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Abstract

FLASH radiotherapy (FLASH-RT) is a promising new approach to radiotherapy that
has the potential to transform the field. By administering radiation at ultra-high dose
rates (UHDR) on a millisecond timescale, FLASH-RT may increase normal tissue
tolerance compared to conventional radiotherapy while maintaining the anti-tumoral
effect. However, the short treatment times present unique physical and technical
challenges that must be resolved to ensure safe clinical implementation.

The overall aim of this thesis was to address some of these challenges and promote the
clinical translation of electron FLASH-RT. Specifically, the studies included in this
thesis aimed to develop, establish, and evaluate tools and procedures to measure, plan,
and deliver the UHDR electron beam of a modified clinical linear accelerator.

In conventional radiotherapy, transmission chambers are used for beam monitoring
during treatment delivery. In the first part of this thesis, we showed that the charge
collection efficiency of the accelerator’s built-in transmission chamber decreases
substantially as the dose-per-pulse (DPP) increases. However, we also demonstrated
that this issue could be overcome and that the operating range of the chamber could
be extended up to the ultra-high DPP regime by adjusting its position, design, and
operation. Our results suggest that a transmission chamber-based monitoring
approach might also be employed in UHDR electron beams, which would make the
procedure for FLASH-RT delivery similar to conventional delivery.

In the second part of this thesis, we established and evaluated dosimetric procedures
for preclinical and clinical UHDR irradiations. Accurate delivery of the desired dose
is critical to enable robust radiobiological studies that can help identify the biological
mechanisms underlying the sparing effect of FLASH-RT and provide guidance in
selecting beam parameters to test in clinical studies. We also demonstrated the
feasibility of FLASH-RT in a clinical setting by initiating treatments of veterinary
patients and conducting a dose-escalation trial in canine patients with spontaneously
developed tumours. Finally, we also investigated a passive intensity-modulation
technique with the aim of reducing the risk of radiation-induced side effects resulting
from heterogeneous dose distributions in upcoming clinical trials. Our findings
indicate that this technique, which is compatible with FLASH-RT delivery, can
enhance the homogeneity of the dose distribution compared to utilizing an open
electron beam.

In the work included in this thesis, we established and evaluated tools and procedures
to enable accurate UHDR delivery in a preclinical and clinical setting, which is
crucial for a safe path towards clinical translation of FLASH-RT.
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Populirvetenskaplig sammanfattning

Ungefir hilften av alla cancerpatienter genomgir strilbehandling, antingen som en
enskild behandling eller i kombination med kirurgi och/eller medicinsk behandling.
Vid stralbehandling anvinds hégenergetisk joniserande stralning for att bekimpa
cancerceller. Stralningen orsakar skador pa tumércellernas DNA, men kan dven skada
friska celler. For att uppni bista mojliga behandlingseffekt med minsta mojliga
biverkningar har forskning inom strilbehandling under flera decennier framgingsrikt
efterstravat tva nyckelprinciper for att minimera strildosen till frisk vivnad. Genom
att dela upp behandlingen i flera fraktioner och krympa stréilfiltets marginaler kring
tumoéren kan modern strilbehandling i ménga fall eliminera tumérer utan att orsaka
oacceptabla biverkningar. Det finns dock fall dir den strildos som kan levereras till
tumoren begrinsas av biverkningar som forsimrar patientens livskvalitet. For att
ytterligare minska biverkningar kan det krivas nya innovativa strategier som kan
utnyttja den radiobiologiska skillnaden mellan tumér och frisk vivnad.

En sadan strategi &r FLASH stralbehandling dir straldosen levereras med en ultra-hog
doshastighet under brakdelen av en sekund (ca 1000 ginger hégre intensitet 4n vid
vanlig strilbehandling). Den korta behandlingstiden skulle kunna minska effekten av
patientrorelser under behandlingen, sisom andning, och dirmed mojliggora
anvindning av snivare marginaler kring rorliga tumérer. Detta skulle resultera i en
mer konform behandling med mindre frisk vidvnad exponerad for hoga straldoser,
vilket i sin tur skulle minska risken for stralningsinducerade biverkningar. Utdver
detta har experimentella studier visat att denna typ av strilleverans under vissa
forhallanden kan oka toleransen i den friska vivnaden med 10-50% jimfére med
strdlbehandling med konventionella doshastigheter utan att tuméreffekten paverkas.

FLASH har 6ppnat dorren for en ny strategi inom stralbehandling med potential att
forbittra virden for cancerpatienter. Den korta stralleveransen kommer dock med
unika fysikaliska och tekniska utmaningar som behover 16sas for att FLASH
stralbehandling ska kunna implementeras och anvindas for patientbehandlingar i
kliniken. Det &vergripande syftet med denna avhandling var att adressera nigra av
dessa utmaningar och frimja den kliniska translationen av FLASH stralbehandling
med elektroner. Mer specifikt syftade studierna i denna avhandling till att utveckla
och utvirdera verktyg och procedurer anpassade for att mita, planera och leverera den
intensiva stralningen. Studierna ir centrerade kring en klinisk linjdraccelerator som
modifierats for att kunna leverera elektroner med ultra-hdga doshastigheter.

Vid konventionell strilbehandling anvinds vanligtvis en si kallad transmissions-
kammare for att monitorera stralleveransen. Strilningen vixelverkar med luften i
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kammaren och producerar joner som samlas in och kan korreleras till den levererade
dosen i en referensgeometri. Transmissions-kammarens insamlingseffektivitet har
dock visat sig forsimras avsevirt nir de exponeras for strilning med ultra-hoga
doshastigheter, vilket péverkar dess funktion. I avhandlingens forsta tva studier
demonstrerade vi hur detta problem kan hanteras och delvis dvervinnas genom att
justera transmissions-kammarens placering, elektrodavstind och palagda spinning.

I den tredje och fjirde studien etablerade vi dosimetriska procedurer for bestrdlning
med ultra-héga doshastigheter vid experimentella och veterinirkliniska forsok.
Noggranna dosimetriska procedurer vid experimentell bestralning 4r kritiska for att
kunna utféra hdgkvalitativa radiobiologiska studier som kan hjilpa oss att forsta de
biologiska mekanismerna som ligger bakom den sparande effekten som observerats
vid ultra-héga doshastigheter och vigleda oss i valet av leveransparametrar att testa i
kliniska studier. I den fjirde studien demonstrerade vi dven genomforbarheten av
klinisk FLASH strilbehandling i form av en doseskaleringsstudie med veterinira
hundpatienter med spontant utvecklade tumorer.

Vid dagens strilbehandling moduleras stralens intensitet under behandlingen for att
skapa en jamn och konform dos till tuméren. P4 grund av den korta behandlingstiden
vid FLASH stralbehandling kan inte nuvarande intensitetsmodulerande teknik med
rorliga delar anvindas. I den femte studien utvirderade vi potentialen av en alternativ
teknik dir strilens intensitet moduleras med passiva metallstift som blockerar delar av
strilen i ett optimerat monster. Férhoppningen ir att anvinda denna metod i
framtida kliniska forsok for att minska risken for strilningsinducerade biverkningar
orsakade av en ojimn fordelningen av dosen.

I studierna inkluderade i denna avhandling etablerade och utvirderade vi verktyg och
procedurer for noggrann leverans av strilning med ultra-héga dosrater, bide vid

experimentella och kliniska f6rsok, vilket r kritiske for att sikra en klinisk translation
av FLASH strilbehandling.
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Introduction

Radiotherapy is one of the cornerstones of modern cancer oncology, with more than
half of all cancer patients receiving curative or palliative radiotherapy as part of their
treatment (1). External beam radiotherapy is mainly a local treatment in which high-
energy radiation beams are produced, often by a medical linear accelerator, and
directed at the tumour. The accelerator generates electrons that can be used directly
or converted into X-rays before they reach the patient. The goal and constant
challenge of radiotherapy is to deliver a high enough radiation dose to the tumour to
eliminate cancer cells while minimizing the exposure of healthy normal tissue. The
range of radiation doses that maximizes the tumour control probability (TCP) and
minimizes the normal tissue complication probability (NTCP) is called the
therapeutic window. The therapeutic window is determined by several factors, such as
the tumour type and the sensitivity of the surrounding healthy tissues to radiation.

For decades, radiotherapy research has successfully pursued two key principles to
enhance the therapeutic window: dose fractionation and spatial conformity. A
fractionated treatment regimen, in which the total dose is divided into smaller dose
fractions and administered over several weeks, is part of the standard of care practice
to protect normal tissues from radiation-induced damage. Such a treatment regimen
takes advantage of the fact that healthy tissue recovers more efficiently from radiation-
induced damage than tumours. To further widen the therapeutic window, the volume
of the exposed normal tissue can be reduced by shrinking the margins of the radiation
field around the tumour. Several advanced techniques, such as intensity-modulated
radiotherapy, stereotactic radiotherapy, image-guided radiotherapy, and volumetric
modulated arc therapy, have been successfully introduced into clinical practice to
improve 3D conformity of the dose delivery. However, tumour radioresistance and
normal tissue toxicity still pose major challenges to treatment efficacy, and further
improvements in spatial dose conformity may be limited by factors such as the
physical properties and geometry of the radiation beam, the accuracy of patient
positioning and image guidance, as well as the ability to manage the patient motion
during treatment (i.e., intrafractional motions). To further expand the therapeutic
window, new innovative strategies that take advantage of the radiobiological
difference between tumours and normal tissue may be required.

19



In recent years, a rediscovered concept has emerged as a modality with the potential
to transform the traditional radiotherapy paradigm of delivering the treatment in
daily fractions over several weeks. This concept, known as FLASH radiotherapy
(FLASH-RT), is characterized by an ultra-high dose rate (UHDR) delivery (2,3). The
short beam-on time (on the millisecond timescale) associated with this type of
delivery can eliminate the effects of intrafractional motion during treatment and
enable tighter treatment margins for moving targets. Tighter treatment margins
would result in a more conformal treatment with less healthy tissue exposed to high
radiation doses, which could, in turn, reduce the risk of radiation-induced side effects.
Additionally, and even more interestingly, preclinical studies have shown that under
certain conditions, UHDR delivery may increase the normal tissue tolerance dose for
a given endpoint by 10-50% compared to radiotherapy with conventional dose rates
(CONV) on the order of Gy/minute, without compromising the anti-tumoral effect
(3-7). In cancer types where tumour control can already be achieved with
conventional radiotherapy (CONV-RT), this increased tolerance could either be
exploited to reduce normal tissue complications or to reduce the number of fractions
(i.e., hypofractionated treatment) with remained total dose and tumour effect. The
increased tolerance could also be exploited to escalate the dose to radiosensitive
cancers that are difficult to cure without increasing the toxicity.

FLASH-RT has opened the door to a new strategy in radiotherapy with the vision of
improved clinical outcomes for multiple cancer patient groups and, if the number of
fractions can be reduced, an increased capacity for radiotherapy departments and
reduced waiting lists. However, to enable the clinical implementation of FLASH-RT,
careful interdisciplinary research is required to better understand the physical
parameters and biological mechanisms that trigger the protective effect in normal
tissues while preserving therapeutic efficacy. FLASH-RT is still in the early stages of
development and presents many unique challenges that need to be resolved before
large-scale deployment of the technique can be considered. This includes enabling
treatment machines to deliver radiotherapy at UHDR in a clinical setting with high
safety and with good dosimetric and geometric accuracy, and establishing robust
procedures for preclinical and clinical FLASH delivery.

20



Research aims

The overall aim of the work in this thesis was to promote the clinical translation of

electron FLASH-RT.

The first aim was to investigate the potential for transmission chamber-based beam
monitoring of an UHDR electron beam. The specific aims of this part were:

e To investigate whether the built-in transmission chamber of a clinical linear
accelerator can be useful for real-time dosimetry at UHDR (Paper I)

e To study the potential to increase the charge collection efficiency of a
transmission chamber by modifying its position, design, and operation

(Paper II)

The second aim was to establish and evaluate dosimetric procedures and to perform
preclinical and clinical FLASH irradiations. The specific aims of this part were:

e To establish experimental setups and dosimetric procedures for experimental

FLASH irradiation (Paper III)

e To establish a clinical workflow for FLASH-RT in canine cancer patients and
share initial treatment experiences (Paper IV)

e To evaluate the clinical possibilities of intensity-modulated electron FLASH-

RT for improved dose distribution (Paper V)
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Background

History of ultra-high dose rate (FLASH) radiotherapy

The first report of an altered biological response after UHDR radiation dates back to
1959, when Dewey and Boag (after encouragement from Dr. L. H. Gray) observed
that bacteria were less radiosensitive to high-dose single ps electron pulses than when
exposed to the same dose with CONV (6 Gy/min) X-ray irradiation (8) (Figure 1). A
sparing effect on mammalian cells was first demonstrated by Town ez al. 1967 after
single pulse delivery with an average dose rate of ~10” Gy/s (9), and in 1982 Hendry
et al. demonstrated induced resistance to epithelial necrosis in the tail of mice at
average dose rates of ~10° Gy/s (10). Several other studies from the same period
observed similar phenomena in different biological systems (11-13). In contrast,
some authors reported no difference in biological effect in mammalian cells exposed
to UHDR compared to CONV irradiation (14—16). The conflicting results might be
explained by the cells being cultured and irradiated under atmospheric oxygen
concentration which is not representative of the oxygen concentrations found iz vivo.
However, Zackrisson e al. found no significant differences in cell survival between
UHDR (-4x10* Gy/s) and CONV (-6 Gy/min) irradiation when using a 50 MeV
beam to irradiate a fibroblast V-79 cell line under both oxic and anoxic conditions
(16). These early observations did not lead to further advances at this time, mainly
because 1) it was believed that the total dose required to achieve a sparing effect
would be too high to be clinically applicable, 2) the potential sparing effect on
tumours, and 3) clinical UHDR sources were not widely available at the time.

A renewed interest in radiotherapy using UHDR was sparked in 2014, when
Favaudon ez al. published a comparative study in which a single dose of radiation was
delivered to the thorax of mice with either FLASH (240 Gy/s) or CONV (<1.8
Gy/min) irradiation (2). A single dose of 17 Gy FLASH (4.5 MeV) resulted in a
dramatically lower degree of radiation-induced pulmonary fibrosis compared to 17
Gy CONV (4.5 MeV). After increasing the FLASH dose to 30 Gy, the side effects
became significant and similar to the CONV 17 Gy group. In the same publication,
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two different xenograft models (breast cancer HBCx-12A and head and neck cancer
Hep-2) growing subcutaneously in nude mice were investigated in terms of tumour
growth, showing that FLASH and CONV were equally effective in inducing tumour
growth delay (2). The sparing of normal tissue with maintained tumour response after
FLASH compared to CONV irradiation has been termed the 'FLASH effect'. In
2017, Montay-Gruel ez al. reported on neurocognitive function after 10 Gy whole-
brain electron irradiation delivered at a range of average dose rates from 0.1 Gy/s to
10° Gy/s (17). Using a novel object recognition test, the authors showed that working
memory was fully preserved at average dose rates of 2100 Gy/s, while no notable
protection of memory function was observed at average dose rates of <20 Gy/s. To
date, the normal tissue sparing effect as well as the similar anti-tumour effect have
both been replicated in several preclinical models for different types of particles (3—
6,18-20). Additionally, studies in larger animals have been conducted to investigate
FLASH-RT in scenarios applicable to human patients (21-23).

Sparing of normal tissues
Field et al., Hornsey et al., Hendry et al.

First human clinical trial

Mascia et al.
1960 1970 1980 1990 2000 2010 2020
] ] 1 ] 1 ] | >
Radioresistance Sparing of mammalian cells Rediscovery First patient
in bacteria Town et al. Favaudon etal. Bourhis et al.

Dewey and Boag

Figure 1: Timeline describing the history of ultra-high dose rate (UHDR) irradiation and FLASH radiotherapy.

In 2019, the first human patient treated with FLASH-RT was reported (24). The
patient was a 75-year-old male diagnosed with CD30+ cutaneous T-cell lymphoma in
1999 and had been treated with CONV-RT at >100 occasions with good treatment
effect but poor skin tolerance. After receiving a single fraction of 15 Gy FLASH-RT
(167 Gyls) delivered in 10 electron pulses over a total treatment time of 90 ms, a
complete tumour response was achieved 36 days post-treatment. The observed skin
toxicity was limited to grade 1 epithelitis and grade 1 oedema, which were considered
to be substantially milder than for previous CONV-RT. In 2021, the same patient
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was treated for two distinct tumours on the same day with 15 Gy FLASH-RT (166
Gyl/s) and 15 Gy CONV-RT (0.08 Gy/s), respectively (25). In a direct comparison,
no difference was found between the two treatments, neither with regard to acute
reactions, late effects after 2 years, nor tumour control. More recently, the results of
the first clinical human FLASH trial, FAST-01, were published (26). In this trial, ten
patients with symptomatic bone metastases in the extremities were palliatively treated
with 8 Gy proton FLASH (240 Gy/s) with desired therapeutic benefit.

Given the in vivo evidence of a FLASH effect under certain conditions, there appears
to be a potential for an expanded therapeutic window with FLASH that may be
exploited in the radiotherapy practice (Figure 2). The feasibility of the treatment of
the first patient as well as the FAST-01 trial further demonstrate the potential for a
clinical translation of FLASH-RT (24-26).
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Figure 2 : Illustration of the therapeutic window, i.c., the separation between the tumour control probability (TCP)
curve and normal tissue complication probability (NTCP) curve, for conventional radiotherapy (CONV-RT, green)
and FLASH radiotherapy (FLASH-RT, pink). With a suggested dose-modifying factor of 10-50%, FLASH-RT has
the potential to widen the therapeutic window as compared to CONV-RT.

Ultra-high dose rate physics and dosimetry
UHDR radiotherapy involves administering the radiation dose at dose rates several

orders of magnitude higher than those used in CONV-RT. These extreme conditions
bring new technical challenges, and one of the main barriers for a clinical
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implementation of FLASH-RT is associated with technology and dosimetry at
UHDR.

Beam parameters

The FLASH studies performed so far have involved different types of particles
(electrons, protons, X-rays, heavy ions) and radiation sources (dedicated electron
accelerators, medical linear accelerators, cyclotrons, synchrotrons). These machines all
produce pulsed radiation beams, although the pulse structure (such as the pulse
length and pulse repetition frequency (PRF)) can differ substantially, which may be
part of the explanation for the variations in the magnitude of the observed (or not
observed) normal tissue sparing between different studies. In the early years of
FLASH research, it was suggested that the average dose rate was the main parameter
for modulating the sparing effect. However, with the availability of more preclinical
data, several authors have reviewed the key temporal beam parameters for observing a
FLASH sparing effect (3,6,7,24,27). They suggest that not only the average dose rate,
but also the pulse dose rate, dose-per-pulse (DPP), PRF and total delivery time may
be important. In addition, the dose per fraction seem to play an important role (20).
It becomes clear that the term ‘dose rate’ needs to be specified more precisely, and in
order to allow a robust comparison between studies it has been suggested that authors
should provide specific information about the beam and pulse characteristics (7). The
important temporal beam parameters are described in Table 1 and Figure 3.

Table 1. Important temporal beam parameters and their respective common values for conventional (CONV)
electron radiotherapy and for FLASH electron radiotherapy from a linear accelerator.

Average dose rate (D) Mean dose-rate for multi-pulse delivery ~10°-10'Gy/min 230-40 Gy/s
Pulse dose rate (D,) Dose-rate within a single pulse ~10° Gyls >10°-10° Gy/s
Dose-per-pulse (DPP) Dose delivered in a single pulse ~10%-10° Gy 21 Gy
Pulse repetition frequency Number of pulses delivered per unit time ~10° Hz ~10° Hz
(PRF)
Pulse duration (w) Time for delivery of a single pulse few ps few ps
Number of pulses (n) Number of pulses delivered during one ~10%-10* <20
fraction
Total delivery time (t) Irradiation time from start of first pulse to ~10°-10" min <0.1-0.2 s
the end of the last pulse
Time between pulses (t,) Time from end of one pulse to start of ~ms ~ms
next pulse
Fraction dose (D) Total dose for a single fraction -2Gy >5-10 Gy
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Data on how the values of these parameters affect the radiobiological effect are still
limited. Further studies are needed to narrow down the options and set requirements
for the radiation sources to be used. However, according to current understanding,
the observation of a FLASH effect generally requires average dose rates of >30-40
Gyls, a total irradiation time of <200 ms, and faction doses of 25-10 Gy (3,4,6,7,27).

Time between
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Figure 3: Terminology and pulse structure of a pulsed electron beam. The figure is adapted from (3).

Radiation sources

The majority of radiotherapy treatments are delivered with high-energy X-rays
generated by clinical linear accelerators. These beams are widely available and have a
penetration depth that can reach deep-seated tumours. However, the beam parameter
requirements for FLASH described above are difficult to meet due to the ineffective
generation of clinical high-energy X-rays through the bremsstrahlung conversion
process. Consequently, FLASH studies have so far been performed with alternative
radiation sources capable of producing UHDR beams.

Electrons

Initial FLASH studies were performed with electron beams generated by dedicated
research linear accelerators, namely the 4.5 MeV Kinetron (CGR-MeV, Paris, France)
(2,28) and the 6 MeV Oriatron eRT6 (PMB-Alcen, Peynier, France) (29,30). The
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advantage of these accelerators lies in the wide range of achievable pulse structures,
which make them suitable for preclinical FLASH studies.

In 2017, researchers from Stanford University School of Medicine presented an
approach to using a clinical linear accelerator (Clinac 21EX, Varian Medical Systems,
Palo Alto, CA, USA) for FLASH irradiation of small animals (31). By positioning the
subject in the mirror position in the head of the gantry, an average dose rate of 220
Gy/s was achieved, with a field diameter of -4 cm receiving >90% of the dose. This
approach inspired other researchers to modify linacs and enable FLASH research at
their respective institutions. In 2019, one of the clinical Elekta linear accelerators
(ELEKTA Precise, Stockholm, Sweden) at Skane University Hospital in Lund was
modified by reconfiguring the beam control parameters to deliver a 10 MeV electron
beam at an average dose rate of >120 Gy/s, >250 Gy/s, and >1000 Gy/s at the cross-
hair foil, multi-leaf collimator (MLC), and wedge position, respectively (32). This
accelerator was used throughout the work in this thesis (Papers I-V). More details
about this accelerator are presented in the next chapter. A group at Dartmouth
College and Dartmouth-Hitchcock Medical Center modified a Varian Clinac 2100
C/D (Varian Medical Systems, Palo Alto, CA, USA) (33). With the jaws completely
open, i.e., a field size of 40x40 cm” at isocenter distance, they could achieve average
dose rates >300 Gy/s (0.86 Gy per pulse at 360 Hz) at a source-to-surface distance
(SSD) of 100 cm. Furthermore, a dedicated intraoperative mobile linac accelerator
(Novac7, SIT, Aprilia, Italy) was converted into a FLASH-enabled device capable of
delivering average dose rates of up to 540 Gy/s, i.e., 18 Gy per pulse with a PRF of 30
Hz (34). This machine was later developed into the ElectronFlash system (35,36).

More recently, medical linear accelerators designed for UHDR delivery of electron
beams have been developed and commissioned, such as the Mobetron by IntraOp
and the FLASHknife by PMB-Alcen (now THERYQ) (29,37). The Mobetron was
commissioned for 6 MeV and 9 MeV nominal energies. With an SSD of 37.3 cm,
the average dose rate was about 300 Gy/s, the maximum DPP was 3-3.3 Gy, and the
treatment depth (R90) was 2-2.5 cm with a maximum field size of 6 cm (37). The
FLASHknife is a further development of the Oriatron with an energy of 5-6 MeV.
For this system, the maximum DPP is 10 Gy and the PRF can be adjusted between 5
and 200 Hz. With an SSD of 100 cm, the FLASHknife can deliver field sizes between
1.6 and 20 cm with a treatment depth (R80) of 1.8-2.3 cm (29).

Since the initial studies on FLASH-RT were carried out using high-energy electrons,
and the necessary setups are already in place, it is convenient to conduct a proof-of-
concept for clinical FLASH-RT in humans in this setting first, which can later be
advanced to other beam qualities that allow for treatment of deep-seated tumours. In
fact, this is already ongoing using the Mobetron (38,39).
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Protons

Due to the limited practical range of the beams, FLASH-RT using medium- and
high-energy electrons is restricted to preclinical studies and superficial, subcutenaous
or intraoperative treatments of higher mammals, domestic animals, and humans.
However, the protective effect on normal tissues with FLASH-RT compared to
CONV-RT has also been observed with protons. Clinical protons beams (-230-250
MeV) have advantageous physical properties, such as increased tissue penetration
compared to high-energy electrons, and a finite range that can be exploited to
produce a superior dose distribution with a high dose in a spread-out Bragg Peak and
a low dose in front of and behind the target. Most modern clinical proton beams,
with some adjustments in operating parameters, can achieve the average dose rates
required to obtain FLASH dose rates in individual spots. However, different
accelerator technologies are associated with different time structures. Several
experimental setups for proton FLASH have been established (40—44). Most modern
proton therapy facilities are operated with pencil beam scanning, which involves a
deadtime between spots, an energy shift between each scanning layer, and a variation
of the beam current at each spot. All of these factors reduce the average dose rate,
making it difficult to irradiate large volumes without falling below the dose rate
requirements for FLASH (45). In order to make these systems FLASH-capable for
clinically relevant volumes, developments to increase the speed of the delivery are
required. Hybrid approaches have been proposed using scanned beams together with
patient-specific range modulators (46). A detailed description of the technical
challenges for proton FLASH-RT can be found in a review article by Jolly ez al. (45).

Nonetheless, the first clinical human trial of FLASH-RT was recently performed at
the Cincinnati Children’s/UC Health Proton Therapy Center using a FLASH-
enabled proton therapy system (ProBeam, Varian Medical Systems) with a 250 MeV
transmission beam (26). This system can deliver clinical field sizes with a nominal
isocenter dose rate of 60 Gy/s (26). The limitation of transmission beams compared
to clinically used proton beams is the lack of normal tissue sparing provided by the
presence of the spread-out Bragg peak.

Photons

Although UHDR X-ray beams cannot be generated with clinical linear accelerators,
other X-ray sources have been used for preclinical FLASH research (47,48). Montay-
Gruel ez al. observed sparing of normal brain injuries in mice after X-ray irradiation
generated using a synchrotron light source (48). The dose was delivered by scanning
the animals through a 50 pm slice, resulting in an average dose rate of 37 Gy/s. Gao
et al. reported a FLASH effect in tumour-bearing mice using a MV photon beam
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produced by a superconducting linear accelerator (PARTNER platform at CTFEL)
(47). It has also been proposed to use conventional X-ray tubes for FLASH
irradiation, although these beams may have an even more limited range than high-
energy electrons (49). An interesting solution for future UHDR research is known as
the PHASER (Pluridirectional High-energy Agile Scanning Electronic Radiotherapy)
and was proposed in 2019 (50). The PHASER will include an array of linacs, each
using an electron beam scanned on a stationary target and a collimator array to
produce an intensity-modulated X-ray beam. The PHASER is designed to provide
ultra-rapid image-guided radiotherapy delivery in a compact and economical platform
with better RF power efficiency, higher beam current, and lower manufacturing costs
compared to current linacs (50). Although the development of the PHASER is a
long-term project relying on many new technical innovations, it could be the
preferred source for clinical FLASH-RT in the future.

Very high energy electrons

Another option to treat deep-seated sites with FLASH-RT is to use very high energy
electrons in the range of 50-250 MeV. The advantages of very high energy electron
beams compared to X-rays and proton beams are the sharp penumbra and their
insensitivity to tissue inhomogeneities (51,52). In the 90s, the MM50 Racetrack
microtron was used in some clinics to treat patients with a 50 MeV electron beam
(53). Current medical linear accelerators cannot produce these high energy beams,
but laser-driven accelerators such as plasma accelerators or dielectric laser accelerators
can (54,55). Unfortunately, laser-driven accelerators are not yet suitable for
radiotherapy due to their large size, small beam sizes, and stability issues. Another
type of accelerator capable of performing conformal very high energy electron
FLASH-RT using accelerating gradients of 100 MeV/m is currently being developed
in a collaboration between researchers at CHUV Lausanne University Hospital and

CERN.

Dosimetry tools

The purpose of proper dosimetry in clinical radiotherapy is to ensure that the patient
receives the prescribed dose. In the preclinical setting, accurate dosimetry is crucial for
high-quality experiments that can predict response to radiation and inform clinical
treatment schedules. However, dosimetry in UHDR conditions is challenging, and
many of the dosimetry tools routinely used in CONV-RT fail in performance when
used in these beams. Therefore, before a clinical implementation of FLASH-RT, new
innovative dosimetry methods capable of handling the intense dose delivery needs to
be developed. To ensure this, a further understanding of the potential and limitations
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of different detector types under UHDR conditions is required. At this time, there is
no code of practice on how to measure absorbed dose under these extreme conditions.
A workgroup named UHDpulse was established with the aim of providing the
metrological tools needed to establish traceability in absorbed dose measurements for
particle beams with ultra-high DPP (56). The detectors are preferably already
available or can be easily implemented on existing accelerator facilities. As with the
detectors used in CONV-RT, tissue equivalence, energy independence, and high
spatial resolution are advantageous properties. Some additional properties that make a
detector suitable for dosimetry in UHDR beams are dose rate independence (both
average dose rate and pulse dose rate) and high temporal resolution.

lonization chambers

Real-time dose measurements in CONV-RT are frequently performed using
ionization chambers, which are also the primary tools recommended by the
International Atomic Energy Agency (IAEA) in the Technical Report Series (TRS)
398 describing the code of practice for dose determination in external beam
radiotherapy (57). The principle of ionization chambers is based on two electrodes
with an applied voltage to generate an electric field. Upon exposure to ionizing
radiation, molecules in the chamber gas are ionized and excited, creating ion pairs in
random thermal motion that are collected by the electrodes, and the charge can then
be used to quantify the absorbed dose. The polarizing voltage applied over the
chamber is typically high enough to collect all the produced ion pairs. However, at
high dose rates, ion pairs may recombine before being collected by the electrodes.
After a certain threshold of produced charge per unit time, the charge collection
efficiency decreases with increasing DPP (30,58).

A commercial ionization chamber that can collect ion pairs at DPP values up to 5
mG@Gy is the Advances Markus chamber (PTW, GmbH, Freiburg, Germany). If this is
not sufficient to collect all ion pairs, the remaining loss in efficiency due to ion
recombination can usually be corrected for using theoretical models from Boag ez al.
(59). However, for the UHDR beams used in FLASH-RT (DPP values in the order
of Gy), these models are insufficient. Small chambers (which are not recommended
for reference dosimetry in currently existing dosimetry protocols) have been shown to
require smaller recombination correction factors compared to larger chambers
(60,61). This is consistent with Boag's theories, which state that ion recombination is
proportional to the distance between the electrodes and inversely proportional to the
strength of the electric field (59,62). The 31014 PinPoint chamber (PTW, GmbH,
Freiburg, Germany) has been used in synchrotron X-ray FLASH studies (48,63).
Other groups have successfully used small-size ionization chambers in UHDR proton
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beams (40,64). It should be noted that for this type of proton and synchrotron
beams, the PRF is around 100 MHz, which is considerably higher than for typical
electron beams produced by linear accelerators, and consequently, the DPP is
considerably smaller.

In the recent literature, advances have been made in developing plane-parallel
ionization chambers with minimal electrode spacing to make them suitable for
UHDR beams (65,66). Gomez et al. simulated and subsequently designed an ultra-
thin plane-parallel ionization chamber with an electrode distance of 0.25 mm (66),
which could be operated with recombination effects similar to those in CONV beams
(<1%) for DPP values up to 7.5 Gy per pulse. This finding was consistent with a
recent study by Kranzer ez al., where the effect of reduced electrode distance in
combination with increased chamber voltage was studied (67). A different approach
was used by Di Martino ez al. when they conceptualized an ionization chamber filled
with nobel Argon gas (68). In theory, this design allows for a linear response of the
chamber up to 40 Gy per pulse. In Papers I and II, the ion recombination effects in
large size plane-parallel transmission chambers were investigated. Additionally, the
response of a Baldwin-Farmer type ionization chamber placed in the bremsstrahlung
tail of the UHDR electron beam was investigated in Paper I. The same Baldwin-
Farmer type chamber was also used for relative output measurements in Papers I1I
and IV.

Ton recombination correction models

There are two types of recombination effects in ionization chambers: initial
recombination and volume (general) recombination. Initial recombination occurs
between ions generated in the same ionization track. Therefore, this process is most
pronounced for heavy ions with densely ionized particle tracks and is generally less
than 0.2% for other beams (57). The initial recombination is independent of the
ionization current, i.e., the dose rate. Volume recombination occurs when ions
generated in different ionization tracks recombine, and this process is dose rate
dependent.

For CONV irradiation it is recommended by the TRS 398 to derive a recombination
correction factor, Kg, to correct for the lack of complete ion collection due to volume
recombination effects using the two-voltage analysis (TVA) method (57,69):

ks=ay+ay (Z—:) +a, (Z—:)Z (1)
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where M; and M, are the measured collected charges (corrected for polarization
effects) at two different polarizing voltages, and the parameters a; are given in TRS-
398. The TVA method was used in Paper I to correct for ion recombination in a
Baldwin-Farmer type ionization chamber. The method is derived from the function
presented by Boag ez al. (70):

kisziln (1+uw) )
where
2
u= urd” 3)

U

where g is a constant that depends on the gas in the chamber cavity, 7 is the initial
uniform charge density of positive ions after a brief pulse of radiation, d is the
electrode spacing, and U is the polarizing voltage across the chamber. However, this
model does not account for the free electrons that are not captured by the polarized
oxygen molecules in the chamber cavity and will overestimate kg at high DPP values
(220 mGy per pulse) (71). To describe volume recombination at high DPP values,
Boag et al. proposed three models, all including the free-electron fraction, p (59):
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The models described in Egs. 2, 4, 5 and 6 were used in Paper I. However, it has
been shown that the Boag theory fails at high polarizing voltages (58,72). As an
alternative, Burns and McEwen proposed a semi-empirical model that successfully
describes the behaviour of several different ionization chambers at high DPP values

(73), but fails at ultra-high DPP values (30). Petersson ez al. (30) proposed an
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empirical logistic function to describe the behavior of the Advanced Markus chamber
in these extreme situations:

1 N ®)

“ ((omrm) )

where a and f are fitting parameters without physical meaning. The authors were

then able to use the empirical model to correct for the loss in charge collection
efficiency and make the chamber suitable for measurements in UHDR electron
beams with an uncertainty of 2.8-4% (30). Eq. 8 was used in Papers I and II to fit
the charge collection efficiency in a transmission chamber as a function of DPP
values. More recently, the same model was successfully used to correct for ion
recombination in a prototype Razor Nano Chamber (IBA Dosimetry,
Schwarzenbruck, Germany) with a smaller sensitive volume than that of the Advances
Markus chamber (74). A numerical approach to determine the ion recombination
correction based on the charge carrier densities and their transport in the chamber has
also been proposed (60).

Radiochromic film

Due to the limitations of ionization chambers in UHDR beams, radiochromic films
have been frequently used to determine absorbed dose in radiobiological FLASH
studies. In particular, films of the brand Gafchromic (Ashland Advanced Materials,
Bridgewater, NJ, USA) have been used. The detection principle is based on the
polymerisation of an active layer of diacetylene monomer, which causes a change in
colour/optical density when exposed to radiation. The active layer is sandwiched
between two layers of polyester for protection. The change in optical density can be
related to absorbed dose. The latest generation of Gafchromic films are the EBT3 and
EBT-XD models, with a recommended useful dose range of 0.01-20 Gy and 0.04-40
Gy, respectively (75). The dynamic range of the detector is important for the high-
dose single fractions that have often been administered in FLASH studies. In Papers
I-V, radiochromic film (both EBT?3 and EBT-XD) have been used for measurements
in the UHDR beam.

There are several advantages of radiochromic film, which includes tissue equivalence,
energy independence, and high spatial resolution. Importantly, the dose rate
independence of the EBT3 and EBT-XD films has been observed up to average dose
rates of 1050 Gy/s and pulse dose rates of 10° Gy/s in electron beams (28,76,77).
Radiochromic film has also been used as a detector in UHDR proton and X-ray
deliveries (48,64). However, the major disadvantage of radiochromic film is the time-
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consuming read-out, which due to the continued polymerization of the monomer
after exposure is typically performed at least 24 h after irradiation.

Other detectors

Semiconductors are a group of charge-based detectors, such as diodes and diamonds,
that are generally small and have high sensitivity. Therefore, they often offer a higher
spatial resolution compared to gas-filled ionization chambers. In Paper I, the response
of a clinical 7z vivo diode as a function of DPP was investigated. However, the most
promising type of semiconductor for UHDR dosimetry are diamond detectors such
as the microDiamond (PTW, Freiburg, Germany), which have shown dose rate
independence up to average dose rates of 700 Gy/s in a quasi-continuous 95 keV
synchrotron beam (78). However, it should be noted that this source is operated with
a PRF of 500 MHz and the pulse dose rate is therefore rather low. In an UHDR
electron beam, the response of the microDiamond has been shown to be nonlinear,
although Kranzer ez al. proposed to circumvent this by reducing the sensitive volume
and using a low serial resistance of the detector (79). This lead to the development of
the protype flashDiamond (80), which was subsequently used for commissioning
measurements of a UHDR electron linac (81).

Thermoluminescent dosimeters (TLDs) and alanine dosimeters have been widely
used for dose measurements in UHDR beams due to their small size and dose rate
independence. In TLDs, impurities are added to create additional energy levels that
act as traps for electrons and holes induced by radiation. When exposed to an external
stimulus in the form of heat, the trapped electrons and holes can escape, and the
resulting luminescent light can be correlated to dose. TLDs have proven to be dose
rate independent in electron beams up to average dose rates of at least 1050 Gy/s (76)
and pulse dose rates of 4x10° Gy/s (82). In Paper I TLDs were used to verify film
measurements, and in Paper III TLDs were used for dose measurements in an
experimental UHDR setup. Alanine is a chemical detector that, after radiation
exposure, produces free radicals that are proportional to the absorbed dose. The
readout is done with an electron paramagnetic resonance spectrometer. In pulsed
beams, alanine is dose rate independent up to pulse dose rates of 3x10'" Gy/s (83).
Unfortunately, both TLD and alanine are passive dosimeters limited to point dose
measurements. However, alanine was used for dose verification in the first patient
treated with FLASH-RT (24). Gelatin-based polymers are chemical detectors with
principles similar to radiochromic film, but with a third dimension. However, gel
dosimeters are dose rate dependent (84) and have a complicated readout process.

Aside from ionization chambers (corrected for ion recombination), other detectors
suitable for real-time monitoring of machine output and dose delivery in FLASH
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beams are scintillation detectors and Cherenkov radiation detectors (64,85,86).
Scintillators are tissue-equivalent and independent of energy and dose rate (87-89).
The Lynx detector (IBA, Schwarzenbruck, Germany) is a commercially available
high-resolution scintillation detector consisting of a gadolinium-based plastic
scintillation screen coupled to a CCD camera. This detector has been used in a
UHDR electron beam with a stable linear response for pulse dose rates up to 3.5x10°
Gyl/s (85). Cherenkov dosimetry has also proven to be useful in UHDR beams due to
the high time resolution and dose rate independence. Cherenkov light is emitted
when charged particles travel at a phase velocity that exceeds the phase velocity of
light in a certain medium. The Cherenkov signal is proportional to the absorbed dose.
Rahman et al. showed that the Cherenkov intensity was linear with the dose measured

with the EBT-XD film up to average dose rates of 300 Gy/s (90).
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Clinical linear accelerator for ultra-

high dose rate delivery

The work in this thesis (Papers I-V) is centred around an Elekta Precise clinical linear
accelerator (Figure 4) that has been modified to allow for a 10 MeV UHDR electron
beam. To achieve maximum output, the electron gun filament current is set to a value
similar to that used for conventional photon delivery, while the scattering foils and
target are retracted. The accelerator is connected to an in-house developed electronic
circuit for pulse-to-pulse control. The initial reconfigurations and beam control
system have been previously described by Lempart ez al. (32). Prior to the research
presented in this thesis, the beam parameters were further tuned to increase the
output, and an upgraded beam control system is currently under development. The
radiation delivery is presently managed by a diode that functions as a pulse counter.
Once a predetermined number of pulses has been delivered, a signal is transmitted to
an optocoupler, which prevents trigger pulses from reaching the thyratron, thereby
interrupting the beam. The accelerator can achieve average dose rates of 2600 Gy/s at
the crosshair foil in a setup suitable for cell studies (91,92). For small animal
experiments and clinical studies, different electron applicators can be attached to the
gantry and fitted with Cerrobend blocks to collimate the field. With this setup,
average dose rates of 2400 Gy/s and 2180 Gy/s can be delivered at SSDs of 70 cm
and 100 cm, respectively. The accelerator can be converted between CONV mode
and UHDR mode in just a few minutes, providing a unique platform for conducting
studies in a well-known clinical setting. The radiation is delivered in 3.5 ps electron
pulses with a PRF of 200 Hz.

Due to the fast delivery, the accelerator’s built-in transmission chamber, which is
conventionally used for beam monitoring, cannot properly interrupt the beam
through the accelerator hardware. In addition, at high DPP values, the charge
collection efficiency in the chamber rapidly decreases due to ion recombination
effects. This issue is addressed in Papers I and II. Our long-term goal is to develop a
real-time dosimetry system for beam monitoring. In the meantime, other dosimetric
methods for accurate UHDR delivery have been established and are presented in
Paper III. These procedures have allowed for radiobiological studies to be conducted
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to compare FLASH and CONYV irradiation. Furthermore, to bridge the gap between
small animal experiments and clinical trials, a collaboration with veterinarians has
been initiated to use FLASH-RT for the treatment of veterinary patients at the
accelerator. Paper IV presents the establishment and first experiences of these
treatments. Finally, Paper V examines the potential of intensity-modulated electron
FLASH-RT to ensure a homogeneous dose distribution in future clinical veterinary
trials.

Figure 4: Photograph of the Elekta Precise linear accelerator modified for ultra-high dose rate delivery, which is used
in the work throughout this thesis.

Useful dosimeters

The first step was to investigate which dosimeters could be used in the UHDR beam
of the modified clinical linear accelerator. As part of Paper I, the dose rate
dependence of TLDs, a Baldwin-Farmer type chamber, and an EDP 20-3G iz vivo
diode was investigated by measuring their response with increasing DPP values. The
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DPP values were controlled by adjusting the electron gun filament current. EBT3
film was used as the primary dosimeter to measure the DPP for each exposure. All
dosimeters were irradiated simultaneously to remove uncertainties associated with
output variations. The film was positioned at a reference position at a depth of 2 cm
in a 10 cm thick slab of solid water positioned at an SSD of 100 cm. The films were
scanned 24 hours after exposure using a flatbed scanner and analyzed in Image J. The
DPP values ranged from 0.6 mGy per pulse to 0.99 Gy per pulse, corresponding to
average dose rates from 0.1 Gy/s to 198 Gy/s. The TLD was positioned just below
the EBT3 film, the ionization chamber was positioned in the bremsstrahlung tail of
the depth dose curve (at a depth of 9 cm in the phantom), and the diode was
positioned at the top of the phantom close to the beam edge.

The results showed that there was a linear relationship between the TLD and the
EBT3 film in the measured DPP range. Assuming a dose rate independence of EBT3
film (77), these findings confirmed previous results demonstrating the dose rate
independence of TLDs (82). The response of the Baldwin-Farmer ionization chamber
was corrected for recombination effects using the TVA method (Eq. 1) and for
polarity effects. The results indicated that the chamber response was linear with the
DPP measured with the EBT3 film up to approximately 0.7 Gy per pulse
(corresponding to an average dose rate of approximately 4 Gy/s at the chamber
position), after which a plateau was reached. This suggested that even though the
chamber was placed at a depth of 9 cm in the phantom, the TVA method was
insufficient to correct for ion recombination at the highest dose rates achievable with
the modified clinical linear accelerator. The response of the diode saturated above
approximately 0.4 Gy per pulse as measured by the EBT3 film.

Based on these findings, it was concluded that EBT3 film and TLDs are suitable
detectors for use in the UHDR electron beam of the modified clinical linear
accelerator. However, the diode was found to be unsuitable, and the Baldwin-Farmer
type ionization chamber was of limited use, for dose measurements in the UHDR
beam. Although the Baldwin-Farmer type ionization chamber was impractical and
imprecise for use at dose rates exceeding 4 Gy/s, it might still be useful for relative
output measurements, as demonstrated in Papers III and IV.

Reference dosimetry
As previously noted, there is currently no international code of practice for reference

dosimetry under UHDR conditions. The UHDpulse workgroup is working intensely
to establish the necessary metrological tools to achieve traceability in absorbed dose
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measurements for particle beams with ultra-high DPP values (56). For reference
dosimetry in clinical high-energy electron beams (3-50 MeV), the recommended
method is to use plane-parallel chambers that are calibrated in an electron beam,
either directly at a standards laboratory or by cross-calibration in a clinical electron
beam (57). The chambers should be corrected for ion recombination effects with the

TVA method (57). However, the TVA method fails at high DPP values (93).

Since the UHDR source at our department is a medical linear accelerator, reference
dosimetry could be performed in the clinical 10 MeV beam in accordance with the
TAEA TRS 398 Code of Practice (57). Thus, the absorbed dose to water in the
clinical 10 MeV beam, Dy, g, was determined using a plane-parallel Roos electron
chamber (type 31004, PTW Frielburg, Germany) traceable to a standards laboratory
as (Figure 5, left panel):

Dy,q = MqNpw,q,%0,0 )

where Mg is the ionization chamber reading corrected for influencing quantities,
Np,w,qg, is the calibration coefficient in terms of absorbed dose to water for the
reference beam quality Qg, kg, is the chamber specific correction factor for the

difference in the ionization chamber response between Q and Q.

Reference beam Modified UHDR beam

fref fUHDR

Transfer using
film dosimetry

o o
D w,Q D W,QUHDR
IAEA TRS 398

Figure 5: Methodology for reference dosimetry in the electron beam used for ultra-high dose rate (UHDR) delivery
using the modified clinical linear accelerator.
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To determine the absorbed dose to water at the reference depth in the modified field
at UHDR conditions, Dy, o,
according to (Figure 5, right panel):

<> we applied a field output factor Qg ..ok

DW:QUHDR = DWvQ'QQﬂQUHDR (10)

The field output factor was measured using radiochromic film. Both GafChromic
EBT3 and EBT-XD films were calibrated in the clinical 10 MeV beam in a Solid
Water HE phantom (Gammex Inc., Middleton, Wisconsin, USA) for a dose range 0-
30 Gy (0-40 Gy for EBT-XD). Films were handled, processed, and analyzed
according to the guidelines provided in the AAPM Task Group 235 report (75). The
absorbed dose measured with film at UHDR conditions have also been verified with
alanine measurements.

Beam monitoring

For a successful clinical implementation of UHDR radiotherapy, a redundant
dosimetry system with high temporal resolution for real-time dose monitoring of the
beam is of outmost importance. Traditionally, transmission chambers are used to
monitor and interrupt the beam when the desired dose has been delivered. The
transmission chamber is a large plane-parallel ionization chamber consisting of two
dose plates and one servo plate. It is designed to monitor delivered dose and dose rate,
and to report information about beam flatness and symmetry. This system is part of
every clinical linear accelerator and is permanently mounted in the beam path in the
gantry head. The collected charge in the two dose channels is quantified in terms of
monitor units (MU) and calibrated against an ionization chamber traceable to a
standards laboratory. However, when the accelerator is operated in FLASH mode, the
transmission chamber cannot currently be used to monitor the beam due to severe ion
recombination effects. In the previous chapter it was presented as a possible solution
to increase the charge collection efficiency in ionization chambers by reducing the
electrode spacing and increasing the polarizing voltage. Such an approach could
potentially make transmission chambers useful in UHDR beams. In Paper I, the
behaviour of the built-in transmission chamber of the clinical linear accelerator at
elevated DPP values was explored. In addition, the polarizing voltage was increased by
a factor of 2 or 3 to increase the collection efficiency of the chamber. A logistic
function was fitted to the data points and used to correct for the remaining loss in
efficacy due to ion recombination. Paper II examined the potential of reconfiguring
the design and operation of a transmission chamber to further increase the charge

40



collection efficiency. In Paper II, an external transmission chamber was attached to
the electron applicator, the electrode distance was reduced, and the polarizing voltage
was increased.

Ion recombination in a built-in transmission chamber

As a first step in investigating the potential of using a transmission chamber for real-
time dosimetry and beam monitoring of UHDR beams in a clinical setting, the built-
in transmission chamber of the clinical linear accelerator was used (Paper I). The raw
signal from one of the dose channels with an electrode spacing of 1 mm and a
standard (negative) polarizing voltage of 320 V was extracted from the linac to study
the chamber behaviour with increasing DPP. The response of the chamber was
extracted simultaneously with the response of the TLD, Baldwin-Farmer type
chamber, diode, and EBT3 film in the setup previously described. Since the film
could not be placed at the chamber position inside the gantry head, the DPP was
determined at 2 cm depth in the phantom.

The set of influence quantities described in IAEA TRS 398 (57) was used to relate the
collected charge per pulse in the built-in transmission chamber to the DPP in the
solid water phantom. Assuming that the temperature, humidity, and electrometer
response did not change with varied DPP value, and that the recombination
correction factor is unity for CONV irradiation, the charge collection efficiency in
the transmission chamber for a certain dose rate could be calculated as the ratio
between the collected charge per unit dose and the collected charge per unit dose at
CONV irradiation. Note that in Paper I the term ion collection efficiency is used
instead of charge collection efficiency.

In Paper I, a rapid drop in charge collection efficiency was observed under standard
operation of the transmission chamber (320 V) when exceeding DPP values of
approximately 107 Gy per pulse (average dose rates of ~20 Gy/min). At the highest
achievable DPP value, i.e., the level used for UHDR irradiations, the charge
collection efficiency was only 10%. The measurements were repeated with the
chamber voltage increased by a factor of 2 and 3 (i.e., 640 V and 960 V). Figure 6
presents the chamber signal per pulse as a function of DPP for chamber voltages of
320 V, 640 V and 960 V, respectively, and show that the relation is non-linear for all
three voltages. However, by increasing the chamber voltage the charge collection
efficiency at the highest achievable DPP value could be increased to 14% and 22%
for 640 V and 960 V, respectively. The DPP operating range of the chamber, i.e., the
range of DPP values requiring no or minor corrections for the recombination effect,
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was extended to approximately 4x107? Gy per pulse at 960 V, which corresponds to
an average dose rate of ~10 Gy/s at the reference position.

In Paper I, an empirical model was used to describe the drop in charge collection
efficiency by fitting the logistic function suggested by Petersson e al. for the
Advanced Markus chamber (Eq. 8) to the measured data. Since the DPP was
determined at the reference position and not in the chamber, a factor of 10 had to be
multiplied into the model to ensure a good agreement between the data points and
the model. The four Boag models (Eqs. 2, 4, 5 and 6) were also fitted to the data
points, with a good agreement only at 320 V. For higher polarizing voltages, Boag’s
functions overestimated the charge collection efficiency at high DPP values. This is
consistent with the findings of previous reports (30,58,60).
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Figure 6: Chamber signal per pulse as a function of dose-per-pulse (DPP) values for operating negative polarizing
voltages of 320 V (left), 640 V (center), and 960 V (right), for the built-in transmission chamber. The ideal chamber
signal is represented as dashed lines.

To enable practical determination of the ion recombination correction factor from
the transmission chamber signal when the DPP is unknown, the empirical model was
reformulated to be a function of the apparent DPP. Also, for this version of the
model, a good agreement was found between the data points and the model.
However, the slope of the charge collection efficiency curve was steep at the DPP
values associated with UHDR delivery, increasing the uncertainty in the
recombination correction factor compared to the flat slope present at CONV DPP
values. Therefore, it would be beneficial to further increase the charge collection
efficiency and to operate the chamber in a region where the charge collection
efficiency curve is flat. Considering that the linac was also used in clinical mode, the
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chamber voltage was not increased above 960 V in Paper I due to the risk of
damaging the built-in transmission chamber and surrounding components in the
gantry head.

Reconfiguring an external transmission chamber

In Paper II, the potential to further decrease the general recombination was
investigated in two transmission chambers of the same type as the built-in chamber,
mounted one-by-one in the upper part of the electron applicator (Figure 7). In this
position, the transmission chambers were exposed to approximately 3 Gy per pulse,
which is considerably less than at the position of the built-in transmission chamber
and should mitigate the effect of ion recombination. Additionally, this experimental
setting allowed for chamber modifications without compromising the clinical use of
the linac. One of the transmission chambers was reconfigured by reducing the
electrode distance from 1 mm to 0.6 mm. The goal was to extend the range of DPP
values with no or minimal recombination effects up to the UHDR regimen, i.e.,
corresponding to an average dose rate 240 Gy/s in the treatment position.

Hju

Built-in monitor
chamber (Paper )

95cm o

External monitor
chamber (Paper Il)

Patient/Phantom

Figure 7: Left: Setup used for measurements with an external transmission chamber, monuted in the upper part of the electron
applicator at the clinical linear accelerator. Right: Photograph of the type of transmission chamber used in Paper I and II.

As in Paper I, the DPP values in Paper II were controlled by adjusting the electron
gun filament current. The DPP values in the treatment position (2.2 ¢cm depth in the
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10 cm solid water slab), DPPppantom- ranged from 0.58 mGy per pulse to 0.86 Gy
per pulse, corresponding to average dose rates from 0.12 Gy/s to 170 Gyls.
Compared to Paper I, the DPP values in Paper II could also be estimated at the
position of the chamber, DPP_ pgmper, by applying a proportionality factor obtained
from relative film measurements at the treatment position and at the position of the
transmission chamber. DPPpgmper ranged from 2.3 mGy per pulse to 3.4 Gy per
pulse, corresponding to average dose rates from 0.46 Gy/s to 680 Gy/s. The signal of
both transmission chambers was measured as a function of DPP, and the charge
collection efficiency was determined at each data point.

In the first set of measurements, the transmission chamber signal per pulse was
measured as a function of DPPypgntom for the chamber with a 1 mm electrode
spacing operated at 320 V. To determine the effect of reducing the dose rate at the
transmission chamber position while maintaining a similar dose rate at the treatment
position, these measurements were compared to the signal of the built-in transmission
chamber in Paper I operated under the same conditions. The results showed that the
chamber signal was non-linear with DPPppgntom for both setups. For the external
transmission chamber in Paper II, the charge collection efficiency at the highest
achievable DPP was 24%, compared to 10% for the built-in transmission chamber in
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Figure 8. Charge collection efficiency of the transmission chamber as a function of DPPysauon for the chamber with (a)
1 mm and (b) 0.6 mm electrode spacing, for chamber voltage of 320 V and 1200 V, as well as the logistic fit (Eq. 11).
Figure from paper I1.
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In Paper II, the measurements were repeated for the transmission chamber with a 0.6
mm electrode distance to investigate the effect of reducing the electrode distance of
the chamber. This resulted in a charge collection efficiency at the highest achievable
DPP of 36%, i.c., an increase in charge collection efficiency by a factor of 1.5
compared to the transmission chamber with 1 mm electrode distance (Figure 8).

Recombination
region

Charge multiplication

lonization region region

Collected charge (log scale)

Applied voltage

Figure 9: Illustration of a typical charge-voltage curve. In the recombination region, many collected ion pairs
recombine before reaching the cathode. In the ionization region, the field strength is adequate to collect all produced
ions. In the charge multiplication region, the electrons have enough energy to cause additional ionizations in the
chamber air volume.

The effect of adjusting the chamber voltage was investigated in more detail in Paper
IT compared to Paper I. A typical behaviour of ionization chambers as a function of
the applied voltage is illustrated in Figure 9. At CONV irradiation, the transmission
chamber with 1 mm electrode distance showed a stable response between 200 V and
1500 V, but in the transmission chamber with 0.6 mm electrode distance the
response increased drastically above 1300 V, indicating the presence of charge
multiplication in this chamber at this voltage level. At UHDR, the transmission
chambers operated in the recombination region, with an increased response with
increased voltage. This behaviour is in line with recent results by Kranzer ez a/., which
showed an increased steepness of the current-voltage curve with increased DPP (65).
In Paper II, the highest possible safe voltage level was found to be 1200 V. This
voltage was chosen for further investigation of the response and charge collection
efficiency as a function of DPP, to achieve the maximum charge collection efficiency
but avoiding charge multiplication. Our results did not show any difference in the
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calibration coefficient (collected charge per unit dose at CONV) between 320 V and
1200 V, also indicating that there was no effect of charge multiplication at these
voltage levels. For a chamber voltage of 1200 V, the charge collection efficiency at the
highest achievable DPP was 51% and 82% for the transmission chambers with
electrode distances of 1 mm and 0.6 mm, respectively (Figure 8). Thus, for all four
investigated combinations of electrode distance and chamber voltage, the chamber
signal was linear only for a limited range (Figure 10).
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Figure 10: Chamber signal per pulse as a function of DP Pypantom (lower axis) and DP Pepgmper (upper axis) for the
two different chambers with 1 mm (upper panel) and 0.6 mm (lower panel) electrode distance, respectively, and for
two different negative chamber voltages of 320 V (left panel) and 1200 V (right panel). The ideal chamber signal is
represented as dashed lines. Figure from paper II.
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A logistic function similar to the one proposed by Petersson ez a/ (Eq. 8) but with the
electrode distance, d, incorporated, was used to fit the data points:

CCE = ! . (11)

a
<1+(_DPPchamber * dz) >
U

where DPP, pamper is given in mGy, d is the electrode distance in mm, U is the

chamber voltage in V, and « and [ are fitting parameters. The agreement between
the data points and the model was good (Figure 8), suggesting that this function can
successfully describe the behaviour of the chamber at ultra-high DPP values. For the
transmission chamber with 0.6 mm electrode spacing operated at 1200 V, the charge
collection efficiency was constant up to DPPppantom of 0.35 Gy, corresponding to
an average dose rate of 70 Gy/s at the treatment position at SSD=100 cm.

Discussion

The aim of Papers I and II was to decrease the general recombination in a
transmission chamber to make it useful for real-time dosimetry and beam monitoring
in an UHDR electron beam. Correction for ion recombination in ionization
chambers in UHDR beams have been investigated in several other studies
(30,60,65,74). However, the behaviour of the built-in transmission chamber has not
previously been investigated under these conditions. When utilizing already existing
clinical linear accelerators for UHDR irradiation, it would be convenient if the
transmission chamber could still be used as a beam monitor and control system.

In Paper I, it was found that the charge collection efficiency of the built-in
transmission chamber operated at the standard voltage (-320 V) was 10% at the
highest achievable DPP, and that by increasing the polarizing voltage by a factor of 3
the charge collection efficiency was increased to 22%. In Paper II, an external
transmission chamber was positioned downstream in the beams path, and by
reducing the electrode distance to 0.6 mm and use the maximum safe voltage of 1200
V the operating DPP range of the transmission chamber was extended up to the
UHDR regimen of several Gy per pulse. This allowed for full charge collection
efficiency up to an average dose rate of 70 Gy/s in a clinical treatment position, and
>82% charge collection efficiency up to 180 Gy/s. Papers I and II also demonstrated
the successful fitting of the charge collection efficiency using a logistic function
incorporating the chamber voltage (and the electrode distance in Paper II).

In Papers I and II, we used radiochromic film as the primary detector to measure the
delivered DPP. The radiochromic film has an intrinsic uncertainty which is greater
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than that for ionization chambers. Therefore, this method for real-time output
measurements does not allow for uncertainties below that of film measurements. One
option for a more accurate model is to use alanine pellets, which are more widely
accepted for absorbed dose measurements and has been shown to be dose rate
independent up to 10" Gy/s (94). Another option suggested by McManus e al. is to
measure the charge collection efficiency in the chamber against a primary standard
graphite calorimeter (95).

The ionization chambers should preferably be operated in the ionization region of the
charge-voltage curve to enable all created ion pairs to be collected. However, in Paper
IT it was found that for the highest DPP value achievable by the electron beam from
the modified clinical linear accelerator, no such region exists. The transmission
chamber can still be operated under these extreme conditions, but it is important to
make sure that the chamber do not enter the charge multiplication region, where the
generated electrons have enough energy to cause additional ionization in the air of the
chamber, causing a cascade effect. In Paper II, the highest possible safe voltage level
was chosen to achieve maximum charge collection efficiency but avoiding charge
multiplication.

There are still potential adjustments that can be made to further increase the range of
DPP values with no or minor recombination effects. One alternative is to further
reduce the electrode distance. However, this requires careful investigation to ensure
that the charge multiplication region is not reached. Gomez ez al. showed that the
charge multiplication region was observed already >250 V for a small plane-parallel
ionization chamber with an electrode distance of 0.22 mm (66). In addition, such
small gaps are challenging to construct. Another option, as suggested by Di Martino
et al., is to change the gas inside the chamber (68). However, this would require a
sealed chamber.

Another recently explored option for beam monitoring is the use of beam current
transformers (BCTs) (96-98). Commercially available BCTs have been successfully
implemented at the exit of the preclinical Oriatron eRT6 linac, and at the exit of the
clinical Mobetron (96,97). More recently, a dual BCT design was integrated into the
head of the Mobetron also to allow for the beam energy to be determined (98). BCTs
consist of a toroid sensor, an external electronic system, and a power supply and are
already widely used in high-energy physics. The induced current is measured and
provides a live temporal readout of the total exit charge. It has been shown that the
exit charge is proportional to the absorbed dose and that long-and short-term stability
is acceptable (96,97). However, in contrast to traditional transmission monitor
chambers, the BCTs cannot be used to obtain information about beam parameters
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such as flatness and symmetry. In addition, the capability of this approach to control
and interrupt the beam has yet to be investigated.

Future perspectives

Before FLASH-RT is ready for large-scale clinical implementation, one of the
technical challenges is to develop a stable beam control system that can deliver any
prescribed dose at high DPP values. In the current setup, the interruption of the
UHDR beam of the modified clinical linear accelerator depends solely on a pulse-
counting diode placed in the radiation field. Ideally, the two dosimetry channels of
the transmission chamber can be independently used to interrupt the beam, which
would increase safety during UHDR delivery with an approach similar to the method
used to control the delivery in CONV-RT. Additionally, to allow robust
radiobiological studies that can be compared regarding the time structure, it is
essential to control and receive real-time feedback on the delivered dose, the number
of pulses, PRF, and delivery time. The beam control system used to control and
interrupt the UHDR beam of the clinical linear accelerator is currently being further
developed to meet these criteria.

The new system will control the UHDR beam based on the charge collected by the
transmission chamber mounted in the electron applicator and corrected according to
the correction strategy developed in Papers I and II. The system will primarily
interrupt the beam based on dose. The operator can set the desired amount of
monitor units to be delivered. For increased safety, the beam can also be interrupted
based on a set number of electron pulses counted by the pulse counter. In case of
failure of both the transmission chamber and the pulse counter, the equipment will be
designed to also interrupt the irradiation based on time since the start of the
irradiation. The system consists of three in-house built circuit boards. It displays
information about the delivered dose, number of pulses, time from the beam-on to
the end of the last pulse, and estimated PRF following each delivery. In future work,
the system will be validated in terms of accuracy and long- and short-term stability.

The new system will include a feature to adjust the dose in the first pulse, which may
address the current limitation of only being able to deliver doses that are a multiple of
the DPP. This will be achieved by monitoring the uploading cycle of the pulse
forming network (PFN) charge and setting a time delay to control when the thyratron
trigger pulses are released to the accelerator. Preliminary work has shown that without
a time delay, the trigger pulses will not be in sync with the PFN upload, resulting in a
low output in the first pulse. After the first pulse, the PFN and the thyratron trigger
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pulses are in sync with a full upload of the PEN (and thus maximum output) for the
remaining pulses. This way, the output in the first pulse can be varied by varying the
PFN time delay. A more sophisticated method of fine-tuning the delivered dose
would be to adjust the dose in the last pulse based on what has been delivered in the
previous pulses. This will also be explored in future work.
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Translational research in FLASH
radiotherapy

Dosimetric procedures for experimental irradiations

While the development of a real-time dosimetry system for beam monitoring at
UHDR is ongoing, radiobiological studies are conducted at the modified clinical
linear accelerator. For reliable and reproducible radiobiological experiments, it is
crucial with robust dosimetry procedures. To ensure this, experimental setups and
dosimetric procedure for preclinical studies at UHDR were established in Paper III.
To investigate the difference between CONV-RT and FLASH-RT iz vitro, several
cell studies have been performed at the modified clinical linear accelerator (91,92). In
these experiments, the gantry was set to 180 degrees and T12.5 cell flasks containing
cells and cell media were placed one-by-one on top of the gantry cross-hair foil (Paper
IIT). The pulse counter was placed in the radiation field next to the cell flask to enable
interruption of the beam after a pre-set number of pulses. The field size for this setup
was measured with EBT3 film at the cross-hair foil. In the area covered by the cell
flask the beam flatness was 2.2%. DPP was determined before and after each set of
irradiations by placing the EBT3 film at the bottom of a cell flask under a 2 mm sheet
of polystyrene mimicking cell media. In addition, the Baldwin-Farmer type ionization
chamber was attached to the ceiling of the room within the radiation field and used
for relative output measurements to ensure stable dose delivery throughout the cell
irradiations.

The sparing effect of FLASH-RT compared to CONV-RT has also been studied in
zebrafish embryos, at the Elekta Precise (unpublished work) and elsewhere
(18,64,99). For irradiation of zebrafish embryos, a similar setup as for cell
experiments were used, but with the embryos collected in Eppendorf tubes instead of
flasks (Paper III). The Eppendorf tubes were fitted one-by-one into a 3D printed
plastic phantom (Figure 11, left panel). In the area covered by the 3D printed
phantom the beam flatness was 2.7%. To enable TLD dose measurements, a 3D
printed insert in the shape of an Eppendorf tube with empty slots for TLDs was
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designed (Figure 11, right panel) and fitted into the 3D printed phantom. In
addition, a similar 3D printed phantom was constructed for film measurements. The
DPP for this setup was determined by TLD and film measurements before and after

each zebrafish embryo irradiation.

Figure 11: Left: The setup used for irradiation of zebrafish embryos at the modified clinical linear accelerator.
Embryos were collected in a Eppendorf tube and fitted in a 3D printed plastic phantom. Right: A 3D printed insert
in the shape of an Eppendorf tube, with slots for TLDs.

The clinical linear accelerator has also been used to study the anti-tumour effect of
FLASH-RT compared to CONV-RT in an immunocompetent rat glioma model
(100,101). In addition, the sparing effect of FLASH-RT has been investigated in a
mouse melanoma model (submitted). For these irradiations, a short electron
applicator was used (source-to-applicator-end distance of 65 cm), fitted with
Cerrobend blocks with different cut-outs to collimate the field. The animals were
placed in plastic boxes in direct contact with the Cerrobend blocks. In Paper III, dose
profiles, depth dose curves, and output factors were determined for each available
field size using EBT-XD film. DPP values were determined by film measurements at
the same depth as the tumour (or skin) in plastic phantoms placed inside the plastic
boxes, both before and after the animal irradiations. For some experiments, the
Baldwin-Farmer type ionization chamber was placed in a solid water phantom under
the box and wused for relative output measurements during the irradiation.
Additionally, when feasible, EBT-XD film was used for iz vivo measurements during
irradiations.
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FLASH radiotherapy in larger animals

In vitro and in vivo models can guide the selection of conditions and beam parameters
to be tested in clinical trials. However, there is a translational gap between the
laboratory setting and human clinical trials (Figure 12), and generally many
preclinical findings fail in clinical translation (102). A possible solution to obtain
controlled evidence on the potential benefits and limitations of FLASH-RT is to
conduct studies involving larger animals. In 2019, Vozenin ez al. reported irradiation
of a minipig in which single doses of 22-34 Gy were administered to multiple circular
patches of the skin with FLASH (-300 Gy/s) or CONV (-5 Gy/min) electron
irradiation (21). Severe toxicities related to depilation, fibronecrosis, epithelial
ulceration, and inflammation were observed in areas irradiated with CONV. On the
contrary, FLASH-irradiated skin resulted in only minor depilation and pigmentation.
The authors suggested a dose-protective factor of at least 20% for FLASH-RT. In the
same publication, the treatment effect was evaluated in a phase I dose-escalation trial
involving six feline cancer patients with advanced squamous cell carcinoma (SCC) of
the nasal planum (21). Although no CONV group was included for comparison, the
results were encouraging. Treatments were administered in a single fraction at
prescribed doses ranging from 25 Gy to 41 Gy. At 6 months, all cats were in
complete remission and at 18 months 3/6 cats were disease-free. Acute toxicities
consisted of no or mild dermatitis/mucositis, and no late-stage toxicities other than
depilation were reported during the median follow-up of 18 months.

Indeed, companion animals could serve as a valuable tool to bridge the gap between
laboratory research and clinical applications. They develop spontaneous cancers of
sizes and types that parallel those of humans and can therefore be treated with similar
field sizes and energies. This is a great advantage for the clinical translation of new
radiotherapy techniques. Additionally, companion animals are immunocompetent
and are exposed to the same environment and toxic substances as humans.
Translational research with companion animals offers a potential win-win situation,
where the veterinary patients may benefit from advanced diagnostics or treatments
that are otherwise not available to them, while also providing information that can
help optimize future human clinical trials.

A veterinary clinical trial in canines with extremity osteosarcoma was recently
reported from the University of Pennsylvania (23). The dogs were treated with a
single fraction of a standard proton beam or with a FLASH proton beam at 8 or 12
Gy, and after 5 days the limb was amputated. The main objective of the study was to
evaluate the effects of treatment by studying biopsies from the amputated limb. For
limbs irradiated with 12 Gy, the ratio of TGFB1 expression (an agent of radiation-
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induced inflammatory reactions) in irradiated versus unirradiated tissue of the same
animal was higher in patients treated with the standard proton beam compared to the
FLASH proton beam, suggesting a protective effect of FLASH in this clinical setting.
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Figure 12: Veterinary clinical studies can help bridge the translational gap between the laboratory setting and human

clinical trials.

Clinical establishment and experience in canine cancer
patients

As a step towards human clinical trials at the clinical linear accelerator described in
this thesis, a collaboration with veterinarians at the University of Copenhagen was
initiated. Within this collaboration, 28 canine and 3 feline cancer patients have been
treated with FLASH-RT. The patients either had no other relevant treatment option
or the owners had decided against standard therapy. Also, to be included in the study,
the treating veterinarian had to believe that the patient would benefit from FLASH-
RT. It should be noted that CONV-RT is not available for veterinary patients in
Denmark. The aim of the collaboration is to explore FLASH-RT in a clinically
relevant setting and to establish procedures for future human clinical trials.
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Setup and workflow

In Paper IV, dosimetric procedures and a clinical workflow for the treatment of
companion animals with FLASH-RT were established on the modified clinical linear
accelerator. Patients were treated with a 5 cm gap from the distal edge of an electron
applicator with a source-to-applicator-end distance of 65 cm, i.e., at an SSD of 70 cm
(Figure 13, left). To shape the beam close to the targets, Cerrobend blocks with cut-
outs of different geometries and field sizes were custom-made. The beam was
characterized by EBT-XD measurements of dose profiles and percentage depth dose
curves. The information was used together with clinical examination, calliper
measurements, and CT images and/or photographs of the tumour to plan the
treatments in terms of bolus and field size.

The built-in transmission chamber was not used to monitor the beam due to the issue
of ion recombination. Instead, EBT-XD measurements were performed prior to each
treatment in phantoms mimicking the treatment geometry, to determine the DPP at
dose maximum for the given patient and the number of pulses to be delivered to
reach the prescribed dose. To ensure that the prescribed dose was delivered during the
actual treatment, the Baldwin-Farmer type ion chamber was used for relative output
measurements and EBT-XD film was used for iz vivo dose measurements at the skin
surface to verify the delivered dose.

Figure 13: Two examples of treatment setups for FLASH radiotherapy of canine cancer patients at the modified

clinical linear accelerator.
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In some of the canine patients, the tumours were growing in the palate and the
treatments were administered through cylindrical PMMA applicators aligned
perpendicular to the collimator using soft docking (103) (Figure 13, right). Film
measurements during treatment were then performed in the collimator block cut-out
and related to the dose delivered at the dose maximum via phantom measurements.
These intracavitary treatments were not included in the setup description in Paper IV
but are reported elsewhere (104,105).

Initial experience

The initial experience of the first 10 canine cancer patient treatments was reported in
Paper 1V, including feasibility and safety, treatment parameters, possible adverse
events, and treatment response. The patient group was heterogeneous and included
seven patients with solid superficial or subcutaneous tumours of different types, and
three patients with post-operative microscopic disease. The trial was designed as a
dose-escalation trial and the chosen treatment parameters were based on previous
experimental treatments (21,24) starting at an absorbed dose of 15 Gy in a single
fraction (Figure 14). All tumours received a single beam single fraction of FLASH-
RT, except for one tumour, which was irradiated with a second dose one month after
the first treatment.

15 Gy
n=2-3

i —
S|

Figure 14: Design of the dose-escalation trial part of Paper IV.
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Based on the in vivo film measurements, the dose was accurately delivered with an
average agreement with the prescribed dose of 1.8% (range -9.4 % to +5 %). In Paper
IV, it was found that 11/13 irradiated tumours either had partial response, complete
response or stable disease following treatment. Adverse events observed at follow-up
(ranging from 3-6 months) were generally mild and consisted of local alopecia,
leukotricia, dry desquamation, mild erythema, or swelling. A grade 3 skin adverse
event was observed in a patient receiving 35 Gy at maximum dose with the sensitive
nasal planum included in the treatment field. However, this patient was in complete
clinical remission at the 1- and 3-months follow-up.

The next step was to use this experience as the basis for a phase-II veterinary single-
arm trial with a more specific patient inclusion selection. In this study, eleven canine
patients with oral malignant tumours were included (105). The primary endpoint was
to evaluate the feasibility and safety of using single-fraction FLASH-RT to treat
malignant tumours of the oral cavity. Treatment efficacy was evaluated as a secondary
endpoint. Patients received a single fraction FLASH-RT with prescribed dose to the
depth of dose maximum ranging between 30-42 Gy, depending on the tumour status
and size. The patients were followed for 12 months, with imaging performed at 6 and
12 months if bone was included in the radiation field. It was found that the treatment
had a good clinical efficacy, with an overall response rate of 100%, and for most cases
with complete remission the effect was durable long-term. However, it was also found
that there was a high risk of adverse events if bone was included in the treatment
field. At the 12-month follow-up, three of the four surviving dogs had developed
osteoradionecrosis. It was concluded that long-term follow-up is needed for each
organ/tissue before a safe clinical translation of FLASH-RT (105). A reconstruction of
the dose distribution was created for one of the oral patients that developed bone
necrosis. The patient was treated with an open mouth using a PMMA applicator to
reach the tumour located in the hard palate. The bone necrosis was developed at a
location with reduced bone density prior to the treatment. The dose reconstruction
demonstrated a maximum dose outside the target of 120% (42 Gy) in the
heterogeneous region of bone and air, with the bone area where the
osteoradionecrosis was developed receiving up to 114% (40 Gy).

As previously described, some of the oral treatments were performed with a PMMA
tube as an applicator. This method is similar to intraoperative radiotherapy (IORT),
where the radiotherapy is carried out during surgery with an applicator positioned
directly over the tumour. For the first patient treated with intracavitary FLASH-RT
using a PMMA applicator at the Elekta Precise, the feasibility was demonstrated by

presenting the dosimetric procedure, side effects and treatment response (104).
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Discussion

Paper IV describes the first experience of electron FLASH-RT in a clinical setting.
Previous FLASH-RT treatments had been conducted at industrial-type electron
accelerators (21,24). The treatment results were promising, with only mild short-term
toxicity in all included patients except for one patient for which the sensitive part of
the nose was included in the treatment field, causing a grade 3 adverse effect. Due to
the heterogeneous group of patients recruited for FLASH-RT at the clinical linear
accelerator, Paper IV was not designed to provide any statistical evidence of the
benefit of FLASH-RT compared to other treatment protocols, which clearly is a
limitation of the study. The same goes for the later cohort including canine patients
with oral tumours. However, these studies have provided important information
about the limitations of single-fraction FLASH-RT that can be used in future trials
designed to provide statistical evidence. In the cohort of canines with oral tumours, a
high risk of osteoradionecrosis was found if bone was included in the treatment field.
Around the same period, similar results were reported by Bley ez 4/. in a randomized
phase III trial in cat cancer patients with SCC (22). In that study, cats were randomly
assigned to two arms; either 6 MV accelerated radiotherapy (2x4.8 Gy/day for 5 days)
or 4.9 MeV FLASH-RT (single fraction of 34 Gy delivered in 3 pulses). At 9-15
months after treatment, 3/7 cats in the FLASH group developed maxillary bone
necrosis and the study was terminated prematurely. This was the first publication to
shed light on the challenges of FLASH single-fraction high-dose treatments, and the
authors emphasized the need for caution and further investigation (22). The authors
did a retrospective reconstruction of the dose distribution, which showed hot spots of
42 Gy in particular areas in the proximity of the bone.

Intensity-modulated electron FLASH radiotherapy

The revealed high risk of developing bone necrosis following high-dose single fraction
FLASH-RT (22,105) were believed to be related to inhomogeneities in the dose
distribution. Typical approaches used in CONV-RT to limit radiation-induced
toxicity in normal tissue are to use homogeneous and conformal dose distributions
with tight margins around the target volume. In Paper IV, bolus with uniform
thickness was used to degrade the energy and limit the range of the electron beam in
the tissue to avoid dose beyond the target. However, the PTV depth will vary across
the tumour and will not match the penetration depth at all positions. In addition,
complex surfaces, internal tissue heterogeneities, and air cavities may cause hot- and
cold spots in the dose distribution leading to a nonuniform dose in the target volume,
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underdosage of tumour and overdosage of normal tissue. To address these issues, the
potential of intensity-modulated eleccron FLASH-RT in a clinical setting was
evaluated in Paper V.

Intensity- and range-modulation

To increase the conformity in electron treatments, customized range-modulating
bolus can be milled or 3D printed (106). This type of bolus spatially varies the
electron beam energy based on the desired penetration depth. In the treatment
planning system (TPS) used in Paper V, the research version of electronRT (.decimal,
LCC, Sanford, Florida, USA), the option to create a CT-based variable thickness
bolus is integrated. This bolus is designed so that the chosen therapeutic isodose (e.g.,
90%) is conformed to the distal surface of the target volume. The system uses
updated bolus design algorithms, based on those originally developed by Low et al.
(107), which are used to generate an optimized bolus shape by applying bolus
operators that create, modify, and extend the bolus. The creation operator forces the
sum of the bolus thickness and physical depth of the planning target volume (PTV)
to equal the therapeutic depth (e.g., R90) along each fan line from the virtual electron
source that lies a certain distance inside the PTV. The modification operators (e.g.,
isodose shift, thickness smoothing, height smoothing, maximum PTV coverage) are
added to refine the bolus design. The bolus thickness is then extended outside the
collimator edge to take into account the dose contribution along the field edges.
When the design is finished, the bolus can be ordered and subsequently fabricated by
milling a block of machinable vax. Range-modulating bolus have been used clinically
primarily for the treatment of postmastectomy chest wall to minimize lung and heart
dose (106), and in head-and-neck cancer treatments to spare critical structures (108).

The irregular surface of the range-modulating bolus can cause a non-uniform dose
distribution in the patient. Intensity-modulation, i.e., modulating the spatial
distribution of the electron beam intensity, has been suggested as an option to
minimize the loss in uniformity (106,109). In photon beam radiotherapy, intensity-
modulation is performed using MLCs. However, due to the short treatment time
associated with FLASH-RT, intensity-modulation using moving parts is not feasible.
In addition, the air gap between the MLCs in a gantry head and the patient make this
technique unsuitable for use in electron beams. Instead, Hogstrom ez al.
demonstrated the potential of passive intensity-modulation using a set of small island
blocks of varying diameters located inside the electron block cut-out (109). The
position and size of the island blocks are selected to deliver a desired intensity-
modulated electron fluence distribution. The dose distribution resulting from the
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bolus design is used to create an intensity-map, i.e., the maximum relative dose along
each ray that goes through the PTV from a grid of points perpendicular to the beam
central axis. Hogstrom ez al. suggested that with island blocks of diameter 4 and
separation 7, in a hexagonal matrix, the reduced local intensity is given by:
a\2
Listand brocks(d,7) = I [1 - (%) (:) ] (12)
where Iy is the intensity without island block (109). With a desired underlying

intensity reduction factor at each point, IRF = Il 5ireq/lo, the block diameter for
each point can be determined as:

dr,1RF) = r|(22) (1 - IRF)]l/Z (13)

In electronRT, the ability to utilize intensity-modulation according to the above
method has been integrated. The intensity-modulation aperture is fabricated as 6 mm
long cylindrical tungsten island blocks fixed in the electron block cut-out by
embedding them in a low-density foam (109,110). The user sets a desired intensity,
lgesirea (called IM factor in the TPS), whereafter the diameter of each island block
that will most closely reduce the maximum ray line dose down to the provided IM
factor is computed using an algorithm based on Eq. 14 (111). This way the intensity-
modulation can be used to increase the homogeneity in the target volume by reducing
hot spots (or increasing cold spots by lowering the relative dose everywhere else).

Treatment planning study in canine patients

A beam model of the 10 MeV UHDR electron beam of the clinical linear accelerator
was created in electronRT and validated in a homogeneous solid water phantom
using EBT-XD film measurements. In Paper V, the bolus and intensity-pin design
and fabrication process (110) were first tested in a heterogeneous phantom with a 1
cm in diameter Styrofoam insert. Treatment plans were created with an open beam,
with a range-modulating bolus and with a range-modulating bolus plus intensity-
modulating pins with an IM factor of 0.8, and then the equipment was fabricated by
the vendor. Once arrived, measurements were performed using EBT-XD film in a
plane at 2 cm depth in the phantom. The results showed a good agreement between
the measured and calculated 2D distribution, with a global gamma index 3%/3mm
(with a threshold of 10% of the maximum dose) pass rate of 298% for all three
scenarios. In the next step, a treatment planning study in canine patients was
performed to evaluate intensity-modulated FLASH-RT in a clinical setting. For this
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study (also reported in Paper V), simulated tumours were delineated in complex
superficial head-and-neck areas, with bone and air cavities, to mimic some of the
canine cases treated with FLASH-RT at the clinical linear accelerator. For each of the
eight cases included, treatment plans were created with uniform bolus, uniform bolus
plus intensity-modulation, range-modulating bolus, and range-modulating bolus plus
intensity-modulation. Furthermore, the effect of varying the IM factor between 0.5
and 0.95 was investigated. Treatment plans were evaluated using a conformity index
(CI), target dose homogeneity index (HI), maximum dose outside the target
Dinax,Body—prv> and the minimum absorbed dose received by 98% of the volume,
Dggoy, of the PTV (Table 2). Treatment plans were normalized so that 30 Gy was
given as the median dose to the PTV.

Table 2. Dosimetric measures used for evaluation of treatment plans in Paper V. D; is the minimum absorbed dose
received by the i volume, Vpry is the volume of the PTV and Viyeqteq is the volume enclosed by the minimum

isodose in the PTV.

Conformity index Cl = Vprv/Vireatea
Target dose homogeniety index HI = (Dyg, — Dogsy,)/Dsoo,
Maximum dose outside target Drax,poay—-prv (GY)
Minimum dose received by 98% of the volume Dogo, (GY)

For statistical comparison of dosimetric measures between treatment plans, the paired
Wilcoxon test with a chosen significance level of 5% was used. The results suggested
that the HI could be significantly improved with the addition of intensity-modulation
pins (IM factor=0.7), both when using a uniform bolus (p=0.017) and when using
range-modulating bolus (p=0.028) (Figure 15). The use of range-modulating bolus
improved the conformity of the treatment compared to using a uniform bolus, both
when using bolus alone (p=0.046) and when using it in combination with intensity-
modulation with IM factor=0.7 (p=0.018). To see a benefit of IM on HI, the IM
factor had to be 0.8 for the uniform bolus and <0.9 for the range-modulating bolus.
For the uniform bolus, an IM factor <0.8 also reduced the CI compared to bolus
alone. However, for the range-modulating bolus, the CI was only reduced for highly
modulated beams with IM factors <0.6. The median Dy qx pody—pry decreased when
using a range-modulating bolus as compared to uniform bolus, although not
statistically significant. The Dggg, of the PTV was >90% of the prescribed dose in 7/8

cases using range-modulating bolus, while with a uniform bolus the Dggo, was <90%
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in 4/8 cases. Figure 16 illustrates the transverse view of one of the canine cases with a
simulated nasal tumour, for three different treatment plans; uniform bolus, uniform
bolus with intensity-modulation, and range-modulating bolus with intensity-
modulation.

From Paper V it was concluded that the target dose homogeneity in canine patients
with complex heterogeneous tissue in the head-and-neck region could be improved by
intensity-modulation. It was also concluded that range-modulating bolus could add
an additional improvement in both target dose homogeneity and conformity. In
future clinical electron FLASH-RT trials, we aim to use this technique to avoid hot
spots in the dose distribution, which will hopefully lead to a reduced risk of severe
radiation-induced toxicity. Paper V was the first evaluation of intensity-modulated

FLASH-RT in complex areas of the head-and-neck with a lot of heterogeneities.

Target dose homogeneity index
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Figure 15: Box-plot of the distribution of target dose homogenity index and conformity index amongst the eight
canine cases. * indicates significant difference (p<0.05) using Wilcoxon rank sum-test.
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Uniform bolus Uniform bolus + 1M

Figure 16: Dose distribution in transverse view for a canine with a simulated nasal tumour for four different treatment
plan scenarios: uniform bolus, uniform bolus + intensity-modulation (IM, IM factor=0.7), range-modulation (RM),
and RM+IM (IM factor=0.7). Treatment plans consists of a single electron beam, and were normalized so that the
prescribed dose (30 Gy) was given as the median dose to the planning target volume, (PTV, deliniated in blue).

Discussion

Before moving forward with clinical trials in human patients, it will be important to
investigate long-term effects of normal tissue in clinically relevant spontaneous
tumours, such as those in veterinary patients. In these treatments, measures similar to
those in CONV-RT must be taken to limit normal tissue toxicity. Paper V is the first
study to investigate intensity-modulation of (FLASH) electron beams in highly
heterogeneous tissue with bone and air cavities in the treatment field. The main
conclusions drawn from Paper V are in line with previous studies on intensity-
modulated electron therapy (106,110,112). Previous studies have demonstrated the
potential of intensity-modulation for postmastectomy chest wall irradiation and
temple, in cases with less heterogeneities than in the canine cases in Paper V. In
addition, previous studies have been performed with medium to large field sizes,
which will likely have a larger benefit of intensity-modulation due to the higher
number of pins.

When using intensity-modulation for FLASH-RT, the fact that the tungsten pins will
reduce the intensity of the electron beam has to be specially considered. If the IM
factor is set to the same value as the lowest value in the intensity-map, tungsten pins
will be added to all points with maximum dose along the ray line higher than that
value, as an attempt to bring the entire dose field down to the minimum level. With a
constant absolute dose normalization, the treatment time will have to be extended
when the overall intensity is decreased. Although the beam parameters needed for a
FLASH effect is not completely clear at this point, it must be ensured that the
intensity is not reduced to a degree where the radiobiological benefit of FLASH is
lost. With the lowest IM factor of 0.5 investigated in Paper V, the maximum decrease
is intensity/dose rate would be 50%. With the current setup for treatment of canine
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patients, a 50% reduction in dose rate would still allow for average dose rates of
several hundreds of Gy/s.

The intensity-modulation feature is still under development in the TPS. One of the
current main limitations (at least for highly heterogeneous cases) is the 1D approach
to determine the position and diameter of the tungsten pins. This approach does not
take into account hot spots created by lateral scatter in the tissue. It is rather intended
for hot spots caused by the variable surface of the range-modulation bolus due to
multiple Coulomb scattering or by an angled incidence that increase and/or decrease
dose due to variations in SSD. Thus, for cases with a high level of heterogeneous
tissue, an intensity-modulation approach that also considers lateral scatter may be
more advantageous.

Clinical applications and trials

If the sparing effect of FLASH-RT can be reproduced in humans, it can be exploited
in at least three ways: to reduce the toxicity of cancers where tumour control is
already achieved with CONV-RT, to reduce the number of fractions without
increasing toxicity, or to escalate the dose to radioresistant tumours that are difficult
to cure, such as glioblastomas, without increasing toxicity. It may be administered as a
separate treatment or as a boost to existing treatment schedules. The ultimate
application of FLASH-RT in the clinic is currently unknown. The first studies on
FLASH were performed using high-energy electrons and the first proof-of-concept in
humans started in that setting (24,25). The limited penetration depth of high-energy
electron beams makes them suitable for superficial lesions such as SCC, malignant
melanoma, and subcutaneous T-cell lymphoma. These cancers are often developed in
elderly patients and, if not amendable with surgery, requires a long series of
radiotherapy treatments (24). FLASH-RT might allow for higher fraction doses and
thus a reduced number of fractions, i.e., hypofractionated treatments schedules (27).
Another setting where electron FLASH-RT could be beneficial is in IORT, where
generally a single large dose is administered to the tumour during surgery (113).

The first human patient treated with electron FLASH-RT was reported in 2019 (24).
More recently the results from the first clinical trial, FAST-01, using a transmission
proton beam to treat bone metastasis of the extremities, were published (26). The aim
of this trial was to demonstrate feasibility and safety. The FAST-02 trial is currently
ongoing, including patients with bone metastasis in the thoracic region (114). The
first-in-human clinical trial with electron FLASH-RT (IMPulse) is a phase I dose-
escalation trial currently ongoing at CHUV in Lausanne (38). The study focuses on
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controlling skin metastases from melanoma by delivering a single fraction of 22-34
Gy, with the primary aim to find the maximum tolerated dose for small and large
lesions, respectively. Another trial in preparation at the CHUV is a randomized phase
II trial of FLASH-RT versus CONV-RT for treatment of localized cutaneous SCC or
basal cell carcinoma (39). Depending on the size of the lesion patients will receive
either a single dose of 22 Gy or a fractionated dose of 5x6 Gy. The aim is to describe
and compare the toxicity and efficacy of FLASH-RT versus CONV-RT.

Future perspectives

To reduce the risk of late toxicity in future veterinary and human head-and-neck
electron FLASH treatments, one can either reduce the total dose, improve the dose
distribution, or fractionate the treatment. With a reduced total dose, the efficacy of
the treatment found in the cohort of canines with oral tumours might be lost, which
is not desirable. If single fractions are still to be considered, homogeneous and
conformal treatments are required to avoid hot spots and reduce unwanted dose
outside the target. This was addressed in the treatment planning study in Paper V,
where it was found that the target dose homogeneity and conformity of the treatment
could be improved by intensity-modulation and range-modulation. In future canine
treatments, intensity-modulation and range-modulation will be used to evaluate
whether this approach can mitigate the normal tissue effects seen in previous single
fraction high dose FLASH-RT treatments (22,105). However, it is also of high
clinical importance to explore if FLASH-RT can be fractionated. Currently, only
limited preclinical data exists on fractionated FLASH-RT schedules (27).
Hypofractionation has been suggested as a potential clinical application for FLASH-
RT given the current shift in CONV-RT towards more hypofractionated treatment
regimens. Thus, future work will also aim to establish a clinical comparison of efficacy
between single fraction and hypofractionated FLASH-RT. The first step will be to
expand the previous work with a hypofractionated dose-escalation trial in canine
patients, to find a treatment schedule with a comparable level of normal tissue
complications as for the single fraction treatments.

A major limitation of the clinical electron FLASH studies conducted so far (except for
the interrupted feline study) is the lack of a CONV-RT arm for comparison. To gain
controlled evidence for the benefits of electron FLASH-RT, a randomized trial with
FLASH-RT and CONV-RT would be ideal. However, the design of such a
comparison is not straight-forward. If the trial is set up to investigate whether UHDR
irradiation spares normal tissue compared to CONV dose rates, then a comparison
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with equal particle type, prescribed dose, etc. for FLASH and CONV should be
conducted. On the contrary, if the trial is set up to investigate whether FLASH-RT
can improve radiotherapy treatments, a comparison with the current standard-of-care
is more appropriate. However, a CONV-RT group receiving 16-20 fractions requires
a lot of resources since a high number of patients will be needed to obtain meaningful
statistics.
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Conclusions

In the work covered in this thesis, we have promoted the clinical translation of
FLASH-RT by developing and evaluating tools and procedures to measure, plan, and
deliver an UHDR electron beam in a preclinical and clinical setting using a clinical
linear accelerator.

In the first part, we investigated the potential of transmission chamber-based beam
monitoring at UHDR. Transmission chambers are the golden standard for beam
monitoring in clinical linear accelerators but generally suffer from large
recombination effects in UHDR beams. We found that the charge collection
efficiency in large plane-parallel transmission chambers could be increased by
increasing the chamber voltage (Paper I) and reducing the electrode gap, and that the
operating DPP range of the chamber could be extended up to the UHDR regimen
(Paper II).

In the second part, we established procedures for preclinical and clinical irradiations
in the UHDR electron beam. We developed setups and dosimetric procedures for
accurate in vitro and in vivo irradiations (Paper III). These procedures are critical for
performing high quality radiobiological experiments that can help understand the
biological mechanisms underlying the observed FLASH effect, and guide the selection
of conditions and beam parameters to test in clinical trials. We also established a
workflow for clinical FLASH-RT in veterinary canine patients with spontaneous
cancers and demonstrated the feasibility of FLASH-RT in clinically relevant scenarios
(Paper IV). To avoid hot spots in future clinical trials, we evaluated a passive
intensity-modulation technique that utilizes tungsten pins in the electron block cut-
out, and we found that the homogeneity of the dose distribution could be improved
compared to an open electron beam (Paper V).

Overall, the work in this thesis provides solutions to some of the critical issues
encountered on the way towards a clinical translation of FLASH-RT. However,
before a large-scale translation of FLASH-RT can be considered, further work is
needed to solve the remaining technical and physical challenges, such as developing
treatment machines capable of safe and accurate delivery of the prescribed dose to the
patient.
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