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Abstract

FLASH radiotherapy (FLASH-RT) has great potential to improve patient

outcomes. It delivers radiation doses at an ultra-high dose rate (UHDR: >40

Gy/s) in a single instant or a few pulses. Much higher irradiation doses can be

administered to tumors with FLASH-RT than with conventional dose rate

(0.01-0.40 Gy/s) radiotherapy. UHDR irradiation can suppress toxicity in

normal tissues while sustaining antitumor efficiency, which is referred to as

the FLASH effect. However, the mechanisms underlying the effects of the

FLASH remain unclear. To clarify these mechanisms, the development of

simulation models that can contribute to treatment planning for FLASH-RT

is still underway. Previous studies indicated that transient oxygen depletion

or augmented reactions between secondary reactive species produced by

irradiation may be involved in this process. To discuss the possible

mechanisms of the FLASH effect and its clinical potential, we summarized

the physicochemical, chemical, and biological perspectives as well as the

development of simulation modeling for FLASH-RT.

Keywords: FLASH radiotherapy, reactive species, simulation modeling,

ultra-high dose rate
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1. Introduction

Since the late 1950s, the unique biological effects of ultrahigh dose rate

(UHDR) irradiation have been investigated (Fig. 1) [1-5]. In 1958, Kirby-

Smith and Dolphin were the first to demonstrate decreased chromosomal

breakage in Tradescantia microspores and pollen at high dose rates (1.0 and

4.0X10° Gy/s) compared to low dose rates (< 0.01 Gy/s). They proposed

two concepts to interpret these results: recombination of organic free radicals

and partial temporal anoxia caused by the immediate consumption of oxygen

[1]. In the following year, Dewey and Boag discovered an increase in the

surviving fraction of Serratia marcescens with UHDRs under hypoxic

conditions and suggested that the effects may have been caused by the

removal of dissolved oxygen [2].

Recent preclinical studies revealed considerable tissue-sparing

responses following UHDR irradiation [4,6-15], including reduced

pulmonary fibrosis and cutaneous lesions [6], extended survival times [6],

lower skin toxicity [7], fewer gastrointestinal symptoms [8], and preserved

cognitive function [9,10]. Meanwhile, in some in vivo studies [4,6—

8,10,16,17], the equivalence of antitumor efficacy at the UHDR to the

conventional (CONYV) dose rate has been indicated using several models (i.e.,
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orthotopic lung carcinoma [6], squamous cell carcinoma [7], metastatic

ovarian cancer [8], orthotopic striatum glioblastoma [10], human pharyngeal

carcinoma xenografts [16], and pancreatic tumors [17]). These in vivo studies

were performed using low linear energy transfer (LET) radiation (i.e.,

electrons, X-rays, and protons). Some studies using protons showed a larger

decrease in lung tumor proliferation at UHDR [18,19]; however, others

showed tumor growth inhibition equivalent to that under the CONV dose rate

[16,17]. One experiment utilizing the plateau region of the Bragg curve of

carbon ions (higher LET than protons but lower than that in the Bragg peak

of carbon ions) at UHDR indicated sparing of normal tissue with diminishing

growth and metastasis of osteosarcoma compared to the CONV dose rate [20].

Accumulation of knowledge from UHDR research has led to the development

of an innovative radiation treatment called FLASH radiotherapy (FLASH-

RT). In the novel FLASH-RT technique, radiation doses are delivered using

higher dose rates (i.e., > 40 Gy/s) than in CONV radiotherapy (CONV-RT)

(i.e., 0.01-0.40 Gy/s). The considerable sparing effect at UHDR both in vivo

and in vitro has been observed when using a high dose irradiation (> 10 Gy)

[21,22]. Focusing on in vivo, the sparing effect depends on the relationship

between the dose rate per pulse and total irradiation time[10]. Therefore, not
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only the dose rate, but also the dose per fraction and pulse structure are

important when evaluating the sparing effect in FLASH-RT.

The most important feature of FLASH-RT is its superior ability to spare

normal tissues compared to CONV-RT while preserving antitumor efficacy,

which is known as the FLASH effect. FLASH-RT has the potential to improve

the limited tumor control of CONV-RT by increasing the prescribed dose for

tumors by virtue of the possibility of a normal tissue-sparing effect. The first

in-human study [23] and clinical trial [24] on UHDR irradiation demonstrated

this potential. However, the reasonable prescribed dose for the FLASH effect

remains unclear. While previous studies have compared the early toxicity

between FLASH-RT and CONV-RT, some have investigated late toxicity.

Gaide et al. indicated that both FLASH-RT and CONV-RT, with a single dose

of 15 Gy targeting one patient, resulted in the same degree of early and late

toxicity [25]. Bley et al. indicated that single-dose irradiation with 30 Gy in

FLASH-RT induced more severe late toxicity compared to 4.8 Gy

hypofractionated irradiation in CONV-RT [26]. It should be noted that the

latter toxicity was observed using the different biologically effective dose

(BED) values [26]. Considering this, a precise assessment of the threshold

dose that can spare the late toxicity of FLASH compared with CONV is

6
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Recently, several studies have proposed potential factors involved in

FLASH mechanisms after UHDR exposure, such as transient oxygen

depletion (TOD) and augmented reactions between secondary reactive

species produced by irradiation. In this review, to discuss the potential

mechanisms of the FLASH effect and future clinical applications, we

summarized the literature, mainly focusing on the physicochemical, chemical,

and biological stages, as well as existing simulation models for FLASH-RT.

In this review, we discuss the current state of experimental and theoretical

studies, as well as future prospects.

2. Hypothetical physicochemical and chemical mechanisms

2.1. Transient oxygen depletion hypothesis

Previous studies have suggested that oxygen depletion may be a critical factor

in the sparing response to UHDR irradiation [1-5]. Oxygen depletion is

primarily caused by the immediate reactions of dissolved molecular oxygen

with radiation-synthesized hydrated electrons (e.q ) and hydrogen atoms (H-)

[2,12,27,28]. High oxygen consumption during FLASH-RT has been

interpreted as diminishing biological effects through the attenuation of

7
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oxygen effects (i.e., reducing the oxygen enhancement ratio (OER)).

Particularly in hypoxic environments, the reduction in oxygen concentration

could induce a further sparing effect as the OER dramatically changes. A

recent report showed that the surviving fraction of the prostate cancer cells

DU145 irradiated under normoxic conditions showed a non-significant

difference between the FLASH and CONV dose rates, whereas hypoxia

induced a substantial difference [29]. Anoxic conditions do not induce sparing

effects at the FLASH dose rate [1,30,31].

However, the transient oxygen depletion (TOD) hypothesis has been

questioned in recent years [13,14,22,32]. This sparing effect has been

experimentally observed in the oxygen-rich lungs [6] and brains [9] of mice

and in some cancer cell lines under normoxia [33]. Measurements of oxygen

pressure have also showed that irradiation at the UHDR consumes less

oxygen than exposure to CONV in vitro [34] and in water [35]. In vivo studies

have indicated insufficient oxygen consumption for the sparing effect [34,36].

These suggested that the aforementioned e, and H- may be largely

consumed through self-annihilation before they interact with dissolved

oxygen at FLASH dose rate [35]. However, it should be noted that the

maximal time resolutions of their oxygen sensors (~150 ms for the OxyLED
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phosphorometer [Oxygen Enterprises Ltd.] [34] and ~400 ms for FireStingO2

[PyroScience GmbH] [35]) are longer than the exposure durations of FLASH-

RT (a few nanoseconds to 100 ms) and the 10-20 ms duration in which cells

are no longer susceptible to local oxygen concentration [37,38]. Therefore,

the instantaneous oxygen depletion may not have been adequately observed

[34,35].

Meanwhile, the high-LET radiation in the Bragg peak regions, such as

carbon ions, has been considered to reinforce oxygen generation at the UHDR

[39,40]. The increase in oxygen production was suggested to be elicited by

the highly dense reactive species synthesized via multiple ionization reactions

[39].

2.2. Self-detoxification of reactive species

Another hypothesis for interpreting the sparing effect of FLASH-RT is the

consumption of reactive species via inter-track interactions [41-45]. A cluster

of a few reactive species in the vicinity of the ionization and excitation sites

is called a spur [46,47]. Although the spatial distribution of spurs under

FLASH-RT should be similar to that under CONV-RT during the entire

irradiation time, the distribution per unit time under FLASH-RT is transiently
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much denser than that under CONV-RT because a substantial number of

tracks arrive almost concurrently at the UHDR. Such spatiotemporally dense

species may promote interactions between the reactive species generated in

different spurs, which can be attributed to different tracks ( intertrack

interactions). Inter-track interactions may result in the transformation of

detrimental species into inert species before these species oxidize

biomolecules such as DNA and membranes. Some experimental studies have

estimated that high dose rates can reduce the yields of hydrogen peroxide

(H20,) [9,15,48] and hydroxyl radicals ("OH) [49,50], suggesting that

intertrack interactions diminish deleterious species in FLASH-RT. Notably

these yields of H>O and "OH were indirectly measured using the interactions

between each species and the corresponding reagents in water [48—50].

3. Hypothetical biological mechanisms

3.1. DNA damage and cell survival fraction

Considering the reduced yield of "“OH under UHDR conditions compared to

that under CONV conditions [49,50], the yield of DNA double-strand breaks

(DSBs), which are intrinsically related to cell death with a certain probability,

under FLASH irradiation can be smaller than that under CONYV irradiation.
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Some studies using normal cells have demonstrated lower DSB yields with

FLASH than with CONV. Levy et al. showed that the yield of y-H2AX foci

(one of a DSB marker produced by the phosphorylation of histone H2AX near

a DSB site) in crypt-based columnar (CBC) cells were smaller after UHDR

irradiation with 14 Gy compared to CONV irradiation [8]. Fouillade et al.

found a non-significant difference in the number of y-H2AX in normal human

lung fibroblast cells (MRCS5 and IMR-90) after irradiations with 5.2 Gy at

FLASH dose rate compared to CONV dose rate [51]. Meanwhile, the number

of foci of 53BP1 (another DSB marker that can be recruited to y-H2AX for

the DSB repair) was reduced in same cell lines (i.e., MRC5 and IMR-90).

From these results for y-H2AX and 53BP1, Fouillade and colleagues

suggested that the DSB yields are almost independent of the dose rate,

whereas the FLASH irradiation inhibits 53BP1 to recognize a subset of DNA

damage [51] (e.g., dimethylated histone H4 Lys 20 (H4K20me2) and H2A

ubiquitinated on Lys 15 (H2AK15ub) which are recognized by 53BP1 and

accumulate 53BP1 at the DSB sites [52]) compared to CONV dose rate.

Conversely, the unaltered yield of y-H2AX in IMR-90 cells with 5.2 Gy is

consistent with another result indicating that only = 20 Gy doses induce

difference of those between FLASH and CONYV irradiations [53]. Hence, a
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significant difference in DSB yields between the FLASH and CONV dose

rates can be observed when irradiating the cells at high doses. Additionally, it

has been proposed that the subsequent DSB repair capacity may be

diminished, even in the case of low doses of UHDR, by 53BP1 reduction [51].

Therefore, FLASH irradiation can increase the levels of apoptosis inducers,

such as cytochrome C and cleaved caspase-3, compared with the CONV dose

rates [54]. CONYV irradiation was associated with enhanced cell death and a

much higher fraction of necrotic cell death than that of apoptosis [54].

Studies using tumor cells, such as the mouse ovarian surface epithelial

cell line ID8, revealed no significant differences in the number of y-H2AX

foci in contrast to the above-stated normal CBC cells treated with the same

beam parameters except for dose rate [8]. Similarly, the 53BP1 yields in

tumor cells in the human lung adenocarcinoma cell line A549 irradiated at the

FLASH dose rate were at the same level as those at the CONV dose rate

despite the altered 53BP1 yields in normal cells (i.e., MRCS and IMR-90)

treated with the same beam parameters other than dose rate [51]. Adrian ef al.

also showed an equivalent number of 53BP1 foci in the human squamous cell

carcinoma cell line LU-HNSCC4, human breast cancer cell line MDA-MB-

231, and human cervical cancer cell line HeLa between FLASH and CONV
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irradiation [33]. Meanwhile, the measured surviving fraction increased

slightly or substantially under FLASH irradiation [33]. Based on limited

information on tumor cells, the equivalent DSB induction and repair capacity

between FLASH and CONV irradiation is consistent with the in vivo

sustained antitumor efficacy, whereas the cell-surviving fraction may not be

largely associated with the in vitro DSB yield and in vivo results. Moreover,

sustained DSB yield and repair pathway expression in tumor cells cannot be

explained by the aforementioned difference in the yield of toxic reactive

species observed in water between FLASH and CONV irradiation. The

tumor-specific redox balance may be partly related to the unaltered DSB

induction between FLASH and CONYV irradiation. The levels of reactive

species in tumor cells are higher than those in normal cells, and tumor cells

heavily develop antioxidant systems, such as glutathione (GSH) peroxidase

and catalase, to regulate the toxicity of reactive species [55-59]. Furthermore,

tumor cells are presumed to be more vulnerable to additional reactive species

and the inhibition of antioxidant systems than normal cells because the

original level of reactive species in tumor cells is close to the cell death

threshold [55-59]. Given that radiation can increase reactive species and

restrain GSH content [59], tumor cells may be killed independently of the

13



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

dose rate because both FLASH and CONV irradiation may produce sufficient

reactive species, combined with adequate suppression of antioxidant systems,

to accomplish the death threshold for the concentration of reactive species.

In an experiment with pPBR322 plasmid DNA comparing FLASH and

CONV irradiation, researchers reported a reduction in the number of DNA

single-strand breaks (SSBs), but no significant differences in the number of

DSBs under FLASH irradiation [60]. SSBs may influence the sparing effect

at the FLASH dose rate (such as the conversion of SSBs into single-ended

DSBs during the S phase [61-63]).

Based on the previous experimental reports, for normal tissues, the DSB

yield [8,51,53] and sequential repair process [51] may not necessarily largely

contribute to the consequent FLASH effect [22]. Those in tumor cells that

were not altered between FLASH and CONYV irradiation [8,33,51] were not

in conflict with the conserved antitumor efficacy. However, LU-HNSCC4,

MDA-MB-231, and HeLa tumor cells irradiated with UHDR showed a slight

or considerably increase in surviving fractions despite similar DSB

expression levels between FLASH and CONYV irradiation [33]. In addition,

the cell surviving fraction of human salivary gland tumor cells HSGc-CS and

normal human fibroblasts HFL1 was not altered after UHDR-carbon ion

14
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irradiation in the plateau region and vicinity of the Bragg peak between

FLASH and CONV irradiation [64], which contradicts the aforementioned in

vivo results [20]. To comprehend the inconsistency between the results of in

vivo and in vitro, further accumulation of experimental data, consideration of

experimental conditions (e.g., spheroids and organoids), [32] and other

factors (e.g., lipids and proteins in the cytoskeleton [22] and mitochondria

[54]) are essential. For instance, in an approach with spheroids (an ideal

model to investigate UHDR-elicited oxygen depletion within tumor tissues

owing to the uneven oxygen distribution (i.e., hypoxic core) within spheroids),

the experiment showed that the survival fraction of A549 tumor cells

constituting spheroids under normoxic conditions and UHDR irradiation was

considerably higher than that under CONV dose-rate irradiation, while

demonstrating no differences in cell cultures [65]. Spheroids resulted in a

hockeystick survival curve that differed from the linear-quadratic (LQ) shape

[65], which has long been believed to be attributed to transient anoxia induced

by the combination of UHDR and high dose [3,21,65]. However, these results

contradict the in vivo-sustained antitumor efficacy, which was attributed to a

lack of vasculature and immunogenic cell death in a spheroid [65]. The

balance between the hypoxic core and the vasculature may result in in vivo
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preserved antitumor efficacy.

3.2. Lipid peroxidation and ferroptosis

Lipid peroxidation (LPO) and ferroptosis (a form of regulated cell death that

is morphologically and mechanistically distinct from apoptosis, which is the

most well-known type of regulated cell death [66,67]) have recently attracted

attention as promoters of the sparing effect of FLASH-RT [28,68,69].

Ferroptosis is thought to be attributed to the Fenton reaction (H,O, + Fe?" —

‘OH + OH™ + Fe*") and the accumulation of lipid peroxides synthesized by

the generated "OH [68—70]. Radiation-induced *OH oxidizes membranes

containing polyunsaturated fatty acids, resulting in LPO and consequently,

ferroptosis [70-72]. An investigation utilizing phosphatidylcholine liposomes

and linoleic acid micelles as proxies for cellular membranes demonstrated

that FLASH irradiation restricts LPO more effectively than CONYV irradiation

[69], indicating that FLASH-RT may suppress ferroptotic cell death.

4. Simulation models for FLASH-RT

Many simulation models for the FLASH-RT have been developed to clarify

the mechanisms of the FLASH effect. These models are useful for supporting
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treatment planning for FLASH-RT and proposing possible mechanisms.

Herein, we discuss the current status of the development of simulation models.

Tables 1 and 2 list the estimation frameworks based on Monte Carlo

simulation [39,41-45,73-79] and other theoretical models [36,37,45,65,80—

90], respectively.

4.1. Monte Carlo track structure simulations

Monte Carlo simulation was used to analyze the track structures of the

incident particles and chemical products resulting from water radiolysis. To

date, various Monte Carlo codes ( PARTRACK [41], TOPAS-nBio

[42,44,45,77], IONLYS-IRT [39,43], gMicroMC [74], NASIC [75,76],

Geant4-DNA [78,79], and TRAX-CHEM [73]) have been presented and

applied to FLASH studies to investigate FLASH mechanisms. Focusing on

the chemical processes that are important in the FLASH study, the initial

yields of chemical products (the so-called G values at 1 ps) can be predicted

using a physicochemical model (the so-called branching model) based on

physical processes (i.e., atomic interaction types). In the latter phase, that is

chemical diffusion, reactions, and generation, there are two major simulation

methods. One is the step-by-step (SBS) approach, [41,44,45,73—75] which is

17
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time-consuming, but enables control of the spatial distribution of all species

at all times. The second is the independent reaction time (IRT) approach,

which can reduce calculation costs without tracking the trajectories of the

species [39,42,43,76]. Additionally, coupled nonlinear ordinary differential

equations [77] and molecular dynamics (MD) simulations [78,79] are used in

chemical studies worldwide.

In general, Monte Carlo simulation studies made several

assumptions for the FLASH effect: (i) transient oxygen depletion (TOD) [73—

76,78], (i) inter-track interaction [41-45,79], (iii) radical-radical

recombination at long time scales [77], (iv) screening effect by the chains of

complexes consisting of reactive species [78], (v) augmented diffusion of

reactive species via influx of thermal energy from the surrounding excited

molecules [79] in low-LET irradiation, and (vi) reinforcement of oxygenation

in high-LET irradiation [39]. The simulation results following assumption (i)

showed insufficient oxygen depletion [73—75], which is consistent with the

measured oxygen pressure [34—-36], suggesting that the sparing effects under

both in vivo and in vitro in physoxic conditions [6,9,33] cannot be induced

via oxygen depletion. In the following sections, we summarize the

interpretations based on assumptions (ii)—(vi) (see Section 4.1.1, for
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assumptions (ii), (iii), and (vi), and Section 4.1.2, for assumptions (iv) and

(v)). It is needed to recognize the following typical assumptions and

limitations of the Monte Carlo chemical simulation codes: (A) radiation

irradiation toward pure liquid water instead of the scavenging conditions in

cells that can result in unprecise estimation of the behavior of reactive species

within a cell/tissue, and (B) restricted time scale to the range of the

physicochemical to chemical stage (1 ps—1 ps) because of the large

computational time. Focusing on assumption (A), Baikalov et al. simulated

G values under cellular conditions [45] for UHDR irradiation (see Section

4.1.1). Regarding limitation (B), the TOPAS-nBio [42] and IONLYS-IRT [43]

codes for UHDR using the IRT method enabled longer-timescale simulations

(up to 10 ms and 1 ms, respectively). However, IRT is not suitable for

investigating FLASH mechanisms because it does not track the trajectories of

chemical species [42,43]. Another code, TRAX-CHEMxt, can be further

developed to study the FLASH-sparing effect [91].

4.1.1. Inter-track interactions under UHDR irradiation

Inter-track interactions under UHDR might frequently convert deleterious

reactive species (such as "“OH and e,q) to relatively inert products (such as
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H»0 and H»). Calculations using Monte Carlo codes considering intertrack

interactions suggested that dose rate escalation could reduce the yields of "OH

in pure water, which is consistent with the experiments that demonstrated

diminished "OH yields at UHDR [49,50]. However, the calculated increase in

H>0; production following the dose-rate increment [41,43,44] contradicts the

experimental data that demonstrate the suppression of H,O, generation at the

UHDR[9,15,48]. The H,O» yields could be mainly determined by the reaction

‘OH + "OH — H»0:[45]. Meanwhile, it is believed that the reaction "OH +

€aq — OH™ could be enhanced by inter-track interaction; that is, the yield of

H,0; could be suppressed at the FLASH dose rate. This may be a reasonable

mechanism to explain the experimental chemical yields [9,15,48]. Based on

a Monte Carlo simulation with the IRT method considering clinically relevant

pulse lengths (i.e., 1 ns, 1 ps, and 10 ps) when delivering 1 and 100 MeV

protons with 50 cGy to water, the simulation results showed that the yields of

‘OH and e.q are largely reduced after irradiation with 100 MeV protons at

UHDR, whereas 1 MeV protons resulted in smaller suppressions of *OH and

€aq generations [42]. This finding suggests that intertrack interactions are

important, leading to significant FLASH-sparing effects for low-LET

radiation [42] from a chemical viewpoint. While most of the inter-track
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simulations were performed in liquid water [41-44], Baikalov and colleagues

considered the half-lives of each species (i.e., "OH, €., H*, and H>O», that

can induce biological lesions) and investigated the impacts of the inter-track

interaction on the chemical reactions under *OH scavenging condition in cells

with the SBS method [45]. The results showed no differences in the yields of

the chemical species between FLASH and CONV in the cell condition even

after 58 Gy electron irradiation while demonstrating the significant

suppression of the yields of part of the species ("OH and e.q ) at FLASH in

physoxic (4% O,) water [45]. Further studies of the cellular environment and

accumulation of experimental data for incorporation into such simulations are

required to clarify the mechanisms of sparing effects based on inter-track

interactions. However, it should be noted that the migration distance of the

reactive species synthesized at the FLASH dose rate may be prolonged, as the

authors discussed [45] based on the report by Abolfath ez al. [79] (see Section

4.12).

A Monte Carlo simulation considering the inter-track interaction for

high-LET carbon ions using IONLY S-IRT showed oxygenation in the Bragg

peak region due to multiple ionizations, despite non-significant oxygenation

in the plateau region[39]. The measurement of oxygen pressure within a water
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phantom after FLASH irradiation of 10 Gy dose with carbon ions at the

plateau region showed a slight decrease in oxygen consumption with dose

rate escalation for 150 MeV/u (19.47 keV/um) carbon ions while indicating

no changes for 400 MeV/u (10.89 keV/um)[35]. Hence, the LET increment

in the plateau region induces a dose rate-dependent reduction in oxygen

consumption, which might be due to oxygenation, as estimated in the in silico

model[39]. However, oxygen consumption/replenishment measurements

were not performed in the Bragg peak region [20,35,64]. Thus, it remains

unclear whether the carbon ions in the Bragg peak region can oxygenate cells,

similar to the calculations [39].

4.1.2. Combination with molecular dynamics simulation

Molecular dynamics (MD) simulation is a powerful tool that enables the

estimation of physicochemical and chemical processes by analyzing

molecular statistical properties such as geometrical structures, energy

evolution, and dipole moment evolution [92]. Recent approaches have

combined Monte Carlo and MD simulations [78,79]. In the first study, it was

suggested that hydrogen abduction in DNA after proton irradiation at the

UHDR could be delayed because highly dense reactive oxygen species (ROS)
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including "OH, significantly suppress their oxidative effects. In addition, ROS

can form nonreactive chain-like clusters through attractive electric polarity

forces, hydrogen bonds, and magnetic dipole-dipole interactions [78]. In the

second study, thermal energy transfer to reactive species from surrounding

excited molecules through the phonon field under FLASH irradiation was

estimated, which resulted in an escalation of the diffusion coefficients of the

reactive species [79]. While the cellular conditions may inhibit inter-track

interactions in the range of clinically adoptable doses, such augmented

diffusion coefficients may facilitate inter-track interactions [45].

Calculations using these two simulation models presented contrasting

alterations in the diffusion coefficients ( the former proposed a smaller value

and the latter a larger value). Although the degree of contribution of molecular

dynamics to the true alteration in the behavior of the reactive species remains

unclear, it is important to consider such molecular dynamics when

interpreting the difference in reactive species mobility between FLASH and

CONYV and the consequent FLASH effect.

4.2. Other theoretical models

To date, several researchers have made the following assumptions to interpret
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the mechanism of the FLASH effects: (a) oxygen depletion[36,80—88], (b)

intertrack interaction [45], (c) reactions between reactive species and

biomolecules [37], and (d) preservation of circulating immune cells[89,90]

(listed in Table 2). Although most of these studies have focused on low-LET

radiation (LET values are not specified in each report), few models have

considered LET dependence in the low-LET range [45,88]. These simulations

assume high single doses (= 10 Gy) based on both in vitro and in vivo results

[21,22].

Although numerous models considering oxygen kinetics have been

proposed [36,37,65,80—-88], some predict insufficient oxygen consumption

for the sparing effect [36,37,80,82,84], which is consistent with several

studies questioning the TOD hypothesis [13,14,22,32] (see Section 2.1) and

Monte Carlo simulations [73—75]. The inapplicability of a dose that can

induce oxygen depletion in physoxia for clinical use was also suggested, i.e.,

a 71.4 Gy dose per pulse with 71.4 Gy/s dose rate for 3.9% physoxic

conditions [36]. In addition, a model accounting for the heterogeneity of the

oxygen partial pressure within tissues [93] was proposed [86]. In this model,

it was assumed that inhomogeneity in the local partial oxygen pressure may

induce the FLASH-sparing effect. Oxygen diffusion, metabolism, and
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radiolytic oxygen depletion were simulated using randomly positioned

oxygenated capillary vessels at doses of 20 Gy. The results indicated that the

sparing effect depended on the extended localized hypoxic or anoxic areas

after FLASH irradiation, whereas the decrease in the mean partial oxygen

pressure was inadequate for sufficient suppression of oxygen effects in

normal tissues. However, the hypoxic regions cannot be dramatically

increased in previously hypoxic tumor tissues, even at UHDR, which implies

sustained antitumor efficacy. Another approach for spheroids, considering the

dynamics of oxygen concentration, estimated TOD via the hypoxic core and

reproduced the hockey-stick survival curve [65]. Although the relevance of

this model to in vivo tumor models has not been clarified, it has been implied

that tumor cells, especially those exposed to hypoxic conditions within tumor

tissues, could be spared via oxygen depletion at high doses of FLASH [65].

A theoretical model, considering various interactions between reactive

species and biomolecules after the nonhomogeneous chemical stage (i.e., =

1 ps), predicted a decrease in the accumulated yield of detrimental peroxyl

radical ROO- with the escalation of dose rate [37]. It was also estimated that

the higher the delivered radiation dose, the more dependent the accumulated

yield of ROO- was on the dose rate. In addition, insufficient oxygen depletion
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was calculated for the FLASH-sparing effect.

The most recent theoretical model, assuming cellular conditions,

presents the dose and pulse width necessary for inducing intertrack

interactions [45]. Importantly, this model predicted that a radiation dose > 90

Gy per 0.5 ps pulse might be needed for sufficient inter-track interaction to

affect the yields of reactive species in a cell with *OH scavenging. Meanwhile,

the model estimated a dose > 13 Gy for 4% physoxic water, implying the

significance of further studies that consider the scavenging capacity of cells.

As discussed in the report by Baikalov ef al. [45], it is also essential to note

that UHDR irradiation may prolong the diffusion range of reactive species

(see Section 4.1.2), which could induce intertrack interactions.

A model that considers the effects of radiation on circulating immune

cells was proposed [89,90]. This model considers the blood circulation system

of the heart and numerous blood-containing organs with parallel and/or serial

connections. In addition, in the simulation setup, the dependence of the

irradiation time on the dose rate, irradiated and unirradiated areas, and blood

circulation time were explicitly considered. The model predicted that

FLASH-RT would result in a substantially higher preservation of circulating

immune cells than CONV-RT, which is consistent with the experimental
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results [93]. It has also been suggested that a higher prescription dose per

fraction could spare more immune cells with dose rate escalation. Although

unirradiated immune cells can flow into irradiated areas within a relatively

long radiation delivery time in CONV-RT, the additional influx of unexposed

cells may be considerably limited in FLASH-RT owing to the transient

irradiation time. These spared immune cells may enhance radioresistance in

normal cells, because the immune system is recruited to repair radiation-

induced lesions [89]. The conserved immune system may improve tumor

control probability, as lymphopenia results in poor tumor control and shorter

survival times [18,94].

4.3. Current state and prospects

Most simulation studies have investigated the mechanisms underlying the

effects of FLASH (i.e., the normal tissue-sparing effect and sustained

antitumor efficacy). Although the detailed mechanisms remain uncertain from

an experimental viewpoint, several models have been proposed that allow the

prediction of radiation effects in liquid water based on physical, chemical,

and biological processes. Simulation models for the physical and chemical

stages (such as intertrack interactions [41-45,79], radical-radical
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recombination [37,77], and inactivation of ROS [78]) have suggested the

possibility of reducing cellular damage (e.g., DNA lesions) during FLASH

irradiation. Meanwhile, focusing on biological processes based on the

physical and chemical stages, mechanistic simulations for directly analyzing

the effects of FLASH based on reactive species yields (chemical reactions)

do not exist. Therefore, the development of a model that enables the

connection between reactive species yields and biomolecule lesions (e.g.,

type and complexity) in heterogeneous cell populations (composed of normal,

tumor, and immune cells) for various tissue-specific environments (e.g.,

reactive species, labile iron Fe?', and antioxidants [28,55-59]) would

contribute to the clarification of FLASH effects in the future.

In the current state, the previous simulation models for FLASH-RT have

been proposed based on both a limited amount of experimental data and the

model assumptions without any observations. To develop a detailed

mechanistic simulation model for FLASH-RT, the accumulation of

experimental data that can connect the physical, chemical, and biological

processes is mandatory. Therefore, in future FLASH studies, biological

experiments to identify the dominant modification types of cellular lesions

(e.g., reactions to lipids, proteins, and mitochondria, in addition to DNA
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[22,54,69]) regarding physical and chemical processes are urgently needed.

5. Conclusion

The efficacy of FLASH is regulated by various factors occurring in an

extensive range of physicochemical and biological phases after irradiation.

However, the mechanisms underlying the effects of the FLASH remain

unclear. Interestingly, the estimated increase in the production of H>O,

following the dose-rate increment contradicted experiments that suggested

the suppression of H,O» generation under FLASH irradiation. Thus, further

interdisciplinary investigations in radiation physics, chemistry, biology, and

oncology are required to clarify the underlying mechanisms of the FLASH

effect and to develop simulation models for FLASH-RT treatment planning.
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876 Tables

877 Table 1. Details of Monte Carlo simulations for UHDR. Monte Carlo

878 simulation code, target duration for simulation, radiation type, target

879  hypothesis for the FLASH-sparing effect, and output were listed.

Monte Carlo Target Radiation
Target hypothesis ~ Output Reference
simulation code  duration type
TRAX-CHEM ~1ps Electrons Transient oxygen - Insufficient removal of oxygen to Boscolo et
depletion (TOD) support oxygen depletion hypothesis  al. 2021 [73]
gMicroMC ~1ups Protons TOD - Insufficient oxygen depletion at any ~ Lai et al.
initial oxygen concentration (0.01- 2021 [74]
21%) with a 30 Gy cumulative dose
NASIC ~1ps + Electrons TOD + Oxygen depletion only in hypoxic Zhu et al.
* protons condition 2021 [75]
- Larger transient oxygen depletion
with lower LET
+ Decreased DNA damage and
increased survival fraction under
only hypoxic condition
NASIC ~ several Electrons TOD - Dependence of oxygen depletion on ~ Hu et al.
us the initial oxygen concentration and 2022 [76]
the diffusion of oxygen
PARTRAC ~1ups * Protons Inter-track * Reduction yields of *OH and eaq for ~ Kreipl and
- He* interaction UHDR-He?" Friedl 2009
- Co + Increased yields of H2O2 and Ha for ~ [41]

40

UHDR-5 MeV/u C¢*
+ Suppressed yield of clustered
lesions for protons and He?*
* Suppressed yield of DSB for
UHDR-He?*



TOPAS-nBio

IONLYS-IRT

TOPAS-nBio

TOPAS-nBio

TOPAS-nBio

~ 10 ms

~1ms

~1ps

~1ps

~1ps

Protons

Protons

Protons

Electrons

Protons

41

Inter-track

interaction

Inter-track

interaction

Inter-track

interaction

Inter-track

interaction

-+ Radical-radical
recombination

-+ Reactions
among reactive
species,
biomolecules,
and

antioxidants

* Decreased yield of "OH and eaq”

under 100 MeV proton irradiation
and slight reduction in *OH and eaq”
yields under 1 MeV proton

irradiation at FLASH

* Reduced yields of ‘OH and e.q~ and

increased yields of H202, Hz, and
HO2/02~at FLASH

+ The pronounced maximum decrease

in Oz yield at 0.2 ps after irradiation

with dose rate increase

* Decreased yields of "OH, eaq, and

H3;O"at FLASH

- Slightly increased yields of OH",

H202, and Hz at FLASH

* Requirement of lower dose to

saturate "OH yield with LET

increase

* No difference in yields of ‘OH, eaq

H20:2, and H- in cellular scavenging

conditions after 58 Gy delivery

+ Decrease in yields of *OH and eaq~

in physoxic water after 58 Gy

delivery

+ Dependence of the expression of the

sparing effect on the pulse dose and

pulse width

+ Decrease in the synthesis of ROO-

(surrogate for biological damage)
with the increase in the mean dose

rate

- Dependence of the steady state of

ROO:- on the pulse frequency and
the dose per pulse under the fixed

total dose and mean dose rate

Ramos-
Méndez et

al. 2020 [42]

Alanazi et

al. 2021 [43]

Derksen et

al. 2023 [44]

Baikalov et

al. 2023 [45]

Espinosa-
Rodriguez et

al. 2022 [77]



Geant4-DNA ~1ns Protons Screen effect by + Larger ROS production ("OH, H202,  Abolfath et
the chains of singlet oxygen, Oz, and alpha- al. 2020 [78]
complexes consist oxygen are added up together as
of reactive species ROS) at UHDR
(NROS) + Larger ROS consumption via the
construction of NROS
Geant4-DNA ~1ns Protons Influx of thermal + Increased diffusion coefficient of Abolfath et
energy to reactive reactive species through the influx al. 2022 [79]
species from the of thermal energy from the
surrounding surrounding excited species
excited molecules
IONLYS-IRT ~1 ps Carbon ions  Multiple- + Escalated Oz generation at the Bragg ~ Zakaria et
ionization peak al. 2020 [39]
* No increase in Oz production at the
plateau region
880
881

42



882 Table 2. Summary of theoretical models. Model overview, target hypothesis

883  for the FLASH-sparing effect, and output were listed.

Target
Model Overview Output Reference
hypothesis
Differential equations Transient oxygen - Larger oxygen consumption only in hypoxic Pratx and Kapp
considering diffusion from depletion (TOD) conditions 2020 [80]
capillary, consumption, and + Decrease in oxygen consumption with the
radiolytic depletion of oxygen increase in pulse width
Dimensional analysis TOD + Proportionality of the minimum dose rate for Zhou et al. 2020

considering reactive species
production, oxygen depletion,

and reoxygenation

Differential equation of oxygen = TOD
kinetics considering oxygen

consumption and reoxygenation

Physicobiological model TOD
considering oxygen metabolism

and depletion within spheroids

and increased radioresistance of
spheroids according to OER and

LQ-response

Reaction-diffusion model TOD
considering metabolic and

radiolytic oxygen consumption

and oxygen supply from

microvessels

43

attaining the sparing effect to the product of the

diffusion coefficient and concentration of oxygen

+ Oxygen diffusion distance and drop in

intracellular oxygen concentration

- Sufficient oxygen depletion only in intermediate

oxygen conditions

* Reduction of OER with dose rate increments

* Prediction of a hypoxic core in unirradiated tumor

spheroids

+ Engulfment of oxygenated cells by hypoxic core

at FLASH

* Reproduced hockey-stick survival curve by

considering the kinetics of oxygen concentration

- Significance of the sufficient dose and slight

hypoxia as well as dose rate for the sparing effect

* Prominence of the threshold dose for the FLASH-

sparing effect

[81]

Petersson et al.

2020 [82]

Khan et al. 2021
[65]

Rothwell et al.

2021 [83]



Kinetic equation considering the TOD
oxygen consumption rate of a

tissue and oxygen supply from

the capillary as well as

radiolytic consumption

Reaction-diffusion equation TOD
considering oxygen transport

and consumption in

vascularized mouse brain tissue

model

Reaction-diffusion equation for ~ TOD
oxygen to model the local

oxygen depletion

Analytical model incorporating ~ TOD
OER, oxygen partial pressure,
locoregional oxygen
diffusion/metabolism, total

dose, and dose rate

Model-based analysis of tumor ~ TOD
control probability of FLASH-

RT with varying dose rates,
fractionation schemes, and

oxygen concentration

Analytical model incorporating ~ TOD
a time-varying oxygen depletion
equation and OER according to

LET

44

+ Enhanced oxygen depletion with dose rate

escalation

- Saturated oxygen consumption at higher dose

rates

- Insufficient oxygen depletion for the sparing

effect under UHDR

* Rapid recovery of oxygen concentration at UHDR

+ Underestimation of oxygen depletion depending

on the vascular density

* Requirement of millisecond order-temporal

resolution of oximeter

+ Increased survival of well-perfused normal cells

due to the presence of very small, nearly hypoxic

regions at FLASH

+ Increased tumor cell survival at FLASH

+ Maximum normal tissue sparing effect in the

range of 50-100 Gy/s and marginal sparing effect

at> 100 Gy/s

- Incapability of interpreting the difference between

normal and tumor tissues based on oxygen

depletion and OER

* Spared tumor growth, but too small to detect in

animals

* Possibility of substantial loss of tumor control

probability in FLASH-RT

- Sparing effect only at inter-mediate oxygen levels

(10-100 mmHg) with < 100 keV/um LETs in a

normal tissue

Hu et al. 2022
[84]

Cui and Pratx

2022 [85]

Taylor et al.
2022 [86]

Jia et al. 2022
[36]

Liew et al. 2023
[87]

Song et al. 2023
[88]



Reaction-diffusion equation for
reactive species considering
cellular scavenging and inter-

track interaction

Physicochemical model with
ordinary differential equations
of reactions of reactive species,

biomolecules, and antioxidants

Modeling of dose rate effect on
circulating immune cells in a
system composed of the heart

and numerous organs

Mathematical model that
describes the level of surviving
lymphocytes in the blood after
partial body irradiation for

human and mice

Inter-track

interaction

Reactions among
reactive species,
biomolecules,

and antioxidants

Spared
circulating

immune cells

Spared
circulating

immune cells

+ Well-fitted model to the MC simulation (result for

the MC simulation is shown in Table 1)

* Requirement of > 90 Gy dose in 0.5 ps for

cellular scavenging condition to elicit inter-track
interaction of low-LET protons while > 13 Gy in

0.5 ps for water at 4% physoxic condition

* Decrease in ROO- accumulation by dose rate

increment

- Insufficient oxygen consumption for the sparing

effect

- Stronger sparing effect on circulating immune

cells at FLASH

* The requirement of lower dose rate for humans

than for mice due to the longer blood circulation

time in human

* Decrease in the sparing effect with the reduction

of dose per fraction

+ Increased surviving lymphocytes with dose rate

escalation and decrease in irradiated volume

+ Maximum sparing of lymphocytes with 10-40 Gy

doses within < 1 s exposure time in human

+ Necessity of a higher dose rate for mice than

humans due to the shorter blood circulation time

in mice than in human

Baikalov et al.

2023 [45]

Labarbe et al.

2020 [37]

Jin et al. 2020

(89]

Cucinotta et al.

2023 [90]
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885  Figure captions

886  Fig. 1. Breakthroughs in ultra-high dose rate radiation research. The

887  biological effects of ultra-high dose rate (UHDR) have been investigated

888  since the late 1950s, and FLASH-radiotherapy (FLASH-RT) clinical

889  applications are imminent.
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Fig. 1.
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Kirby-Smith and
Dolphin showed
suppressed
chromosomal
aberration in
microspore with
dose rate
escalation
including UHDR
(1958)

Town found
increase in pulse
number (i.e., dose
rate reduction)
facilitates cell
killing at high
doses in
mammalian cells
(1967)

Favaudon et al.
showed the spared
normal tissues, the

depressed tumor
growth, and the
prolonged survival
time in FLASH-
RT for mice
(2014)

Bourhis et al.
treated first human
patient in electron

FLASH-RT and
indicated the
technical
feasibility and the
clinical safety
(2019)

Mascia et al.
conducted the first
clinical trial of
proton FLASH-RT
and showed the
treatment efficacy
and the sparing
effect were
equivalent to those
under conventional
RT (2023)
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