after being damaged with several kGy. However, after resting the probes, they
experienced varying degrees of output recovery. The permanence of the radiation damage
and the dose dependent time scales necessary for recovery requires further investigation. For
applications in both CDR and UHDR-RT, it is important to characterize the loss of output
and subsequent recovery of PSDs. This may allow for PSDs with traceable calibrations to

be employed in clinical use.
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8.2 Fruit fly radiobiology

The experiments described in this thesis demonstrate that Drosophila are a useful model
organism to study the radiobiological effects of both dose rate and electron beam energy.
Irradiation of Drosophila larvae with low-energy UHDR x-rays showed reduced toxicity com-
pared to conventional dose-rate irradiation, as evidenced by improved larval development at
24 Gy and increased median survival at 22 Gy. These normal tissue sparing effects were ob-
served at dose rates of ~200 Gy/s delivered in a single sub-second pulse, demonstrating the
potential of low-energy UHDR x-rays for clinical FLASH radiotherapy. Shutter controlled x-
ray sources could potentially be used for UDHR treatment of skin cancers and other shallow
lesions, with reduced risk to surrounding tissue.

Drosophila experiments with the CLEAR beamline enabled the first experimental estima-
tion of the RBE of VHEE beams using an in vivo model. Consistent with macrodosimetric
studies and DNA plasmid experiments at CLEAR, the RBE for VHEE at CDR was deter-
mined to be between 0.97 and 1.01. This work represents the first in vivo study of VHEE
beams with a whole-organism model which developed to adulthood.

While there were not significant differences in the overall eclosion curves between flies
irradiated with CDR and UHDR at VHEE, there were signs of differential response. At
doses between 22 and 33 Gy flies eclosed at higher rates from the UHDR group while also
showing higher expression of p53 and apoptosis effectors. These results indicate that further
experiments with Drosophila could provide a mechanistic insight into the FLASH effect. The
next set of experiments should involve qPCR testing at multiple time points to better under-
stand the role of several apoptosis-related genes and proteins in the physiological response
to UHDR-RT. Future experiments can also be improved by utilizing a flattening filter to
deliver more uniform dose distributions to the flies within a single vial.

The findings of this thesis suggest that normal tissue sparing is possible with two very
different UHDR radiation sources, which each have unique advantages over conventional
megavoltage radiotherapy. However, no investigation of the efficacy of UHDR-RT on tumour
tissues was undertaken with these beams as part of this thesis work, and conclusions towards
the FLASH effect must be cautioned. The results presented here merit additional study using
Drosophila tumour models, and further probing of gene expression. UHDR experiments with
Drosophila are less expensive than using murine models and allow for investigations at high-
energy physics facilities like CERN which are often otherwise restricted from radiobiological

research.
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