Pre prints.org

Review Not peer-reviewed version

FLASH Radiation Therapy- Key
Physical Irradiation Parameters
and Beam Characteristics

roya boodaghi malidarre * and Hesham M.H. Zakaly

Posted Date: 24 August 2023
doi: 10.20944/preprints202308.1678.v1

Keywords: CONV-RT, FLASH-RT; ultra-high-dose-rate; beam characteristics; pulsed beams; normal tissue
sparing

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/1547683

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 August 2023 d0i:10.20944/preprints202308.1678.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

FLASH Radiation Therapy- Key Physical Irradiation
Parameters and Beam Characteristics

Roya Boodaghi Malidarre »* and Hesham M.H. Zakaly 12

! Institute of Physics and Technology, Ural Federal University, Ekaterinburg, Russia
2 Department of Physics, Faculty of Science, Al-Azhar University, 71524, Assiut, Egypt
* Correspondence: Roya_boodaghi@yahoo.com

Abstract: FLASH-RT represents a novel therapeutic radiation modality that holds remarkable
potential for mitigating radiation therapy’s adverse side effects. This cutting-edge technology
allows for the sparing of healthy tissue while precisely targeting cancerous cells by administering
an ultra-high dose-rates of typically between 10 and 30 Gy in less than a few hundred milliseconds.
FLASH-RT has demonstrated impressive results in small-animal models, prompting scientists to
adapt and advance existing technologies to make it a viable treatment option for humans. However,
producing the ultra-high-dose-rate radiation required for the therapy remains a significant
challenge. Several radiation sources, such as very high energy electrons (VHEEs), low energy
electrons, x-rays, and protons, have been studied for their ability to deliver the necessary dose.
Among them, FLASH-x-ray has gained the most attention owing to its capacity to penetrate deeply
seated tumours. Despite the complexity of the process, the potential advantages of FLASH-RT make
it an exciting area of research. To achieve the FLASH effect, high-frequency, pulsed irradiated
accelerator technology can be employed. Sparing healthy tissue, it may allow for more aggressive
and effective cancer treatments, leading to a better quality of life for patients. Ongoing research and
development will be necessary to refine and optimize this approach to radiation therapy.

Keywords: CONV-RT, FLASH-RT; ultra-high-dose-rate; beam characteristics; pulsed beams;
normal tissue sparing

1. Background

In recent decades, the discipline of radiation therapy (RT) for the treatment of cancer has
experienced a substantial impact from technological innovation [1-5]. External Beam Radiation
Therapy (EBRT), one of the current treatment options, is among the most effective when paired with
immunotherapy, chemotherapy, and surgery [6-8]. Tumour volume, field sizes, and the depth of the
tumour within the target organ are just a few of the variables that significantly impact the use of
radiation treatment [9,10]. Despite being the most widely used and successful anti-tumour therapy,
EBRT can cause both immediate and delayed tissue loss, specifically to neighbouring normal tissues.
This issue even becomes more worrying when vital organs (e.g., the lungs and heart) are exposed to
radiation [11]. According to clinical data, the patient undergoing conventional external beam
Radiation Therapy (CONV-RT), typically receives 2 Gy fractions each day for five days a week during
several weeks, which will be limited because of the toxicity to nearby vital and healthy tissue [1,12].
The limited received dose may prevent a tumour from being completely eliminated and impair the
efficiency of radiation [11]. To address this problem, a new technology of RT known as FLASH
Radiation Therapy (FLASH-RT) as an emerging technique in RT gained much interest [2, 5-8]. In
FLASH-RT, tumour and surrounding tissues receive an ultra-high-dose rate in a fraction of second
[13-16]. With the new radiation therapy technology, it is now possible to spare normal tissue while
still effectively treating malignant cells [14, 17-20]. In FLASH-RT, normal tissue sparing refers to the
ability to deliver adequate radiation to the tumour cells while minimizing exposure to neighbouring
non-tumour organs [1, 20]. The 1970s striking small-animal studies (e.g., mice, zebrafish (embryo),
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cat, rat) which have been conducted for the thorax, lung, breast, skin, bone metastases, and brain
tissues demonstrated a significant toxicity reduction in FLASH-RT than CONV-RT [21-23]. Three
decades later, different aspects of the FLASH effect have been studied by Vincent Favaudon and
Marie Catherine Vozenin’s team [1, 24]. Indeed, since demonstrating unparalleled protection for
normal tissues with FLASH-RT, a differential effect between tumour and normal tissue has been
described in this modality, and these effects have been corroborated by Lausanne [25, 26], Orsay [24],
Grenoble [27], and Stanford [28, 29]. Thus, because of a number of factors, including a shorter
irradiation time, higher curative doses than CONV-RT, and a differential effect between normal
tissue and tumour that will be justified by several main hypotheses, this promising strategy has
garnered the interest of many researchers [14,18, 20]. The next section of this review study will go
into great length on these hypotheses. The positive outcome of the first FLASH-RT clinical trial in
2019 suggests that FLASH-RT may be an effective treatment option for a number of cancer types in
individuals [28]. However, more clinical studies are required to thoroughly assess the FLASH-RT's
safety and efficiency in humans. An important topic of research is how to make the FLASH effect
more widely available so that more people can take advantage of this promising treatment. Although
several appropriate sources have already been created, more studies are required to improve their
functionality and guarantee their safety for clinical application. Potential sources for implementing
the FLASH effect and improving our understanding of this modality include very high energy
electrons (VHEESs), low energy electrons [1,3,20,21,29-31], x-rays [32,33], and protons beams [1,21, 34-
37]. Accelerator communities such as Electron-Linac (E-Linac) can produce the required dose rate for
both types of FLASH-electrons [14,38]. The pulsed irradiation of the accelerators produces high-
frequency microwaves for different intervals. The high-frequency mostly rectangular microwaves are
dependent on the source operating at around 3GHz [11]. In the most recent investigations, it was
discovered that the FLASH-RT effect is possible to be replicated with 1-10 pulses lasting 1.8-2
microseconds, an total duration of < 200 ms with a pulse dose rate exceeding 1.8*10° Gy.s [1]. Low
energy electrons are useful for FLASH-RT, but their penetration depth is limited, making them more
suited to treating shallow-seated cancers, whereas VHEESs are better suited to treating deep-seated
tumours [3,14]. FLASH-proton has recently most commonly used for preclinical studies and clinical
trials because of the energy deposition of the particles in Bragg-Peak (BP) and the finite range
advantage [14,34,35]. The costly infrastructure required to implement the FLASH effect using
FLASH-proton technology necessitates further investigation in order to compete with other FLASH-
sources in terms of preclinical and clinical trials, and beyond. Recent studies reveal that the FLASH
effect has been reported for single and multiple pulses in a wide range of instantaneous dose rates
(IDR), as well as for clinical continuous wave (CW) delivery [21]. To date, FLASH-RT literature has
been demonstrated using electrons by Loo et. al. 2017 [29], Subiel et al. 2014, 2017 [3,20], Vozenin et
al. 2018 [38], and Jorge et al. 2019 [39]. Also, the FLASH-proton modality was improved by Buonanno
et al. 2019 [35], and Kim et al. 2021 [37]. While the scarcity of ultra-high-dose-rate x-ray sources also
limits FLASH-x-ray therapy, it has the potential to overcome some of the limitations of CONV-RT.
Specifically, the highly penetrating nature of x-rays allows for treating deep-seated tumours that may
be difficult to reach with other forms of radiation therapy. One of the main challenges in
implementing FLASH-x-ray is designing efficient and durable bremsstrahlung conversion targets
that can withstand the high beam power of MeV electron sources. Bremsstrahlung radiation can be
generated when high-energy electrons are slowed down or deflected by high-Z materials [14,32]. The
given target, on the other hand, should have exceptional ductility and a high melting point for
bremsstrahlung x-ray conversion to occur with the greatest efficiency [14]. Researchers are exploring
new target materials and geometries to optimize the bremsstrahlung conversion efficiency and
durability. In addition to bremsstrahlung radiation, synchrotrons, and radioisotopes are also being
explored as alternative sources of FLASH-x-ray radiation [32]. Montay-Gruel and co-workers 2020,
2021 [32], Gao et. Al. 2020 [19], and the Esplen team 2019, 2021, and 2022 [14,33] investigated the
possibility of implementing the FLASH-x-ray technology for clinical studies. these modalities must
overcome significant hurdles before they can be translated into clinical trials. This paper provides an
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overview of the key physical irradiation parameters in FLASH-RT, beam characteristics, and
challenges ahead that need to be addressed for clinical implementation.

2. What is FLASH-RT? Non-Exclusive Hypotheses to Explain FLASH Effect

The new technology of RT, which is dubbed FLASH-RT is a promising modality that can reduce
the trauma to normal tissue around the tumour using very short radiotherapy time and ultra-high-
dose-rate irradiation [1,40-42]. This allows for a wider therapeutic window in RT and reduces the
toxicity to normal tissue. This innovative radiation therapy method has demonstrated considerable
promise in preserving or even improving the efficiency of radiation therapy against malignant cells
while lowering toxicity in normal tissue [42-45]. Growing research suggests that other beam
characteristics, such as instantaneous dose rate (IDR), period of exposure, Dose Per Pulse, and field
size, should be accurately regulated and monitored in FLASH-RT, and thus, the Mean Dose Rate is
not the only physical parameter of interest [20, 46]. It is believed that the Mean Dose Rate threshold
to observe the FLASH effect lies around 40 Gy.s"! [1,41,45]. Furthermore, the FLASH-RT exposure
period is fractions of a second as opposed to CONV-RT's exposure length of a few minutes [43-45].
The repetition rate, duration of exposure, and number and width of the pulses play an important role
in FLASH-RT technology [46]. This effect was first described using a mouse model for skin therapy
in the 1970s [21-23], and it was further explored and enhanced by Vincent Favaudon and Marie
Catherine Vozenin [25] in 2014. Recent findings in small animal models or different organ systems,
such as the lung [25], brain [47], digestive tract [48-50], and skin [38], validated the FLASH effect's
reduced normal tissue toxicity. Larger animals, such as mini-pigs, cats, and dogs, have also shown
healthy tissue sparing [38,51]. Due to FLASH-RT's ultra-high dose rate, the groundbreaking
experiments found increased radio-resistance. Also, a transitory acute radiation-induced hypoxia has
been reported during ultra-high dose rate irradiation due to oxygen consumption and rediffusion
into the irradiated volume to boost radio-resistance [52,53]. A few non-exclusive hypotheses which
have been put forward to justify the differential between healthy tissues and tumours in the FLASH
effect, will be thoroughly covered in this review work. These hypotheses are: oxygen
depletion/Reactive Oxygen Species (ROS), DNA damage, Labile Iron Pool (LIP) availability, and
immune-mediated [2,12,52,54]. FLASH irradiation at ultra-high dose rates has two direct and the
indirect impacts on tissues [12]. In the indirect method, the cytotoxic superoxide anion and its
protonated form, the hydroxyl radical, are produced as a result of the water radiolysis reaction
(interaction of hydrated electrons (e,,) and hydrogen radicals (H") with oxygen molecules) and the
generation of reactive oxygen species (ROS)(i.e., the hydroxyl radical) (see equation 1-a,b) [7,12,55].
By attaching to DNA, the generated hydroxyl free radicals can damage it in a way that is simple to
fix [7,12,52]. However, when these free radicals interact with molecular oxygen, a peroxyl radical is
produced, leading to a DNA damage that is challenging to repair. The results clearly show that
oxygen deprivation can limit DNA damage because of radiation. The increasing trend of production
of ROS and free radicals in tumour cells is due to several items including mutations in the
mitochondrial DNA, mutations in the genomic DNA, and an increase in the metabolism activity [7].

€aq + 0,20 (1a)
H + 0, > HO, (1b)

Both FLASH-RT and CONV-RT exhibit significant oxygen level variations in normal tissue as
compared to malignant tissue in Figure 1 [52]. After irradiation, rapid and large changes in O:
concentration, which are responsible for challenging DNA damage, are seen in normal tissue from
CONV-RT to FLASH-RT while such behaviour is not seen in tumour tissue. Also, FLASH-RT causes
normal tissue to lose oxygen, sparing normal tissue in the process while maintaining tumour control.
Numerous studies have been conducted to comprehend how oxygen functions in FLASH-RT as
opposed to CONV-RT. According to Adrian et al. (2020) [56], there is no longer a difference between
FLASH-RT and CONV-RT in normoxic and hypoxic environments between 5 and 10 Gy, however,
above 15 Gy FLASH demonstrated a substantial difference in cell survival for prostate malignancies.
The survival up to 25 Gy was assessed using colony formation assays. According to Khan et al. [57],
the FLASH effect caused the hypoxic core to envelop a significant portion of the well-oxygenated
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cells. They employed carbogen breathing to give healthy mice exposed to FLASH radiation more
oxygen in the brain, negating FLASH's protective properties in the process. Cooper and co-workers
[52] used the alkaline comet assay to investigate the influence of oxygen, total dose, and dose rate on

the FLASH effect vs.% tail DNA (%‘m). The assay's alkaline variant finds breaks at alkaline

labile locations, which were roughly estimated as Tail DNA, as well as single and double strand
breaks. Whole blood samples were exposed to 6 MeV electron radiation at varied oxygen tensions
and dose rates. They discovered that raising irradiation dose rates to extremely high levels may have
the protective effect of lessening DNA damage in healthy tissues. They claimed that using water
material to study the oxygen depletion effect is not a realistic mechanism in the human body. Such
studies have come under fire for being inappropriate for the comparison of FLASH and CONV
exposures. Figure 2 proves that increasing the total dose between CONV-RT and FLASH-RT from 5
Gy to 40 Gy, causes a substantial difference in DNA damage for 21%O:. For irradiation with 5 Gy
FLASH, the difference in Tail DNA (mean value) between FLASH and CONV was 2%; for irradiation
with 10 Gy FLASH, it rose to 3%. At 20, 30, and 40 Gy, the discrepancy increased significantly, with
variances of 8%, 18%, and 28%, respectively. Additionally, a difference in the percentage of tail DNA
damage for samples exposed to radiation was found by increasing the dose rate between FLASH and
CONV. The results of the investigation support the hypothesis that FLASH may result in transient
localized hypoxia that may be undetectable above or below a specific oxygen threshold.
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The inherent factors like yield of DNA damage and clustered DNA damage are likely implicated
in the difference in reaction between healthy and tumour tissue in FLASH. Using yH2AX as a marker
of DNA double-strand breaks (DSBs), which are usually caused by faulty replication forks, reactive
oxygen species (ROS), ionizing radiation, and physical or mechanical stress [58], FLASH was
demonstrated to generate less DSBs than CONV [59]. Strand breaks caused by nucleotide changes,
single-strand breaks (SSBs), or double-strand breaks (DSBs) can result in chromosome breakage and,
as a result, gene loss. FLASH irradiation caused fewer DNA damage and spared lung progenitor cells
compared to CONV [60]. FLASH inhibited senescence in both normal lung fibroblasts and lung
progenitor cells [12,60,61]. Ultra high FLASH dose rates may also result in an increase in clustered
DNA damage [12,62]. Massive cytosolic DNA induction brought on by FLASH RT can start the cGAS-
STING as a DNA Damage Response (DDR) pathway (see Figure 3) [63]. The DDR is a crucial
physiological signaling pathway for DNA damage repair. The approach is essential for maintaining
genomic integrity. The DDR pathway in breast, ovarian, prostate, and pancreatic cancer has already
been researched [64,65]. This intricate mechanism controls how DNA replication, cell growth, and
ultimately cell survival take place. By repairing DNA damage, the DDR process plays a critical role
in preserving genomic stability and integrity. cGAS-STING is a subcategory of genetoxic stress
caused by DNA damage in tissues. To promote senescence, cell death, or tissue injury like fibrosis,
this pathway increases the production of interferons (IFNs) and other innate immune proteins [12,62].
Therefore, differential cGAS-STING pathway activity between normal and tumour cells [58] may
contribute to the FLASH effect in terms of tumour management and protecting tissue from damage
such as fibrosis [60]. It is noteworthy to mention that he majority of human cancers have mutations
in DDR signaling pathway genes such as MSH1 and MSH2, BRCA1 and BRCA2, RAD51C and
RAD51D, CHK1 and CHK2 [12,66-69], which are mismatch repair, double strand break (DSB) repair,
homologous recombination, and DNA damage checkpoint genes, respectively.

Genotoxic Stress

&

cGAS-cGAMP-STING axis

/1 N\

Anti-tumor Cellular  Auto-inflammatory
Immunity Senescence Disorder

Figure 3. Genetoxic Stress cause of DNA damages in tissues. Adapted from Li et al. (2018) [63].

Iron (Fe) is a necessary element that is vital to many different biological processes, including
DNA synthesis, cell division, and DNA damage and repair [70-72]. These links have led to a strong
association between iron and the development of cancer. Iron regulatory protein expression is
frequently altered in cancer cells. As an illustration, cancer cells typically upregulate transferrin
(which increases iron intake) and downregulate ferroportin (which decreases intracellular iron efflux)
[61,72]. These modifications raise the labile iron pool (LIP), or steady-state level of intracellular redox
active iron. The LIP typically contains approximately 2% intracellular iron, which primarily exists as
ferrous iron (Fe?). The presence of the LIP distinguishes cancer cells from healthy cells metabolically.
Cancerous cells have 2 to 4 times more labile iron and higher levels of the iron efflux pump transferrin
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receptor ferroportin than healthy cells [62]. The increased availability of Fe?* in cancer cells causes the
formation of FLASH induced-organic hydroperoxide, which is promptly removed by healthy cells
with lower labile iron levels [70,71].

Inflammatory and immunological reactions, which shed light on the function of intrinsic
components in the body, are another way to produce the FLASH effect. The multifunctional cytokine
Transforming Growth Factor Beta (TGF-) which is a member of a transforming growth factor would
behave differently in CONV-RT and FLASH-RT. As a result of this tendency ROS and DNA damage
have decreased. More research is needed to determine how the CONV-RT and FLASH-RT differ in
terms of T cell activation and localization. When compared to CONV, FLASH has been shown to
boost T-lymphocyte recruitment into the tumour for lung treatment in mice. Furthermore, FLASH
RT has been shown to promote immune cell infiltration of T cells and myeloid cells into tumour
regions [12,73,74].

3. The Beam Description in FLASH-RT to Approach Clinical Trial

3.1. High Frequency Pulsed Beams

Accelerators, which naturally generate pulsed beams, are one of the primary methods for
implementing FLASH-RT. Based on the parameters of the pulses such as duration and energy value
transported in a pulse (i.e., Mean Dose Rate, D;;,) which are dependent on the electron source
characteristics and accelerating device, accelerators produce high-frequency microwaves at
predetermined intervals. Depending on the intended use of the radiation, the typical rectangular
pulse lasts 3.3 to 20 milliseconds. The majority of Linacs have pulse durations of 3-5 seconds and
repetition rates of 200-400Hz, whereas cyclotron-based proton beams are categorized as quasi-
continuous due to their short pulse durations and repetition rates of a few nanoseconds [12,73,74].
Furthermore, a specific beam's Dose Per Pulse, Dose Rate, Mean Dose Rate, and Total Treatment Time
are crucial in describing the beam's characteristics. The temporal beam properties of FLASH-RT and
CONV-RT are contrasted in Table 1. The Mean Dose Rate (D;,), which represents the dose per
fraction, is equal to 0.1 Gy.s' for CONV-RT and about 100 Gy.s for FLASH-RT. The Dose Rate in a
pulse dubbed instantaneous dose rate (IDR, Dj) is defined as the ratio of the delivered dose in one
pulse per the pulse duration. This is a crucial distinction because, in contrast to the Mean Dose Rate
(D) of 40 Gy.s! currently employed for preclinical trials to induce the FLASH effect, IDR in CONV-
RT can be comparable to or even greater [46]. The previously reported FLASH-RT results are further
supported by the considerable differences in Total Treatment Time between CONV-RT and FLASH-
RT.

Table 1. Temporal Beam characteristics of the CONV-RT and FLASH-RT, adapted from [46].

Beam Characteristics

CONV-RT FLASH-RT
Dose Per Pulse ~ 0.4 mGy ~1aGy
Dose Rate: Single Pulse ~100Gy.s™t ~10°Gy.s™t
Dj
Mean Dose Rate: Single Fraction ~0.1Gy.s™* ~100Gy.s™!
Din
Total Treatment Time days.minutes™! <

T 500ms
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The provided information in Figure 4 summarizes previous preclinical studies of the FLASH
effect using electrons, protons, and x-rays. Numerous provided studies have proved the occurrence
of the FLASH effect over a broad range of IDR for single and multiple pulses, as well as for clinical
continuous wave (CW) delivery. The FLASH effect has been documented for electron radiation in a
dose rate range of 106-107 for a single pulse lasting 10 s, and 10°-10" for a duration of 10°-10% s.
Likewise, proton irradiation has also exhibited the FLASH effect, with shoot-through beams from
clinical CW or isochronous cyclotrons operating effectively between 10! and 10% The dose rates for
FLASH-RT delivery of numerous pulses (3-50) can range from 105 to 107 [1, 20].
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Figure 4. Summary of preclinical studies using various radiation. Irradiation time for delivering 10
Gy vs. Dose rate in pulse/bunch for several previous studies. Adapted from Bourhis et al. (2019),
Schulte et al. (2023), Montay-Gruel et al. (2021) [1, 20,75].

3.2. FLASH-electron

Attempts have grown to prepare a beam which is capable of achieving the requisite dose rates
for the clinical trial in FLASH-RT. To date, FLASH-VHEEs, FLASH-low-energy electrons, FLASH-x-
ray, and FLASH-proton have been exploited for preclinical trials to cure cancer patients [13]. In
modern radiotherapy, medical linear accelerators that generate electrons of up to 25 MeV can be
applied for FLASH-low energy electrons to treat tumours [3,19]. Radiation must, however, be able to
reach deep into the tissue to produce a therapeutic dose because the majority of malignancies are
found at a depth of more than 15 cm inside the body [11,76]. Thus, using beam FLASH-low energy
electron is improbable since the benefits of this technique generally apply to skin cancers or tumours
that are close to the body's surface. Thus, employing photon or proton beam-based FLASH-RT, or
alternatively using VHEEs is a potential solution to deliver the necessary dose. These approaches
could overcome the constraints of low-energy electron beam FLASH-RT and provide a more viable
treatment option for deep-seated malignancies. According to research, a tumour depth of 30 cm
requires roughly 200-250 MeV of energy, which can be supplied utilizing FLASH-VHEEs [3,19].
Hornsey and Bewley [77] were pioneers in FLASH-VHEESs in the 1970s. They discovered that FLASH-
VHEEs creates local hypoxia in the gut and postulated which may result radiation resistance in
tissues, which might be interpreted as protection in normal tissue. One existing electron accelerator
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facility that can be used to implement FLASH-VHEEs is the 5Hz FAST SRF Linac, installed at
Fermilab. It generates beams with the energy of 50 and 300 MeV, enabling it to instantly deliver 10°
Gy per second and up to 1000 Gy for each pulse. Cornell University's CBETA CW recirculating energy
recovery linac generates a 150 MeV beam with scanning ability of 106 Gy.s at 200cm/ms [20]. Di
Martino and co-workers [78] believed that since most of the accelerators used for FLASH-electron
are accelerators used in industry or are modified medical accelerators, they could not execute beam
parameters in real-time monitoring and deliver a precise and reproducible outputs. VHEEs were
identified by Subiel et al. [3] as a substitute method for FLASH-RT implementation due to their
enhanced dosimetric characteristics. The spectral profile of the beam as it travels through the water
and the dosimetric characteristics of the VHEEs have been investigated in relation to electron bunch
duration using Monte Carlo code and then were complemented using the IBA CC04 ionization
chamber. They discovered that ultrashort high-dose-per-pulse VHEE beams considerably trigger ion
recombination in the sentient volumes of typical online detectors. As a result, IBA CC04 is an
inappropriate for ultrashort pulsed VHEE beam dosimetry using standard correction factors, as
proved by the use of an IBA CC04 chamber for both 20 and 165 MeV. Thus, dosimetry must be
established with the proper detectors to enable online dose measurements and additional systematic
research must be conducted. Focused VHEEs for radiotherapy were investigated by Kokurewicz et
al. [79] at the CERN Linear Electron Accelerator for Research (CLEAR) beamline using S-band
radiofrequency accelerator. The depth-dose profile in the water phantom for 158 and 201 MeV
focused beam and several f-numbers (f-number is f/D, where D is the diameter of the electron beam
and f is the focal length of the lens) showed on-axis dose augmentation from 5 to 6 cm depth,
supporting the idea that concentrated dose from focused VHEE beams is transferred to a specific
volume deep within tissue. The results show that radiotherapy can be made more effective by
precisely directing focused radiation beams of various f values at tumours or hypoxic regions. The
study confirms that the focusing method for VHEEs can be used for FLASH irradiation. The photons
and protons beams have similar geometric effects. Recent studies have been demonstrated that a
focused photon beam can be generated using bremsstrahlung radiation [13] (also see the next
section). The MCNP Monte Carlo dose calculation was done using the ultra-high dose rate electron
beams utilizing the electron-scattering device which was fabricated at the Dongnam Institute of
Radiological and Medical Sciences to establish the scattering device’s geometry [80]. In addition, the
off-axis and depth dose distributions have been measured and calculated using radio-chromic
materials. These observations allowed it to be established that the electron beams average energy for
traveling through the scattering device is 4.3 MeV. The off-axis dose distribution's symmetry and
flatness were found to be 0.11% and 2.33%, respectively. At a Source to Surface Distance (SSD) range
of 20-90 cm, the dose per pulse varied between 0.2 and 4 Gy/pulse; this quantity was also subject to
variations due to the heater current and radiofrequency power of the electron gun. The radiation rate
was 180 Gy.s! at an SSD of 30 cm and a repetition rate of 100 Hz, which was sufficient for the
preclinical FLASH tests. Additionally, the VHEEs dose is distinguished from the current low-energy
therapeutic electrons by a significant transverse penumbra and little scattering at tissue surfaces.
Although VHEE accelerators are currently more expensive and larger than low-energy electron
clinical accelerators, new technologies like X-band radio-frequency (RF) accelerators and laser-
plasma wake-field accelerators have made it possible to access VHEESs sources as compact VHEEs
[79].

3.3. FLASH-x-ray

The relative rarity of ultra-high-dose-rate x-ray sources restricts the application of FLASH-x-ray
in clinical practice [4, 13]. However, it's very penetrating nature, which can be used to treat deep-
seated tumours, has attracted attention [4,13,25]. There are three main ways to produce high energy
x-rays (HEX) for FLASH-RT: synchrotron radiation, bremsstrahlung radiation, and radioisotopes
[13]. Using gun electrons to accelerate electrons up to GeV, synchrotron radiation was accidentally
discovered in 1946. After that, the electrons are contained in a ring with a big diameter where they
can move freely and produce electromagnetic light when a magnetic field is applied. Synchrotron
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FLASH-x-ray modalities-specific technologies include synchrotron broad-beam radiation and
synchrotron micro-beam radiation [32,81]. In the 1960s, Zeman and co-workers [82] reported
surprising outcomes from the application of microscale beams in therapy in Brookhaven National
Laboratory (BNL). They discovered that whereas 1 mm thick beamlets killed cerebral tissue and
caused a hole, mice with normal tissues did not get any detrimental effects from 25 micrometer beam
deuteron irradiation (neither blood vessel destruction nor their normal brain tissue architecture are
described). Due to its capacity to treat malignancies while sparing normal tissue, synchrotron micro-
beam radiation therapy (MRT) has gained popularity since that discovery [20, 83]. On the other hand,
mice's entire bodies had been exposed to synchrotron broad-beam radiation treatment (SBBR) and
micro-beam radiation therapy (MRT) decades earlier in Australia without exhibiting any typical
tissue-sparing effects. Designing a suitable and highly effective electron-to-photon (i.e.,
bremsstrahlung radiation) converter is one of the difficulties in deploying FLASH-x-ray for clinical
studies [13,32]. The process of accelerating light-charged particles (electrons) up to MeV and then
impinging on high Z metal targets like tantalum (Ta) is dubbed Bremsstrahlung radiation which
generates x-rays and heat [32]. This x-ray source is extremely useful in FLASH-x-ray radiotherapy
and diagnostic imaging technology. As a result of electron beam’s interactions with the target, heat
may be produced that causes the target to melt. A larger melting point T materials like tungsten (Z =
74, T =3422°C) or tantalum (Z =73, T = 3017°C) can be so efficient in comparison with other materials.
Contrarily, gold is an inadequate target material for high dose rate x-ray generation due to its high Z
=79 but low T = 1064°C melting temperature. In conclusion, high Z-material converters must be used
to maximize the effectiveness of bremsstrahlung x-ray conversion, and the best materials have high
melting points and excellent ductility [13,32]. For this purpose, Esplen et. al. used a 2D-Gaussian
monoenergetic electron source with a range of 300 keV to 10 MeV for the Advanced Rare Isotope
Laboratory (ARIEL) e-linac which is located in TRIUMF. The target converter in FLASH-x-ray from
the aforementioned study's computer-aided design (CAD) model is shown in Figure 5. The target
thickness (t), electron beam size (20), and electron energy (E) are taken into consideration as being as
follows: t = 500-1500 pm, 20 = 2-10 mm, E = 8, 10 MeV and the effect of these parameters has been
researched. Using the simplified model of the electron beam, the resultant dose was computed
utilizing BEAMnrc Monte Carlo simulation code. The produced phase space data using BEAMnrc
Monte Carlo code was applied to execute depth-dose simulations in water phantom type utilizing
DOSXYZnrc code. In a case of the source-to-surface distance (SSD) of 7.5 cm, the absorbed dose was
calculated in voxels with the volume of 0.2 mm?. Additionally, the reported dose rate at the phantom
surface is up to 128 Gy. s while this value at 1 cm depth is 85 Gy. s. The calculations were done for
at 1 x 1 cm? field size, a 1 mm thick Tantalum target, and a 7.5 cm SSD. Ta's strong temperature
resistance and tolerance to radiation damage presented persuasive evidence for employing Ta as the
target [13]. Gao et al. [18] generated HEX-FLASH by the PARTER (platform for advanced
radiotherapy research) built on CTFEL (Chengdu THz Free Electron Laser facility) using the tungsten
target. The applied linac in their study produces produce electrons with the energy range of 6 to
8 MeV and adjustable mean current of up to 10mA. To measure the dose received by each mouse,
radiochromic (EBT3) film have been placed among the mice and the PMMA holder. To monitor the
dose received by the mice, a CeBrs scintillator type detector was installed downstream of the mice.
The GEANT Monte Carlo code was used to run the simulation. The fast current transformer (FCT)
devices accurately measured the electron beam's parameters, which were then fed into the GEANT
Monte Carlo code. Three batches of the tumor-bearing mice were created: control group, FLASH
group, and CONV group. Then, three separate experiments were conducted for whole-thorax
irradiation and whole-abdomen irradiation. The mean tumor volume and the survival in tumor
bearing mice were assessed in each group. Outcomes showed that in the thorax-irradiated healthy
mice experiment a significant difference in survival among three group and the risks of death
decreased 81% in FLASH group in comparison with CONV group. The reduction in risks of death in
whole-abdomen irradiation was about 62% in FLASH group. A blue-staining areas were found in all
three groups for whole-abdomen irradiation. The blue-staining area in control group was thin while
for CONV group was thick. This area for FLASH was between control and CONV group. The blue-
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stained area demonstrated that the inflammatory response following radiation resulted in collagen
fiber regeneration.
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Figure 5. The CAD model for the target converter in FLASH-x-ray. a) Components of target converter,
OD=Outer Diameter, ta=flange thickness, TIG = tungsten inert gas weld, b) view of the target window,
c) assembled prototype Adapted from Esplen et al. (2022) [13].

Third method to produce HEX is High-activity radioisotopes which have been taken into
account for ultra-high dose-rate radiation. These include ®Co sources for both teletherapy and
brachytherapy, as well as 1%2Ir seeds for brachytherapy. The discovery that the ©°Co teletherapy source
is only useful for treating superficial tumours makes it conceivable to use it for skin treatments. The
difference in half-lives between 2Ir and %Co, which are respectively 7.3 years and 74 days, is not
significant for FLASH due to the short irradiation time (and can only be discussed in terms of
unwanted radiation aspects), and the two sources can still generate extremely high dose rates that
can be used to implement the FLASH effect. However, the employment of ©¥Co was restricted due to
the development of more intricate shielding materials to attenuate the 9Co sources because of the
difference average energy of ©°Co, which is roughly 1.25 MeV, compared to 0.355 MeV for '*2Ir sources
[32].

3.4. FLASH-proton

One possible option to translate FLASH technology into clinical trials is the FLASH-proton
strategy. The first clinical trial for an animal model in FLASH-proton was carried out by A. Patriarca
et al. [16] and M. Buonanno et al. [35]. In the case of FLASH-proton, one of the main challenges is the
limited availability of irradiators that can produce ultra-high-dose rates needed for FLASH-proton
and the generated mean dose is far too low to elicit the FLASH [13]. While the costly infrastructure
of FLASH-proton is the primary ongoing challenge for implementing the FLASH-proton, the energy
deposition of proton in Bragg-Peak (BP) and using for deep-seated tumours made this method so
interesting to investigate [79]. The finite range of protons, and consequently elimination the exit dose,
which causes low-dose radiation bath and consequently minimizing the second cancer risk is the
effectiveness of the FLASH-proton [84]. However, some biological uncertainties in proton therapy
are disadvantage of this technology and future study in proton will be investigation of DNA damage
in proton therapy [85]. The zebrafish embryo proton irradiation has been carried out by E. Beyreuther
et al. [34] at the University of Proton Therapy Dresden (UPTD). The Cyclone 230 cyclotron, situated
at the UPTD, is capable of generating a FLASH-like proton beam suitable for pre-clinical trials. In this
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study, the implementation of the FLASH proton beam was successful for a specific sample, and the
results obtained were superior to those achieved with CONV-RT, albeit for a single dose point only.
The experimental setup consists of a beam monitor-chamber (BM-IC) and a Bragg peak chamber (BP-
IC) as secondary dosimeters and two scatterers located at Pos.1 and Pos.2. The scatterers in Pos.1
attenuated the proton fluence to achieve the desired dose for CONV-RT, while scatterers in Pos.2
enabled the delivery of the proton dose rate for FLASH-proton. Furthermore, EBT3 film was
employed in front of the Markus ionization chamber (M-IC) or zebrafish embryos to evaluate beam
divergence, emittance, and spot size. It is worth mentioning that researchers and scientists are
currently exploring new beam technologies for FLASH-proton, including the use of proton pencil
beam scanning techniques. While this technique precludes the use of radiation for full-volume
irradiation, it permits the attainment of 3-D conformity. However, due to the beam size, the predicted
irradiation time is longer than that for conventional FLASH-proton therapy. This is due to the step-
and-shoot scanning technique employed for lateral and in-depth scanning using pencil beam

scanning.
Beam exit Sample
with BM-IC holder
BP-IC Scatterer Collimator
Pos. 1 Pos. 2 @ 20 mm

<+ >

I
]um |;

| EBTS film
Il M-IC / zebrafish embryos

Figure 6. Schematic representation of the experimental setup for FLASH-proto. Adapted from
Beyreuther et al. (2019) [34].

4. Future of FLASH-RT

At a key juncture in medical history, when cancer treatment has become a serious concern in the
world, the research and efforts of FLASH radiation professionals can aid in the general use of this
technique. To do this, the challenges ahead must be identified, and appropriate solutions to overcome
these hurdles must be supplied. As noted in this and other colleagues' works, the identification of a
suitable source capable of producing such a high dose to execute the FLASH effect is being
researched. Several sources have been studied in medical centers for human samples and more
extensively for animal samples, with encouraging findings. However, according to recent research of
specialists in this sector, it appears that by removing the source-related constraints, this technology
can make a significant jump in the field of medical sciences. We can look into high temperature
plasma and UV laser sources for possible application in FLASH-x-rays for this purpose [86,87]. Also,
because there haven't been many research on radioisotopes like ®°Co and *Ir, they could be a suitable
alternative for large dose manufacturing. For example, the required activity does the cobalt source
need to produce such a large dose (It is understudy by our team)? To achieve such a high dose, a few
iridium seeds, which are extensively used in brachytherapy, must be irradiated. Furthermore, the
shape of the radiation field (square or rectangular, ...) would be of great interest, which has not yet
been examined (It is understudy by our team). Moreover, the equipment required to perform the
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FLASH effect has already been supplied for tiny animal samples and slightly bigger samples, but can
this equipment create an adequate radiation field for human samples? In addition, recently several
studies found that the efficacy of treatment with CONV-RT and FLASH-RT can be so useful for
patients. The effect of fractionated FLASH-RT on tumor is still in early stage [1].

5. Conclusions

FLASH-RT is a revolutionary technology that is still in its early stages of development. Many
research offered evidence to support the success of the FLASH-RT method, which is encouraging.
The researchers discovered that the FLASH effect requires a dose rate of 40 Gy.s” and an exposure
time of a fraction of a second. Studies suggest that this technique significantly enhances the difference
between normal and tumours, which may be explained by the following hypotheses: oxygen
depletion/Reactive Oxygen Species (ROS), DNA damage, Labile Iron Pool (LIP) availability, and
immune-mediated. One challenge in implementing the FLASH effect is producing an ultra-high-
dose-rate beam, which is made possible by the development of high frequency pulsed accelerators.
Numerous investigations have shown that the FLASH effect occurs throughout a wide range of IDR
for one and multiple pulses, as well as for CW delivery. There are numerous obstacles to the broad
application of this technology in patient treatment, which can only be overcome via the ongoing
efforts of researchers in this field. Given the growing number of cancer patients throughout the
world, the widespread use of this technology and the resolution of impending obstacles can lead to
an increase in cancer patients' life expectancy.
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