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Simple Summary: FLASH radiotherapy (RT) delivering ultra-high dose rate radiation can reduce
normal tissue toxicity while effectively treating tumors. However, implementing FLASH RT in
clinical settings faces challenges like limited depth penetration and complex treatment planning.
Monte Carlo simulation is a valuable tool to optimize FLASH RT. Radiation detectors, including
diamond detectors like microDiamond and ionization chambers, play a crucial role in accurately
measuring dose delivery. Moreover, optically stimulated luminescence dosimeters and radiochromic
films are used for validation. Advancements are being made to improve detector accuracy in FLASH
RT. Further research is needed to refine treatment planning and detector performance for widespread
FLASH RT implementation, which can potentially revolutionize cancer treatment.

Abstract: Radiotherapy (RT) using ultra-high dose rate (UHDR) radiation, known as FLASH RT,
has shown promising results in reducing normal tissue toxicity while maintaining tumor control.
However, implementing FLASH RT in clinical settings presents technical challenges, including limited
depth penetration and complex treatment planning. Monte Carlo (MC) simulation is a valuable
tool for dose calculation in RT and has been investigated for optimizing FLASH RT. Various MC
codes, such as EGSnrc, DOSXYZnrc, and Geant4, have been used to simulate dose distributions and
optimize treatment plans. Accurate dosimetry is essential for FLASH RT, and radiation detectors play
a crucial role in measuring dose delivery. Solid-state detectors, including diamond detectors such as
microDiamond, have demonstrated linear responses and good agreement with reference detectors in
UHDR and ultra-high dose per pulse (UHDPP) ranges. Ionization chambers are commonly used for
dose measurement, and advancements have been made to address their response nonlinearities at
UHDPP. Studies have proposed new calculation methods and empirical models for ion recombination
in ionization chambers to improve their accuracy in FLASH RT. Additionally, strip-segmented
ionization chamber arrays have shown potential for the experimental measurement of dose rate
distribution in proton pencil beam scanning. Radiochromic films, such as Gafchromic™ EBT3, have
been used for absolute dose measurement and to validate MC simulation results in high-energy X-rays,
triggering the FLASH effect. These films have been utilized to characterize ionization chambers and
measure off-axis and depth dose distributions in FLASH RT. In conclusion, MC simulation provides
accurate dose calculation and optimization for FLASH RT, while radiation detectors, including
diamond detectors, ionization chambers, and radiochromic films, offer valuable tools for dosimetry
in UHDR environments. Further research is needed to refine treatment planning techniques and
improve detector performance to facilitate the widespread implementation of FLASH RT, potentially
revolutionizing cancer treatment.
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1. Introduction

While radiotherapy (RT) utilizes ionizing radiation to damage and eliminate cancer
cells, radiation-induced toxicity restricts the maximum deliverable dose [1,2]. Ultra-high
dose rate (UHDR) RT, known as FLASH RT, can solve this problem, as it delivers radiation
at a rate several orders of magnitude higher than conventional clinical RT [3]. The FLASH
effect, referred to as UHDR (>40 Gy/s) RT, reduces damage to healthy tissues while
maintaining antitumor effectiveness [4]. The flash effect, now termed FLASH RT, was
initially reported by Dewey and Boag in 1959, but gained prominence after 2014 with
in vivo studies demonstrating reduced normal tissue toxicity while achieving similar tumor
control compared to conventional RT [5].

The first patient treated with FLASH RT was a 75-year-old individual with multiresis-
tant CD30+ T-cell cutaneous lymphoma that had disseminated throughout the skin surface.
FLASH treatment was delivered using a specialized 5.6 MeV LINAC, designed specifically
for FLASH RT. The prescribed dose to the planning target volume was 15 Gy delivered in
90 milliseconds (ms). Dosimetric measurements using GafChromic films and alanine were
performed to ensure dose consistency [6].

Numerous in vivo studies have investigated the FLASH effect and its potential benefits.
For instance, a study evaluated lung fibrogenesis in mice subjected to UHDR irradiation
and conventional dose rate irradiation, demonstrating improved outcomes and spared
normal smooth muscles and epithelial cells from acute radiation-induced apoptosis with
UHDR irradiation [7]. FLASH RT shows promise as a treatment option with significant
potential for improving outcomes, particularly for pancreatic cancer, which currently faces
limitations due to gastrointestinal toxicity [8].

However, the clinical implementation of FLASH RT presents technical challenges.
Conventional linear accelerators are unable to generate therapeutic doses beyond a 15 cm
depth, limiting FLASH RT to skin cancers or tumors located close to the body surface [9].
Treatment planning for FLASH RT is complex and currently under investigation to deter-
mine the best methods and optimization techniques. Several studies have explored the
application of Monte Carlo (MC) codes for dose calculation in FLASH RT [10]. Moreover,
dosimetry in FLASH RT is challenging due to the delivery of high instantaneous doses,
necessitating a comprehensive understanding of factors influencing detector response [11].

Although FLASH RT has primarily been studied using X-rays, the FLASH effect has
been validated in preclinical experiments using electrons and protons, with both particle
types operated at mean dose rates above 40 Gy/s [12]. Notably, the immunological memory
response in mice was found to be similar between electron and proton beams, independent
of dose rate [13]. Fractional delivery in FLASH RT typically involves a sequence of pulses
with a frequency of approximately 100 Hz (interval between pulses ~ 10 ms) and a dose
per pulse greater than 1 Gy, enabling fraction delivery within a few tenths of a second [14].

The sparing effect of FLASH RT on normal cells is influenced by oxygen depletion,
with varying oxygen levels in tumors and normal tissues affecting the efficacy of the
FLASH effect [15]. Determining the precise dose required to induce the effect is crucial
and requires further investigation [16]. Studies using carbon ion irradiation explored the
response of CHO-K1 cells to irradiation at different dose rates under various levels of
oxygenation. FLASH irradiation with a dose rate of 70 Gy/s demonstrated a significant
FLASH effect and oxygenation dependence [17]. Furthermore, FLASH RT has been found
to spare normal tissue temporarily due to hypoxia resulting from oxygen depletion induced
by UHDR irradiation [18]. Depleting cellular oxygen at the FLASH dose rate was shown
to be achievable with an oxygen concentration of 0.4% and a dose rate of 5-10 Gy [19].
Dosimetry performance and optimization of FLASH dose rates have been systematically
evaluated in hypofractionated lung cancer patients, enabling the optimization of Bragg
Peak and transmission plans to achieve acceptable plan quality [19].

Moreover, FLASH irradiation induces different cell death mechanisms, including
pyroptosis, apoptosis, and necrosis, with varying ratios in cancer stem cells and normal
cancer cells. Cancer stem cells exhibit greater resistance to radiation under FLASH irradia-
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tion, potentially due to increased lysosome-mediated autophagy and decreased necrosis,
apoptosis, and pyroptosis. Further investigations are warranted to better understand the
radioresistance of cancer stem cells [20].

2. Monte Carlo Simulation

MC simulation is recognized as one of the most accurate methods for dose calcu-
lation in RT [21]. Bazalova-Carter et al. investigated the application of MC methods in
percentage depth dose calculation using electron beams of different sizes (50 and 70 MeV).
The EGSnrc/BEAMnrc and DOSXYZnrc MC codes were employed to calculate the dose
in a polystyrene phantom. The simulation results exhibited good agreement (within 5%)
with the measured data for depth—dose curves and beam profiles. However, there was a
discrepancy of 42% between the calculated and measured doses [21].

Palma et al. utilized the same MC codes (EGSnrc/BEAMnrc and DOSXYZnrc [22,23])
to perform dose distribution calculations for very high-energy electron beams in five clinical
cases. Additionally, MC simulation was employed for dose calculation using two 160 kV
X-ray tubes, where the difference between experimental results and simulations was within
3.6% [24]. Geant4 is another widely used software for simulating particle transport in
matter and has been employed for dose calculation and new hardware design in FLASH
research [24]. In another study, BEAMnrc MC codes were used to model a LINAC. The
resulting phase-space file from the simulation was fed into DOSXYZnrc to calculate the
3D dose distribution in a voxel-based phantom. Comparison between the simulated
and experimentally measured results showed good agreement for different maximum
dose ranges (Rmax, Rog, Rgp, and Rsg). The deviation between the MC-calculated percent
depth dose (PDD) curves and the measurements was 5.2% [25]. EGSnrc (release v2023) MC
software modules, namely BEAMnrc and DOSXYZnrc, were employed to create a treatment
plan for whole-brain RT. The simulation demonstrated that two lateral opposing 40 MeV
electron beams could be used to deliver a FLASH dose rate of >115 Gy/s for whole-brain
RT, highlighting its potential for clinical application [26].

The UHDR of FLASH therapy presents new challenges, such as the need for a new
shielding system. MC simulation can provide a solution for simulating such a shielding
system, as explored in a study [27]. Another investigation focused on ionizing radiation
acoustic imaging through simulation and its potential as a dosimetric tool for FLASH
RT. Ionizing radiation acoustic imaging is an imaging technique that creates dose-related
images by utilizing acoustic waves generated through the thermoacoustic effect in response
to ionizing radiation. A full 3D dose distribution was simulated using the EGSnrc (BEAM-
nrc/DOSXYZnrc [22,23]) MC simulation code in a phantom witha 1 x 1 cm? field. The
simulation results were verified using Gafchromic films. The experimental measurements
and dose simulation agreed within an approximately 5% relative error for the central beam
region at up to 80% dose, both for the central profile region and the percentage depth dose.
This study demonstrates the feasibility of utilizing ionizing radiation acoustic imaging
as a dosimeter for depth—-dose measurement and beam localization in FLASH RT [28].
These studies highlight the use of MC simulation in dose calculation, treatment planning,
hardware design, shielding system simulation, and dosimetry for various aspects of RT,
including both conventional and FLASH techniques.

3. Radiation Dose Detectors

Radiation detectors play a vital role in various fields, including medical physics, radia-
tion protection, and high-energy sensitive imaging [29]. Recent advancements in detector
technology have introduced exciting developments, such as the photon counting detector
that utilizes semiconductor materials to generate electronic signals in response to incident
X-ray photons [30]. Another noteworthy innovation is the pressurized ionization chamber
detector, which enables the characterization of alpha and beta radioactive sources and
can measure radioactive sources in internal 27t or 47t geometry [31]. Furthermore, the
availability of 2D and 3D ionization chamber arrays allows for real-time dose verifica-
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tion [32]. The application of these novel dosimetric technologies in UHDR dose delivery
holds significant promise.

In the context of FLASH RT, UHDR per pulse is necessary to achieve the FLASH
effect. However, real-time dosimetry poses a significant challenge. Conventional vented
ionization chambers used for dosimetry exhibit substantial deviation from linearity as the
dose rate per pulse increases, primarily due to recombination losses in the sensitive air
volume. Solid-state detectors offer good response stability with respect to accumulated
dose and present a promising alternative. Diamond detectors, among other solid-state
detectors, have been extensively utilized in RT applications [33].

These advancements in radiation detector technology enhance the accuracy and relia-
bility of dose measurements, allowing for improved outcomes in various fields, including
FLASH RT and conventional RT.

3.1. Diamond Detector

Diamond detectors possess high radiosensitivity and offer excellent spatial resolu-
tion, making them well suited for applications involving large dose gradients and small
fields [34]. The viability of diamond detectors, such as microDiamond, is being investigated
for their potential use in FLASH RT. The microDiamond detector functions as a Schottky
diode, where the sensitive volume of a diamond is positioned between a metallic contact
and a p-type diamond structure that serves as the back contact. This arrangement generates
a depletion region in the contact area, which possesses an inherent potential and serves as
the sensitive volume. As a result, there is no need for an external bias voltage to operate
the detector. Figure 1 illustrates the equivalent circuit of this diode [35].
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Figure 1. Circuit diagram for a diode representation of a diamond detector. Reproduced
from reference [35] under the Creative Commons Attribution 4.0 International License (https:
/ /creativecommons.org/licenses /by /4.0/ (accessed on 1 July 2023)).

In the context of FLASH RT, a specific diamond detector designed for dosimetry
purposes was introduced. The study focused on its application in both ultra-high dose per
pulse (UHDPP) and UHDR beams utilized in FLASH RT. The detector was successfully
implemented in an electron FLASH LINAC, and it exhibited linearity within the dose per
pulse range. The study demonstrated strong agreement between dose per pulse, output
factor (ratio of the dose in air for a given field to that for a reference field), and beam profile
measurements when compared to a reference detector [36].

To address the inherent response nonlinearities observed in conventional detectors, a
novel diamond-based Schottky diode detector was developed. The prototype’s response
linearity was influenced by the size of its active volume and series resistance. However,
through proper tuning and adjustment, the detector layout was able to achieve linearity up
to at least 20 Gy/pulse [37].
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The unique properties of diamond detectors, along with their improved linearity and
dose measurement capabilities, make them promising candidates for enhancing dosimetry
accuracy in both FLASH RT and conventional RT settings.

3.2. Ionization Chamber

In clinical practice, ionization chambers are commonly used for both absolute and
relative dose measurements in radiation therapy. These chambers are particularly useful in
regions with high dose gradients [38]. For FLASH RT, specific ionization chambers such
as the 2D strip segmented ionization chamber array were developed for the experimental
measurement of 2D dose rate distributions [39]. However, the standard ionization chamber
can be significantly affected by UHDR per pulse due to the electric field generated by the
large density of charges from the dose pulse [40].

To address the dosimetric challenges associated with UHDR per-pulse irradiation,
researchers have explored modifications and calculation methods for ionization chambers.
A study introduced a new calculation method for the free electron fraction in an ionization
chamber. By modeling the capture process of electrons and evaluating the free electron frac-
tion, they were able to estimate the response of the ionization chamber after irradiation [41].
Another study proposed an empirical model of ion recombination in an ionization chamber
for UHDR per pulse electron beams. The study compared the observed ion recombina-
tion output with various theoretical models and found that taking ion recombination into
account enables the ionization chamber to function for dose measurements at UHDR per
pulse [42].

In the context of proton therapy and FLASH irradiation, different models of ionization
chambers have been evaluated. One study investigated the response of four ionization
chamber models for spread-out Bragg peak proton FLASH irradiation. The study found
that plane-parallel chambers with smaller gaps between electrodes are more favorable
for FLASH RT dose measurements [43]. Furthermore, efforts have been made to improve
the ion collection efficiency of ionization chambers to make them suitable for FLASH
RT. For example, the ion collection efficiency of vented ionization chambers was studied
for the UHDR electron beam, and the dependences of the sensitive air volume on the
design of chamber and electric field were evaluated. The results indicated a decrease in ion
collection efficiency within the UHDR range. The extent of the decrease varied depending
on factors such as electrode distribution, electric field strength, and chamber voltage
in the sensitive air volume [44]. Another study developed and characterized an ultra-
thin parallel plate ionization chamber that showed potential for extending the dose rate
operating range to the ultra-high dose per pulse range used in FLASH RT. To accommodate
the ultra-thin ionization chamber (UTIC) and a specifically modified diamond detector
(referred to as flash-diamond) for UHDR, a polymethyl methacrylate (PMMA) phantom
was constructed. The flash-diamond served as a reference dosimeter for the experiment, as
shown in Figure 2 [45].
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Figure 2. The experimental setup at SIT (Italy). On the left side, there is the ElectronFlash, a linear
accelerator (1), which is utilized with a 100 mm diameter applicator (2). On the right side is the PMMA
phantom (1) accompanied by the flash-diamond (2) and the ultra-thin ionization chamber (3) that
are prepared for irradiation with the 35 mm diameter applicator (4). Reproduced from reference [45]
under the Creative Commons Attribution 4.0 International License (https:/ /creativecommons.org/
licenses/by/4.0/ (accessed on 1 July 2023)).

Additionally, novel ionization chamber technologies have been explored for online
dosimetry in FLASH RT. The RazorTM Nano Chamber, with its small sensitive volume,
has demonstrated higher ion collection efficiency compared to larger chambers, making it
a potential tool for online dosimetry in FLASH RT [46].

The development and refinement of specialized ionization chambers, calculation meth-
ods, and online dosimetry tools are essential for advancing the field of radiation dosimetry
in FLASH RT. These advancements aim to ensure accurate and reliable dose measurements
in the context of UHDR delivery, facilitating the safe and effective implementation of
FLASH RT in clinical practice.

3.3. Radiochromic Film

Radiochromic film is a dosimeter that possesses desirable characteristics for radiation
responses, such as independence from radiation energy and dose rate, as well as a negligible
volume effect [47]. The effectiveness of the different types of radiochromic film depends on
their dose sensitivity, accuracy, and response to environmental conditions [48].

In the context of FLASH RT a study utilized Gafchromic™ EBT3 radiochromic film
to measure the dose in high-energy X-rays capable of triggering the FLASH effect in mice.
The film was placed between the mice and the PMMA holder to measure the dose, and it
was also used to validate MC simulation results [49]. Another investigation performed a
dosimetric characterization of a plane-parallel ionization chamber under UHDR conditions
using radiochromic films. Radiochromic films were used to verify the beamline setup,
measure depth—dose distribution and dose profile, and serve as a reference for ionization
chamber characterization. The study revealed significant recombination losses and polarity
effects in the ionization chamber [50].

An electron-scattering device was created for the practical use of UHDR electron
beams in FLASH preclinical research at the Dongnam Institute of Radiological and Med-
ical Sciences [51]. The scattering device’s geometry for a 6-MeV linear accelerator was
determined using Monte Carlo N-particle transport simulations. Radiochromic films were
used to measure the off-axis and depth dose distributions with the scattering device. The
measured dose per pulse varied from 4.0 to 0.2 Gy/pulse at different source-to-surface
distances (SSD) ranging from 20 cm to 90 cm. At an SSD of 30 cm and a repetition rate of
100 Hz, the dose rate reached 180 Gy/s, providing a sufficient dose rate for conducting
small-animal FLASH studies.
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Furthermore, radiochromic film has been employed in various applications within the
establishment of FLASH RT. In a study involving canine cancer patients, radiochromic film
(GafChromic EBT-XD) was utilized for dose measurements on a phantom and to measure
dose per pulse. The film was also used for in vivo dose measurements at the skin’s surface
to verify the delivered dose. The experimental configuration depicted in Figure 3 illustrates
the setup utilized for conducting measurements using radiochromic film to determine both
the total dose and dose per pulse [52]. These measurements were correlated with the signal
obtained from a Farmer-type ionization chamber (NE 2505/3-3A), which was positioned
within a specially designed holder placed in the applicator.

Figure 3. Experimental arrangement employed in the preparation of each patient’s treatment. Ra-
diochromic film was utilized to conduct measurements on phantoms that simulated the treatment
geometry. These measurements encompassed the total dose, number of pulses, and dose per pulse
intended for delivery to the patients. A Farmer-type ionization chamber was employed as the output
monitor. Reproduced from reference [52] under the Creative Commons Attribution 4.0 International
Li-cense (https://creativecommons.org/licenses/by/4.0/ (accessed on 1 July 2023)).

In addition, radiochromic film was used in conjunction with the MC FLUKA code to
measure dose in FLASH irradiation and investigate the enhancement of radio-resistance in
normal fibroblast cells under conditions of hypoxia and mitochondrial dysfunction [53].

In proton FLASH dosimetry, different radiochromic films have been compared for their
dose rate dependency. A study conducted at the ARRONAX cyclotron facility evaluated
GAFchromic™ EBT-XD, GAFchromic™ EBT3, and OrthoChromic OC-1 films after proton
irradiation. The study found that OC-1 films exhibited dose rate independence in proton
beams up to 7500 Gy /s, while caution should be exercised when using EBT-XD and EBT3
films at dose rates exceeding 10 Gy [54]. Another study focused on dosimetry in proton
pencil beam scanning FLASH RT, employing MC codes for simulations and Gafchromic®
EBTS3 films for dose measurements. The investigation aimed to determine the absolute
dose for FLASH proton beam radiotherapy using a primary standard proton calorimeter,
achieving an uncertainty of 0.9% through the application of correction factors [55].

By leveraging the capabilities of radiochromic film and its compatibility with various
dosimetric techniques and simulations, researchers continue to advance the field of dosime-
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try in FLASH RT, enabling accurate and precise dose measurements necessary for the safe
and effective implementation of this promising treatment modality.

3.4. Alanine

Alanine dosimetry is a widely used method in high-dose dosimetry, relying on irra-
diated crystalline alanine that is measured using electron paramagnetic resonance (EPR)
spectrometry. It is renowned for its exceptional stability in post-irradiation response [56].
Alanine dosimeters are commonly employed for calibration services and are suitable for a
wide range of industrial applications due to their energy independence (above 100 keV)
and minimal dose rate effects [57].

While alanine dosimetry is accurate, its application in FLASH RT for biological ex-
periments and clinical use requires a reduction in reading time. One study focused on
optimizing an alanine dosimeter by improving the acquisition of EPR spectra using a
Bruker spectrometer. Parameters such as the number of scans, time constraints, conversion
time, microwave power, and modulation amplitude of the magnetic field were investigated
for optimization purposes [58].

In the context of specific radiation sources, another study compared an alanine de-
tector with a PTW PinPoint ionization chamber (used as a reference) for an orthovoltage
X-ray source with an average dose rate of 11.6 kGy/s. The study concluded that the ala-
nine dosimeter is suitable for the UHDR calibration of orthovoltage X-ray sources [59].
Elsewhere, a study examined the use of an alanine-based dosimetry system to precisely
evaluate absorbed dose to water in UHDR per pulse electron beams. The electron beam
used in the study had a range of 0.15-6.2 Gy/pulse, and MC simulation was employed
to calculate the conversion factor required for alanine dosimetry and determine the beam
quality [60]. The absolute dosimetry of the Oriatron eRT6 linear accelerator was examined
using alanine, thermo-luminescent dosimeters (TLD), radiochromic films, and an ionization
chamber for relative stability [61]. A comparison of results between alanine, films, and
TLD demonstrated a dose agreement within 3% for dose rates ranging from 0.078 Gy /s
to 1050 Gy/s. This indicates that such dosimeters are suitable for absolute dosimetry in
FLASH RT. A comparison was made between the reference dosimetry using the PinPoint
ionization chamber and alanine dosimetry for synchrotron X-ray sources [59]. The results
revealed a relative response of 0.932 £ 0.027 (10) for the alanine pellets irradiated at the
European Synchrotron Radiation Facility (ESRF) compared to the ®°Co facility at National
Centre for Radiation Research and Technology. These findings took into account corrections
for the ESRF polychromatic spectrum and the different field sizes used. Therefore, it can be
confirmed that alanine is a suitable dosimeter for calibrating orthovoltage X-ray sources
operating at UHDR.

Furthermore, research has demonstrated the applicability of alanine dosimeters and
TLDs for dosimetry in FLASH RT. By imposing specific requirements on the procedure, such
as optimizing conversion time, time constant, microwave power, modulation amplitude
of the magnetic field, and the number of scans, a maximum dose deviation of 1.8% was
achieved for the dose range of 10 Gy-100 Gy, while keeping the deviation to the reference
within +2% [58]. Moreover, studies have shown that alanine dosimeters exhibit good
agreement with TLDs, and alanine dosimetry provides the closest match between the
expected and measured doses. Figure 4 presents the bias of various detectors, including
alanine, film, and TLD, in relation to the expected doses in both conventional RT and
UHDR RT [62].
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Figure 4. The (left) plot shows the relative bias to target value in phantom for alanine, film and
TLD in conventional RT and UHDR RT. The (right) plot shows the biases for each dose detector
and dose rate mode. Reproduced from reference [62] under the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/ (accessed on 1 July 2023)).

For the irradiation of biological models with pulsed electron beams at UHDR, dosime-
try procedures involving alanine dosimeters, films, and TLDs have been investigated. These
methods demonstrated dose agreements within 3% for dose rates ranging from 0.078 Gy /s
to 1050 Gy/s, making them suitable for FLASH RT. The studies also emphasized the impor-
tance of appropriate setup and correction factors, as active dosimetry without them can
lead to dose deviations of up to 15% of the prescribed dose. However, by following the
proposed study setup and procedure, the deviations can be reduced to less than 3% [61].

The ongoing research and optimization efforts in alanine dosimetry highlight its
potential for accurate and reliable dose measurements in the context of FLASH RT, paving
the way for its integration into clinical practice and biological studies.

3.5. Radioluminescence, Cherenkov Radiation Dosimetry, and Others

Recently, there have been significant advancements in utilizing Cherenkov energy
as a monitoring tool for biological changes, such as oxygen levels, during radiotherapy.
Cherenkov emission occurs naturally as a byproduct of RT when high-energy charged
particles surpass the local phase velocity of light within a dielectric medium, resulting in
the emission of optical photons [63].

Studies have explored spatial-temporal beam profiling for electrons in UHDR condi-
tions using Cherenkov emission, radioluminescence imaging, and complementary metal
oxide semiconductor (CMOS) cameras. Surface dosimetry was investigated by imaging
scintillation or Cherenkov emission from a solid water phantom (Gd,O,5:Tb) and compar-
ing the optical imaging results with the response measured by Gafchromic film at various
depths. The pulse-per-beam output from Cherenkov imaging agreed within 3% with
photomultiplier tube Cherenkov output. Scintillation and Cherenkov emission showed
linearity with dose (R? = 0.995 and 0.987, respectively) and were independent of dose rate
in the range of approximately 50 Gy/s to 300 Gy/s (0.18-0.91 Gy/pulse) [64].

In another study, a nitrogen-doped, silica-based multimodal optical fiber was exam-
ined for monitoring very UHDR conditions through radiation-induced emission. The
findings indicated that the emission of radiation from this fiber exhibited a linear de-
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pendence on the dose rate over a broad range of dose rates (1072 Gy(SiOy)/s to a few
10° Gy(SiO,)/s) and photon energies (40 keV to 19 MeV). This is depicted in Figure 5,
highlighting its significant potential for beam monitoring in UHDR scenarios [65].
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Figure 5. The dose rate dependence of radiation-induced luminescence (RIL) in nitrogen-doped
optical fiber was investigated in response to X-ray radiation. Reproduced from reference [65] under
the Creative Commons Attribution 4.0 International Li-cense (https:/ /creativecommons.org/licenses/
by/4.0/ (accessed on 1 July 2023)).

Fricke or ferrous ammonium sulphate detectors, which are chemical-based dosimeters,
rely on the oxidation of ferrous and ferric ions, followed by their interaction with ionizing
radiation. These dosimeters possess properties similar to water since they consist of 96%
water by weight. They can serve as absorbed doses to water primary standards in high-
energy electron beams [66].

A novel plastic scintillator capable of resolving individual pulses with a temporal
resolution as short as 2.5 ms was investigated in a study. The plastic scintillator’s response
measurement exhibited linearity with ionization chamber measurement (within <1%) over
a dose range of 4-20 Gy and pulse frequencies of 18-180 Hz. Under reference conditions,
the plastic scintillator maintained its dose-response even under ultra-high pulsed dose rate
conditions and agreed with EBT-XD film dose measurements within >4%. It demonstrated
a linear and reproducible response, accurately measuring the absorbed dose from a 16 MeV
electron beam with an ultrahigh pulsed dose rate [67].

One study focused on the first characterization of six real-time point scintillation
dosimeters using five phosphors (Al,O3:C, Mg; Y,03:Eu; Al;O5:C; (C3gH34P2)MnBry and
(C3gH34P2)MnCly) in an ultra-high pulsed dose rate electron beam. The linearity of response
with dose was tested by varying the number of pulses, and a linearity with R2 > 0.9989 was
observed up to at least 200 Gy [68].

The response of three detectors, Gafchromic EBT-XD film, optically stimulated lumi-
nescence (OSL), and the CC13 ionization chamber was investigated in UHDR conditions.
Experimental results showed that EBT-XD film can be used in FLASH experiments without
requiring any dose rate correction up to at least 2 x 10* Gy/s. The agreement between
the doses measured with film at different distances from the scattering foil and the doses
computed using the effective inverse square law confirmed this. OSL measurements also ex-
hibited agreement with the inverse square law, maintaining independence up to 280 Gy/s.
The ionization chamber achieved reasonable agreement between the modeled and mea-
sured chamber efficiency; however, the discrepancies exceeded the clinically used tolerance
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of 2% [69]. Over the years, OSL has emerged as a strong competitor for thermolumines-
cence dosimetry and other dosimetry systems [70]. In spite of the promise that OSL offers
in terms of UHDR conditions, it is limited by available materials, many of which (e.g.,
Al,O3:C) were first introduced in the 1960’s. The key will be to identify new materials
specifically designed for FLASH—that is, with tuned bandgap, radiation hardness, high
radiative recombination efficiency of trapped carriers, linearity in deep state creation as a
function of dose up to high doses, and excellent minority carrier lifetime and transport. It is
likely that such materials will rely on nanostructured materials where size quantization of
electronic states can allow for tailored spectral output, enhanced exciton binding energies,
and polarization anisotropy to provide for higher performance and more versatile materials
and likely the next generation of OSL for FLASH.

The potential of lead-doped scintillator dosimeters for use in FLASH-capable UHDR
X-ray beams was investigated. The study demonstrated that the lead-doped scintillators
were independent of dose rate for UHDR X-rays in the range of 1.1 Gy/s to 40.1 Gy/s.
When compared with MC simulations, the dose to water measured with the lead-doped
(5%) scintillator detector agreed within 0.6% [71].

In the first positron emission tomography imaging and dosimetry study of a FLASH
proton beam, the radiation environment was characterized using cadmium-zinc-telluride
and a plastic scintillator counter [72].

A fiber optic radiation sensor created with a plastic scintillator, an optical filter, and
a plastic optical fiber was explored for use in FLASH RT. The sensor detected radiation-
induced emissions such as fluorescence and Cherenkov radiation generated within the
transmitting optical fiber. The sensor’s output was measured at different distances from
an electron scattering device and compared with the output of an ionization chamber and
radiochromic films [73].

The EDGE detector, based on diodes, was also studied to characterize FLASH beams
and its response compared to other detectors. The EDGE detector showed agreement with
film measurements within 2% on average over the measured range of varying doses (up
to 70 Gy), dose per pulse (up to 0.63 Gy /pulse), and dose rate (nearly 200 Gy/s). It also
agreed with the W1 scintillation detector for dose per pulse (up to 0.78 Gy /pulse) within
2% on average. The EDGE detector demonstrated the ability to quantify the beam spatially
and temporally with sub-millisecond resolution, making it suitable for in vivo studies [74].

These studies contribute to the advancement of dosimetry methods for FLASH RT
and provide valuable insights into the performance and potential applications of various
detectors in ultra-high dose rate scenarios.

4. Future Prospective

The future prospects of radiation dosimetry in FLASH RT hold significant promise for
advancing this emerging treatment modality. Dosimetry plays a crucial role in accurately
measuring and monitoring the dose delivered during RT, and its importance is further
magnified in the context of FLASH RT, which involves ultra-high dose rates and unique
delivery techniques.

One of the key areas of focus for future dosimetry in FLASH RT is the development
of specialized detectors capable of accurately measuring the high dose rates associated
with this treatment. Conventional dosimeters may exhibit limitations in their response
time and saturation effects at such extreme dose rates. Research efforts are underway
to explore novel dosimetry technologies that can provide real-time measurements and
maintain accuracy in the presence of rapid dose delivery.

Additionally, there is a need to investigate the dosimetric properties of various radia-
tion modalities used in FLASH RT, including electron beams, proton beams, and X-rays.
Each modality may have distinct dosimetric characteristics, and understanding their behav-
ior in the context of FLASH RT is crucial for optimizing treatment planning and ensuring
accurate dose delivery. Comparative studies and advancements in MC simulation tech-
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niques can contribute to a deeper understanding of the dosimetric aspects specific to
FLASH RT.

The development and validation of comprehensive dosimetry systems specifically
designed for FLASH RT are also anticipated in the future. These systems would encompass
not only dose measurement devices, but also data acquisition, analysis, and quality assur-
ance tools tailored to the unique requirements of FLASH RT. Such systems would facilitate
precise and reliable dose calculations, treatment verification, and patient safety in clinical
implementations of FLASH RT.

Moreover, the exploration of advanced imaging techniques integrated with dosimetry
in FLASH RT holds great potential. Real-time imaging modalities, such as in vivo dosimetry
using electronic portal imaging devices or onboard imaging systems, can provide valuable
information on dose distribution during treatment delivery. Combining imaging data with
dosimetric measurements can enable continuous monitoring and adaptive strategies to
further enhance the accuracy and safety of FLASH RT.

The future prospects of radiation dosimetry in FLASH RT are centered around the
development of specialized detectors, comprehensive dosimetry systems, and integration
with advanced imaging technologies. Continued research and collaboration between
radiation oncologists, medical physicists, and engineers is vital to address the dosimetric
challenges and unlock the full potential of FLASH RT as an innovative and effective cancer
treatment option.

5. Conclusions

FLASH RT demonstrates tremendous potential as a cancer treatment option; however,
further investigation is needed before it can be widely adopted. Future FLASH devices
may require the ability to perform multiple-field conformal radiation to reduce toxicity in
healthy tissues compared to single-field approaches [2]. While most of the current FLASH
studies have focused on electron beams, proton beams, and X-ray beams, they have shown
beneficial effects [75]. In addition to the dosimetry challenges associated with FLASH RT,
further research is required for its successful clinical implementation [76]. Caution should
be exercised during the clinical application of FLASH RT until a comprehensive understand-
ing of the biological effects and a thoroughly tested dosimetry system are established [77].
Ongoing research endeavors to unravel the fundamental mechanisms responsible for the
distinctive tissue-sparing benefits of FLASH radiation. By comprehending how FLASH RT
influences biological responses in both healthy tissues and cancer cells, researchers hope to
develop enhanced treatment protocols to enhance patient outcomes.

In particular, the FLASH effect is influenced by various factors such as total dose, dose
rate, pulse rate, radiation modality, and fractionation. Hence, accurate dose monitoring is
vital in delivering the desired effect. Continued research and investigation into suitable
dosimeters for FLASH RT will facilitate its further development and implementation in
diverse types of cancer treatments [78,79].

Author Contributions: Conceptualization, J.C.L.C. and H.E.R.; methodology, S.S., ].C.L.C. and
H.E.R,; resources, ].C.L.C. and H.E.R.; writing—original draft preparation, S.S.; writing—review
and editing, S.S., ].C.L.C. and H.E.R.; visualization, S.S.; project administration, ].C.L.C. and H.E.R.;
funding acquisition, J.C.L.C. and H.E.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Government of Canada’s New Frontiers in Research
Fund—Exploration (Grant number: NFRFE-2022-00707), through the three federal research funding
agencies (CIHR, NSERC and SSHRC).

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2023, 15, 3883 13 of 16

References

1.  Lv,Y;Lv, Y;Wang, Z; Lan, T,; Feng, X.; Chen, H.; Zhu, J.; Ma, X.; Du, ].; Hou, G.; et al. FLASH radiotherapy: A promising new
method for radiotherapy (Review). Oncol. Lett. 2022, 24, 419. [CrossRef]

2. Lin, B; Gao, F; Yang, Y.; Wu, D.; Zhang, Y.; Feng, G.; Dai, T.; Du, X. FLASH Radiotherapy: History and Future. Front. Oncol. 2021,
11, 644400. [CrossRef]

3. Hughes, J.R.; Parsons, ].L. FLASH Radiotherapy: Current Knowledge and Future Insights Using Proton-Beam Therapy. Int. J.
Mol. Sci. 2020, 21, 6492. [CrossRef] [PubMed]

4. Lin, B.; Huang, D.; Gao, F; Yang, Y.; Wu, D.; Zhang, Y.; Feng, G.; Dai, T.; Du, X. Mechanisms of FLASH effect. Front. Oncol. 2022,
12,995612. [CrossRef]

5. Esplen, N.; Mendonca, M.S.; Bazalova-Carter, M. Physics and biology of ultrahigh dose-rate (FLASH) radiotherapy: A topical
review. Phys. Med. Biol. 2020, 65, 23TR03. [CrossRef] [PubMed]

6. Bourhis, J.; Sozzi, W.J.; Jorge, P.G.; Gaide, O.; Bailat, C.; Duclos, E; Patin, D.; Ozsahin, M.; Bochud, F.; Germond, ].-E; et al.
Treatment of a first patient with FLASH-radiotherapy. Radiother. Oncol. 2019, 139, 18-22. [CrossRef]

7. Favaudon, V.; Caplier, L.; Monceau, V.; Pouzoulet, F,; Sayarath, M.; Fouillade, C.; Poupon, M.-E; Brito, I.; Hupé, P.; Bourhis,
J.; et al. Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue in mice. Sci.
Transl. Med. 2014, 6, 245ra93. [CrossRef]

8. Okoro, C.M,; Schiiler, E.; Taniguchi, C.M. The Therapeutic Potential of FLASH-RT for Pancreatic Cancer. Cancers 2022, 14, 1167.
[CrossRef]

9.  Matuszak, N.; Suchorska, W.M.; Milecki, P.; Kruszyna-Mochalska, M.; Misiarz, A.; Pracz, ].; Malicki, ]. FLASH radiotherapy: An
emerging approach in radiation therapy. Rep. Pract. Oncol. Radiother. 2022, 27, 343-351. [CrossRef]

10. Rahman, M,; Trigilio, A.; Franciosini, G.; Moeckli, R.; Zhang, R.; Bohlen, T.T. FLASH radiotherapy treatment planning and models
for electron beams. Radiother. Oncol. 2022, 175, 210-221. [CrossRef] [PubMed]

11.  Subiel, A.; Romano, F. Recent developments in absolute dosimetry for FLASH radiotherapy. Br. |. Radiol. 2023, 96, 20220560.
[CrossRef] [PubMed]

12.  Montay-Gruel, P.; Corde, S.; Laissue, ].A.; Bazalova-Carter, M. FLASH radiotherapy with photon beams. Med. Phys. 2022, 49,
2055-2067. [CrossRef]

13. Almeida, A.; Togno, M.; Ballesteros-Zebadua, P.; Franco-Perez, J.; Geyer, R.; Schaefer, R.; Petit, B.; Grilj, V.; Meer, D.; Safai, S.; et al.
Dosimetric and biologic intercomparison between electron and proton FLASH beams. bioRxiv 2023. preprint. [CrossRef]

14. ElNagqa, I; Pogue, B.W.; Zhang, R.; Oraiqat, I; Parodi, K. Image guidance for FLASH radiotherapy. Med. Phys. 2022, 49, 4109-4122.
[CrossRef]

15.  Moon, E.J.; Petersson, K.; Olcina, M.M. The importance of hypoxia in radiotherapy for the immune response, metastatic potential
and FLASH-RT. Int. ]. Radiat. Biol. 2022, 98, 439-451. [CrossRef]

16. Abolfath, R.; Grosshans, D.; Mohan, R. Oxygen depletion in FLASH ultra-high-dose-rate radiotherapy: A molecular dynamics
simulation. Med. Phys. 2020, 47, 6551-6561. [CrossRef]

17.  Tinganelli, W.; Sokol, O.; Quartieri, M.; Puspitasari, A.; Dokic, I.; Abdollahi, A.; Durante, M.; Haberer, T.; Debus, J.; Boscolo,
D.; et al. Ultra-High Dose Rate (FLASH) Carbon Ion Irradiation: Dosimetry and First Cell Experiments. Int. ]. Radiat. Oncol. 2022,
112,1012-1022. [CrossRef]

18. Alanazi, A.; Meesungnoen, J.; Jay-Gerin, J.-P. A Computer Modeling Study of Water Radiolysis at High Dose Rates. Relevance to
FLASH Radiotherapy. Radiat. Res. 2020, 195, 149-162. [CrossRef] [PubMed]

19. Wei, S.; Lin, H.; Choi, ].I; Simone, C.B.; Kang, M. A Novel Proton Pencil Beam Scanning FLASH RT Delivery Method Enables
Optimal OAR Sparing and Ultra-High Dose Rate Delivery: A Comprehensive Dosimetry Study for Lung Tumors. Cancers 2021,
13, 5790. [CrossRef]

20. Yang, G.; Lu, C.; Mei, Z,; Sun, X.; Han, J.; Qian, J.; Liang, Y,; Pan, Z.; Kong, D.; Xu, S.; et al. Association of Cancer Stem Cell
Radio-Resistance Under Ultra-High Dose Rate FLASH Irradiation With Lysosome-Mediated Autophagy. Front. Cell Dev. Biol.
2021, 9, 672693. [CrossRef]

21. Li, Y, Sun, X,; Liang, Y.; Hu, Y.; Liu, C. Monte Carlo simulation of linac using PRIMO. Radiat. Oncol. 2022, 17, 185. [CrossRef]
[PubMed]

22. Kawrakow, I.; Rogers, D.W. The EGSnrc Code System; NRC Report PIRS-701; NRC: Ottawa, ON, Canda, 2000; Volume 17, p. 108.

23. Walters, B.R.; Kawrakow, L; Rogers, D.W. DOSXY Znrc Users Manual; NRC Report Pirs; NRC: Ottawa, ON, Canda, 2005; Volume
794, pp. 57-58.

24. Gao, Y; Liu, R.; Chang, C.; Charyyev, S.; Zhou, J.; Bradley, ].D.; Liu, T.; Yang, X. A potential revolution in cancer treatment: A
topical review of FLASH radiotherapy. J. Appl. Clin. Med. Phys. 2022, 23, €13790. [CrossRef]

25. Lazarus, G.L.; van Eeden, D.; du Plessis, E.C. Validation of Monte Carlo-based calculations for megavolt electron beams for IORT
and FLASH-IORT. Heliyon 2022, 8, e10682. [CrossRef]

26. Breitkreutz, D.Y.; Shumail, M.; Bush, K.K.; Tantawi, S.G.; Maxime, P.G.; Loo, B.W. Initial Steps Towards a Clinical FLASH

Radiotherapy System: Pediatric Whole Brain Irradiation with 40 MeV Electrons at FLASH Dose Rates. Radiat. Res. 2020, 194,
594-599. [CrossRef]


https://doi.org/10.3892/ol.2022.13539
https://doi.org/10.3389/fonc.2021.644400
https://doi.org/10.3390/ijms21186492
https://www.ncbi.nlm.nih.gov/pubmed/32899466
https://doi.org/10.3389/fonc.2022.995612
https://doi.org/10.1088/1361-6560/abaa28
https://www.ncbi.nlm.nih.gov/pubmed/32721941
https://doi.org/10.1016/j.radonc.2019.06.019
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.3390/cancers14051167
https://doi.org/10.5603/rpor.a2022.0038
https://doi.org/10.1016/j.radonc.2022.08.009
https://www.ncbi.nlm.nih.gov/pubmed/35964763
https://doi.org/10.1259/bjr.20220560
https://www.ncbi.nlm.nih.gov/pubmed/37086074
https://doi.org/10.1002/mp.15222
https://doi.org/10.1101/2023.04.20.537497
https://doi.org/10.1002/mp.15662
https://doi.org/10.1080/09553002.2021.1988178
https://doi.org/10.1002/mp.14548
https://doi.org/10.1016/j.ijrobp.2021.11.020
https://doi.org/10.1667/RADE-20-00168.1
https://www.ncbi.nlm.nih.gov/pubmed/33300999
https://doi.org/10.3390/cancers13225790
https://doi.org/10.3389/fcell.2021.672693
https://doi.org/10.1186/s13014-022-02149-5
https://www.ncbi.nlm.nih.gov/pubmed/36384637
https://doi.org/10.1002/acm2.13790
https://doi.org/10.1016/j.heliyon.2022.e10682
https://doi.org/10.1667/RADE-20-00069.1

Cancers 2023, 15, 3883 14 of 16

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Rosenstrom, A.; Santana-Leitner, M.; Rokni, S.H.; Shumail, M.; Tantawi, S.; Dewji, S.; Loo, B.W. Monte Carlo simulation of
shielding designs for a cabinet form factor preclinical MV-energy photon FLASH radiotherapy system. Med. Phys. 2023, 50,
3055-3065. [CrossRef] [PubMed]

Sunbul, N.H.B.; Zhang, W.; Oraiqat, I.; Litzenberg, D.W.; Lam, K.L.; Cuneo, K.; Moran, J.M.; Carson, P.L.; Wang, X.; Clarke,
S.D.; et al. A simulation study of ionizing radiation acoustic imaging (iRAI) as a real-time dosimetric technique for ultra-high
dose rate radiotherapy (UHDR-RT). Med. Phys. 2021, 48, 6137-6151. [CrossRef]

Brunbauer, F.; Lupberger, M.; Oliveri, E.; Resnati, F; Ropelewski, L.; Streli, C.; Thuiner, P.; van Stenis, M. Radiation imaging with
optically read out GEM-based detectors. J. Instrum. 2018, 13, T02006. [CrossRef]

Esquivel, A.; Ferrero, A.; Mileto, A.; Baffour, E; Horst, K.; Rajiah, P.S.; Inoue, A.; Leng, S.; McCollough, C.; Fletcher, J.G.
Photon-Counting Detector CT: Key Points Radiologists Should Know. Korean J. Radiol. 2022, 23, 854-865. [CrossRef]

Calin, M.R. Gas spherical ionization chamber. ]. Radioanal. Nucl. Chem. 2011, 290, 361-366. [CrossRef]

Yoosuf, A.M.; Jeevanandam, P.; Whitten, G.; Workman, G.; McGarry, C.K. Verification of high-dose-rate brachytherapy treatment
planning dose distribution using liquid-filled ionization chamber array. J. Contemp. Brachytherapy 2018, 10, 142-154. [CrossRef]
Ashraf, M.R.; Rahman, M.; Zhang, R.; Williams, B.B.; Gladstone, D.].; Pogue, B.W.; Bruza, P. Dosimetry for FLASH Radiotherapy:
A Review of Tools and the Role of Radioluminescence and Cherenkov Emission. Front. Phys. 2020, 8, 328. [CrossRef]
Ravichandran, R.; Binukumar, J.P.; Al Amri, I.; Davis, C.A. Diamond detector in absorbed dose measurements in high-energy
linear accelerator photon and electron beams. J. Appl. Clin. Med. Phys. 2016, 17, 291-303. [CrossRef]

Kranzer, R.; Schiiller, A.; Bourgouin, A.; Hackel, T.; Poppinga, D.; Lapp, M.; Looe, H.K.; Poppe, B. Response of diamond detectors
in ultra-high dose-per-pulse electron beams for dosimetry at FLASH radiotherapy. Phys. Med. Biol. 2022, 67, 075002. [CrossRef]
Rinati, G.V,; Felici, G.; Galante, F; Gasparini, A.; Kranzer, R.; Mariani, G.; Pacitti, M.; Prestopino, G.; Schiiller, A.; Vanreusel,
V.; et al. Application of a novel diamond detector for commissioning of FLASH radiotherapy electron beams. Med. Phys. 2022, 49,
5513-5522. [CrossRef]

Marinelli, M.; Felici, G.; Galante, F.; Gasparini, A.; Giuliano, L.; Heinrich, S.; Pacitti, M.; Prestopino, G.; Vanreusel, V.; Verellen,
D.; et al. Design, realization, and characterization of a novel diamond detector prototype for FLASH radiotherapy dosimetry.
Med. Phys. 2022, 49, 1902-1910. [CrossRef]

Polaczek-Grelik, K.; Kawa-Iwanicka, A.; Michalecki, L. Dosimetric accuracy of a cross-calibration coefficient for plane-parallel
ionization chamber obtained in low-energy electron beams using various cylindrical dosimeters. Pol. . Med. Phys. Eng. 2021, 27,
303-313. [CrossRef]

Yang, Y.; Shi, C.; Chen, C,; Tsai, P; Kang, M.; Huang, S.; Lin, C.; Chang, F.; Chhabra, A.M.; Choi, ].I; et al. A 2D strip ionization
chamber array with high spatiotemporal resolution for proton pencil beam scanning FLASH radiotherapy. Med. Phys. 2022, 49,
5464-5475. [CrossRef]

Di Martino, F; Del Sarto, D.; Bisogni, M.G.; Capaccioli, S.; Galante, F.; Gasperini, A.; Linsalata, S.; Mariani, G.; Pacitti, M.; Paiar,
F; et al. A new solution for UHDP and UHDR (Flash) measurements: Theory and conceptual design of ALLS chamber. Phys.
Medica 2022, 102, 9-18. [CrossRef]

Di Martino, F,; Del Sarto, D.; Barone, S.; Bisogni, M.G.; Capaccioli, S.; Galante, F.; Gasparini, A.; Mariani, G.; Masturzo, L.;
Montefiori, M.; et al. A new calculation method for the free electron fraction of an ionization chamber in the ultra-high-dose-per-
pulse regimen. Phys. Medica 2022, 103, 175-180. [CrossRef]

Petersson, K.; Jaccard, M.; Germond, J.-F; Buchillier, T.; Bochud, F.; Bourhis, J.; Vozenin, M.-C.; Bailat, C. High dose-per-pulse
electron beam dosimetry—A model to correct for the ion recombination in the Advanced Markus ionization chamber. Med. Phys.
2017, 44, 1157-1167. [CrossRef]

Darafsheh, A.; Hao, Y.; Zhao, X.; Zwart, T.; Wagner, M.; Evans, T.; Reynoso, E; Zhao, T. Spread-out Bragg peak proton FLASH
irradiation using a clinical synchrocyclotron: Proof of concept and ion chamber characterization. Med. Phys. 2021, 48, 4472-4484.
[CrossRef] [PubMed]

Kranzer, R.; Poppinga, D.; Weidner, J.; Schiiller, A.; Hackel, T.; Looe, H.K.; Poppe, B. Ion collection efficiency of ionization
chambers in ultra-high dose-per-pulse electron beams. Med. Phys. 2021, 48, 819-830. [CrossRef]

Goémez, F.; Gonzalez-Castaiio, D.M.; Fernandez, N.G.; Pardo-Montero, ].; Schiiller, A.; Gasparini, A.; Vanreusel, V.; Verellen, D.;
Felici, G.; Kranzer, R.; et al. Development of an ultra-thin parallel plate ionization chamber for dosimetry in FLASH radiotherapy.
Med. Phys. 2022, 49, 4705-4714. [CrossRef]

Cavallone, M.; Jorge, P.G.; Moeckli, R.; Bailat, C.; Flacco, A.; Prezado, Y.; Delorme, R. Determination of the ion collection efficiency
of the Razor Nano Chamber for ultra-high dose-rate electron beams. Med. Phys. 2022, 49, 4731-4742. [CrossRef] [PubMed]
Gonzalez-Lopez, A.; Lago-Martin, ].-D.; Vera-Sanchez, ].-A. Small fields measurements with radiochromic films. J. Med. Phys.
2015, 40, 61-67. [CrossRef]

Aldweri, EM.; Abuzayed, M.H.; Al-Ajaleen, M.S.; Rabaeh, K.A. Characterization of Thymol blue Radiochromic dosimeters for
high dose applications. Results Phys. 2018, 8, 1001-1005. [CrossRef]

Gao, F; Yang, Y.; Zhu, H.; Wang, J.; Xiao, D.; Zhou, Z.; Dai, T.; Zhang, Y.; Feng, G.; Li, J.; et al. First demonstration of the FLASH
effect with ultrahigh dose rate high-energy X-rays. Radiother. Oncol. 2022, 166, 44-50. [CrossRef] [PubMed]

Poppinga, D.; Kranzer, R.; Farabolini, W.; Gilardi, A.; Corsini, R.; Wyrwoll, V.; Looe, HK_; Delfs, B.; Gabrisch, L.; Poppe, B. VHEE
beam dosimetry at CERN Linear Electron Accelerator for Research under ultra-high dose rate conditions. Biomed. Phys. Eng.
Express 2020, 7, 015012. [CrossRef] [PubMed]


https://doi.org/10.1002/mp.16290
https://www.ncbi.nlm.nih.gov/pubmed/36780153
https://doi.org/10.1002/mp.15188
https://doi.org/10.1088/1748-0221/13/02/T02006
https://doi.org/10.3348/kjr.2022.0377
https://doi.org/10.1007/s10967-011-1373-7
https://doi.org/10.5114/jcb.2018.75599
https://doi.org/10.3389/fphy.2020.00328
https://doi.org/10.1120/jacmp.v17i2.5690
https://doi.org/10.1088/1361-6560/ac594e
https://doi.org/10.1002/mp.15782
https://doi.org/10.1002/mp.15473
https://doi.org/10.2478/pjmpe-2021-0036
https://doi.org/10.1002/mp.15706
https://doi.org/10.1016/j.ejmp.2022.08.010
https://doi.org/10.1016/j.ejmp.2022.11.001
https://doi.org/10.1002/mp.12111
https://doi.org/10.1002/mp.15021
https://www.ncbi.nlm.nih.gov/pubmed/34077590
https://doi.org/10.1002/mp.14620
https://doi.org/10.1002/mp.15668
https://doi.org/10.1002/mp.15675
https://www.ncbi.nlm.nih.gov/pubmed/35441716
https://doi.org/10.4103/0971-6203.158667
https://doi.org/10.1016/j.rinp.2018.01.050
https://doi.org/10.1016/j.radonc.2021.11.004
https://www.ncbi.nlm.nih.gov/pubmed/34774651
https://doi.org/10.1088/2057-1976/abcae5
https://www.ncbi.nlm.nih.gov/pubmed/34037536

Cancers 2023, 15, 3883 15 of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Jeong, D.H.; Lee, M.; Lim, H.; Kang, S.K.; Lee, S.J.; Kim, H.C.; Lee, K.; Kim, S.H.; Lee, D.E.; Jang, K.W. Electron beam scattering
device for FLASH preclinical studies with 6-MeV LINAC. Nucl. Eng. Technol. 2020, 53, 1289-1296. [CrossRef]

Konradsson, E.; Arendt, M.L.; Jensen, K.B.; Borresen, B.; Hansen, A.E.; Back, S.; Kristensen, A.T.; Rosenschold, PM.A.; Ceberg, C.;
Petersson, K. Establishment and Initial Experience of Clinical FLASH Radiotherapy in Canine Cancer Patients. Front. Oncol. 2021,
11, 658004. [CrossRef]

Han, J.; Mei, Z.; Lu, C; Qian, J.; Liang, Y.; Sun, X,; Pan, Z.; Kong, D.; Xu, S.; Liu, Z.; et al. Ultra-High Dose Rate FLASH Irradiation
Induced Radio-Resistance of Normal Fibroblast Cells Can Be Enhanced by Hypoxia and Mitochondrial Dysfunction Resulting
From Loss of Cytochrome C. Front. Cell Dev. Biol. 2021, 9, 672929. [CrossRef]

Villoing, D.; Koumeir, C.; Bongrand, A.; Guertin, A.; Haddad, F.; Métivier, V.; Poirier, E; Potiron, V.; Servagent, N.; Supiot, S.; et al.
Technical note: Proton beam dosimetry at ultra-high dose rates (FLASH): Evaluation of GAFchromic™ (EBT3, EBT-XD) and
OrthoChromic (OC-1) film performances. Med. Phys. 2022, 49, 2732-2745. [CrossRef] [PubMed]

Lourengo, A.; Subiel, A.; Lee, N.; Flynn, S.; Cotterill, J.; Shipley, D.; Romano, E; Speth, J.; Lee, E.; Zhang, Y.; et al. Absolute
dosimetry for FLASH proton pencil beam scanning radiotherapy. Sci. Rep. 2023, 13, 2054. [CrossRef] [PubMed]

Desrosiers, M.F. Optical Passive Sensor Calibration for Satellite Remote Sensing and the Legacy of NOAA and NIST Cooperation.
J. Res. Natl. Inst. Stand. Technol. 2014, 119, 277-295. [CrossRef]

Desrosiers, M.E,; Publ, ].M.; Cooper, S.L. An absorbed-dose/dose-rate dependence for the alanine-EPR dosimetry system and its
implications in high-dose ionizing radiation metrology. J. Res. Natl. Inst. Stand. Technol. 2008, 113, 79-95. [CrossRef]

Gondré, M.; Jorge, P.G.; Vozenin, M.-C.; Bourhis, ].; Bochud, F; Bailat, C.; Moeckli, R. Optimization of Alanine Measurements for
Fast and Accurate Dosimetry in FLASH Radiation Therapy. Radiat. Res. 2020, 194, 573-579. [CrossRef]

Soliman, Y.S.; Pellicioli, P.; Beshir, W.; Abdel-Fattah, A.A.; Fahim, R.A.; Krisch, M.; Brduer-Krisch, E. A comparative dosimetry
study of an alanine dosimeter with a PTW PinPoint chamber at ultra-high dose rates of synchrotron radiation. Phys. Medica 2020,
71,161-167. [CrossRef]

Bourgouin, A.; Hackel, T.; Marinelli, M.; Kranzer, R.; Schiiller, A.; Kapsch, R.-P. Absorbed-dose-to-water measurement using
alanine in ultra-high-pulse-dose-rate electron beams. Phys. Med. Biol. 2022, 67, 205011. [CrossRef]

Jorge, P.G.; Jaccard, M.; Petersson, K.; Gondré, M.; Duran, M.T.; Desorgher, L.; Germond, J.-F; Liger, P.; Vozenin, M.-C.; Bourhis,
J.; et al. Dosimetric and preparation procedures for irradiating biological models with pulsed electron beam at ultra-high dose-rate.
Radiother. Oncol. 2019, 139, 34-39. [CrossRef] [PubMed]

Jorge, P.G.; Melemenidis, S.; Grilj, V.; Buchillier, T.; Manjappa, R.; Viswanathan, V.; Gondré, M.; Vozenin, M.-C.; Germond, J.-F.;
Bochud, F; et al. Design and validation of a dosimetric comparison scheme tailored for ultra-high dose-rate electron beams to
support multicenter FLASH preclinical studies. Radiother. Oncol. 2022, 175, 203-209. [CrossRef]

Rickard, A.G.; Yoshikawa, H.; Palmer, G.M.; Liu, H.Q.; Dewhirst, M.W.; Nolan, M.W.; Zhang, X. Cherenkov emissions for
studying tumor changes during radiation therapy: An exploratory study in domesticated dogs with naturally-occurring cancer.
PLoS ONE 2020, 15, €0238106. [CrossRef]

Rahman, M.; Ashraf, M.R.; Zhang, R.; Gladstone, D.J.; Cao, X.; Williams, B.B.; Hoopes, P.J.; Pogue, B.W.; Bruza, P. Spatial and
temporal dosimetry of individual electron FLASH beam pulses using radioluminescence imaging. Phys. Med. Biol. 2021, 66,
135009. [CrossRef] [PubMed]

Vidalot, J.; Campanella, C.; Dachicourt, J.; Marcandella, C.; Duhamel, O.; Morana, A.; Poujols, D.; Assaillit, G.; Gaillardin, M.;
Boukenter, A.; et al. Monitoring of Ultra-High Dose Rate Pulsed X-ray Facilities with Radioluminescent Nitrogen-Doped Optical
Fiber. Sensors 2022, 22, 3192. [CrossRef]

Romano, F; Bailat, C.; Jorge, P.G.; Lerch, M.L.E,; Darafsheh, A. Ultra-high dose rate dosimetry: Challenges and opportunities for
FLASH radiation therapy. Med. Phys. 2022, 49, 4912-4932. [CrossRef]

Poirier, Y.; Xu, J.; Mossahebi, S.; Therriault-Proulx, F.; Sawant, A. Technical note: Characterization and practical applications of a
novel plastic scintillator for online dosimetry for an ultrahigh dose rate (FLASH). Med. Phys. 2022, 49, 4682-4692. [CrossRef]
Vanreusel, V.; Gasparini, A.; Galante, F.; Mariani, G.; Pacitti, M.; Cociorb, M.; Giammanco, A.; Reniers, B.; Reulens, N.; Shonde,
T.B.; et al. Point scintillator dosimetry in ultra-high dose rate electron “FLASH” radiation therapy: A first characterization. Phys.
Medica 2022, 103, 127-137. [CrossRef] [PubMed]

Szpala, S.; Huang, V.; Zhao, Y.; Kyle, A.; Minchinton, A.; Karan, T.; Kohli, K. Dosimetry with a clinical linac adapted to FLASH
electron beams. J. Appl. Clin. Med. Phys. 2021, 22, 50-59. [CrossRef] [PubMed]

Pradhan, A.; Lee, J.; Kim, ]. Recent developments of optically stimulated luminescence materials and techniques for radiation
dosimetry and clinical applications. . Med. Phys. 2008, 33, 85-99. [CrossRef]

Hart, A.; Cecchi, D.; Giguere, C.; Larose, F; Therriault-Proulx, F; Esplen, N.; Beaulieu, L.; Bazalova-Carter, M. Lead-doped
scintillator dosimeters for detection of ultrahigh dose-rate X-rays. Phys. Med. Biol. 2022, 67, 105007. [CrossRef]

Abouzahr, F; Cesar, ].P,; Crespo, P.; Gajda, M.; Hu, Z.; Kaye, W.; Klein, K.; Kuo, A.S.; Majewski, S.; Mawlawi, O.; et al. The first
PET glimpse of a proton FLASH beam. Phys. Med. Biol. 2023, 68, 125001. [CrossRef]

Jeong, D.-H.; Lee, M,; Lim, H; Kang, S.-K.; Lee, K.; Lee, S.-].; Kim, H.; Han, W.-K.; Kang, T.-W.; Jang, K.-W. Optical Filter-
Embedded Fiber-Optic Radiation Sensor for Ultra-High Dose Rate Electron Beam Dosimetry. Sensors 2021, 21, 5840. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.net.2020.09.019
https://doi.org/10.3389/fonc.2021.658004
https://doi.org/10.3389/fcell.2021.672929
https://doi.org/10.1002/mp.15526
https://www.ncbi.nlm.nih.gov/pubmed/35179234
https://doi.org/10.1038/s41598-023-28192-0
https://www.ncbi.nlm.nih.gov/pubmed/36739297
https://doi.org/10.6028/jres.119.011
https://doi.org/10.6028/jres.113.007
https://doi.org/10.1667/RR15568.1
https://doi.org/10.1016/j.ejmp.2020.03.007
https://doi.org/10.1088/1361-6560/ac950b
https://doi.org/10.1016/j.radonc.2019.05.004
https://www.ncbi.nlm.nih.gov/pubmed/31174897
https://doi.org/10.1016/j.radonc.2022.08.023
https://doi.org/10.1371/journal.pone.0238106
https://doi.org/10.1088/1361-6560/ac0390
https://www.ncbi.nlm.nih.gov/pubmed/34015774
https://doi.org/10.3390/s22093192
https://doi.org/10.1002/mp.15649
https://doi.org/10.1002/mp.15671
https://doi.org/10.1016/j.ejmp.2022.10.005
https://www.ncbi.nlm.nih.gov/pubmed/36302279
https://doi.org/10.1002/acm2.13270
https://www.ncbi.nlm.nih.gov/pubmed/34028969
https://doi.org/10.4103/0971-6203.42748
https://doi.org/10.1088/1361-6560/ac69a5
https://doi.org/10.1088/1361-6560/acd29e
https://doi.org/10.3390/s21175840
https://www.ncbi.nlm.nih.gov/pubmed/34502730

Cancers 2023, 15, 3883 16 of 16

74.

75.

76.

77.

78.
79.

Rahman, M.; Kozelka, J.; Hildreth, J.; Schonfeld, A.; Sloop, A.M.; Ashraf, M.R,; Bruza, P,; Gladstone, D.].; Pogue, B.W.; Simon,
W.E,; et al. Characterization of a diode dosimeter for UHDR FLASH radiotherapy. Med. Phys. 2023. ahead of print. [CrossRef]
[PubMed]

De Kruijff, RM. FLASH radiotherapy: Ultra-high dose rates to spare healthy tissue. Int. ]. Radiat. Biol. 2020, 96, 419-423.
[CrossRef]

Diffenderfer, E.S.; Serensen, B.S.; Mazal, A.; Carlson, D.J. The current status of preclinical proton FLASH radiation and future
directions. Med. Phys. 2022, 49, 2039-2054. [CrossRef]

Marcu, L.G.; Bezak, E.; Peukert, D.D.; Wilson, P. Translational Research in FLASH Radiotherapy—From Radiobiological
Mechanisms to In Vivo Results. Biomedicines 2021, 9, 181. [CrossRef] [PubMed]

Petersson, K. Collaborators FLASH radiotherapy: What, how and why? Res. Outreach 2020, 2020, 66—69. [CrossRef] [PubMed]
Chow, ]J.C.L.; Ruda, H.E. Flash Radiotherapy: Innovative Cancer Treatment. Encyclopedia 2023, 3, 808-823. [CrossRef]

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.


https://doi.org/10.1002/mp.16474
https://www.ncbi.nlm.nih.gov/pubmed/37249058
https://doi.org/10.1080/09553002.2020.1704912
https://doi.org/10.1002/mp.15276
https://doi.org/10.3390/biomedicines9020181
https://www.ncbi.nlm.nih.gov/pubmed/33670409
https://doi.org/10.32907/ro-117-6669
https://www.ncbi.nlm.nih.gov/pubmed/34993417
https://doi.org/10.3390/encyclopedia3030058

	Introduction 
	Monte Carlo Simulation 
	Radiation Dose Detectors 
	Diamond Detector 
	Ionization Chamber 
	Radiochromic Film 
	Alanine 
	Radioluminescence, Cherenkov Radiation Dosimetry, and Others 

	Future Prospective 
	Conclusions 
	References

