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Abstract. A novel radiotherapy (RT) approach termed
FLASH-RT, which irradiates areas at ultra-high dose rates,
is of current interest to medical researchers. FLASH-RT can
maintain equivalent antitumor effects while sparing healthy
tissue compared with conventional RT (CONV-RT), which
uses low dose rates. The sparing effect on healthy tissue
after FLASH-RT is known as the FLASH effect. Owing to
the FLASH effect, FLASH-RT can raise the maximum toler-
able dose to control tumor growth or eradicate the tumor and
provide a new strategy for clinical RT. However, definitive
irradiation conditions for reproducing the FLASH effect and
the biological mechanism of the FLASH effect have not yet
been fully elucidated. The efficacy of FLASH-RT is contro-
versial despite its successful application in clinical RT. The
present review recapitulates the progression of FLASH-RT
and critically comments on the hypothesis of the FLASH
effect. In addition, the review expounds on the current issues
with regard to the differential phenomena between in vitro and
in vivo studies, and elaborates on the challenges for the appli-
cation of FLASH-RT that need to be addressed in the future.
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5. Challenges and prospects
1. Introduction

In recent years, due to the large number of cancer cases and
cancer-associated deaths, and the burden of rising treat-
ment costs, there has been an urgent need to improve the
therapeutic efficacy of malignant tumor treatment techniques.
Radiotherapy (RT) is one of the most widely used cancer treat-
ments, playing an irreplaceable role for curable malignancies.
Despite killing tumor cells, RT inevitably damages the healthy
tissue surrounding the tumor, significantly affecting the prog-
nosis and quality of life of treated patients. Therefore, a critical
principle underlying clinical RT dosimetry is maximizing the
dose to the target region while minimizing the dose to the
adjacent healthy tissue. In the past 30 years, advanced RT
techniques, such as intensity-modulated radiation therapy and
image-guided radiation therapy, have been used to precisely
adjust the dose distribution and improve the efficacy the tumor
treatment (1). The use of particles such as protons and heavy
ions, which have unique radiophysical and biological proper-
ties, as radiation sources, has also led to improvements in
RT techniques (2). Despite the advances made in modern RT
techniques, owing to the diversity of tumor types, the radiore-
sistance of tumors and the complexity of RT techniques, the
development of new high-precision, high-dose, high-efficacy
and low-toxicity RT techniques remains a constant endeavor.
FLASH-RT may be a seminal technique due to its low
toxicity to healthy tissue and consequent promising clinical
RT applications, and has interested researchers worldwide.
The term FLASH was first coined by Favaudon et al (3) in
2014. The study demonstrated that FLASH-RT could maintain
toxicity to the tumor while sparing healthy tissues surrounding
the tumor compared with conventional RT (CONV-RT). The
mean dose rates of FLASH-RT (typically >40 Gy/sec) are
generally several orders of magnitude higher than CONV-RT
(typically <0.01 Gy/sec). Currently, FLASH-RT has provided
exciting results as a new clinical treatment (4). Although
FLASH-RT is expected to be a breakthrough in tumor RT,
the exact conditions and underlying biological mechanisms
behind the emergence of the FLASH effect remain unclear.
The present review discusses the factors that may influence the
emergence of the FLASH effect and highlights the proposed
hypotheses accounting for the mechanism of the FLASH effect.
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At the same time, a comparison of in vivo and in vitro research
shows discrepancies in the biological effect of FLASH irradia-
tion. Therefore, the present review retrospectively assesses the
in vivo and in vitro research, and considers the contributions
of oxygen concentration and immune response to this discrep-
ancy. Meanwhile, current issues and the future direction of
FLASH-RT are discussed to provide a reference for its clinical
application.

2. Possible mechanisms responsible for the FLASH effect

Although multiple studies (5,6) have observed the FLASH
effect, the underlying biological mechanism responsible for
the FLASH effect remains elusive. Some researchers have
proposed hypotheses to explain it, such as oxygen depletion
and immune regulation. However, these hypotheses have been
challenged with the deepening of the FLASH research.

Oxygen depletion hypothesis mechanism. Dewey and Boag (7)
originally proposed the oxygen depletion hypothesis based on
the oxygen fixation model and the oxygen effect. It is well
known that radiation induces ionization of DNA and H,O,
resulting in direct and indirect damage to DNA, which may

H,0 > e 3q+ He + «OH + H, + H,0,  (Reaction 1)

lead to cell death. The radiolysis of H,O created radicals such
as hydrated electron (e7,,), *OH, and He (8).

Following irradiation, DNA radicals (DNAe®) caused by

DNAe + RSH > RSe +DNA (Reaction 2)

hydroxyl radicals (*OH) reacting with DNA are innocuous in
anoxic conditions owing to the reaction with reducing species

DNAe +0, —» DNAOO « (Reaction 3)

such as thiols.

Nevertheless, in the presence of oxygen, the DNA radicals are
fixed by oxygen to form irreversible deleterious species.
Reaction 2 and reaction 3 are competitive reactions. As
a result, the radiological sensitivity enhances in the presence
of oxygen owing to the fixation of DNA damage. This is a
simplified illustration of the oxygen fixation model and oxygen
effect. FLASH irradiation delivers the total dose over an
extremely short duration with an ultra-high instantaneous dose

e H+ 0, - HO, » (Reaction 4)

€ g+ 0; > 05 ¢ (Reaction 5)

rate causing a high initial concentration of radicals. Among
these radicals, e*,, and He consume bulk oxygen, as a result,
forming superoxide anions (O,¢) and hydroperoxyl (HO,¢),
respectively, leading to local oxygen depletion.

Therefore, in the absence of oxygen, the enhancement of radio-
resistance improves the cell survival rate in normal tissues.
However, owing to low oxygen levels in tumors (hypoxic),
FLASH irradiation induces small change in radiosensitivity of
tumor. The physical and chemical events of the oxygen depletion
hypothesis, incidentally, occur at millisecond timescale (9-13).

This hypothesis seems convincing, as it is difficult for
reoxidation to occur during the duration of flash light expo-
sure, typically a millisecond timescale. Therefore, FLASH
irradiation induces less DNA insult in hypoxia resulting in an
increased survival rate. However, a critical question is whether
FLASH irradiation can deplete oxygen or not. Two studies have
been conducted to answer this question via constructed compu-
tational model and direct measurement, respectively (14,15).
The direct measurements of oxygen level showed a small
oxygen change in the range of 1-3 mm Hg at a 20-Gy dose,
with a dose rate of 270 Gy/sec, suggesting that FLASH irra-
diation cannot deplete oxygen in vivo. Normal tissues in vivo
are in a physoxic condition with a partial O, pressure ranging
from 20-50 mmHg (15,16). Consequently, the oxygen depletion
hypothesis may not entirely account for the FLASH effect.
Given the potential for achieving local oxygen depletion if cells
are at low oxygen levels, the consideration that the FLASH
effect occurs in hypoxic cells, such as stem cells, as proposed
by Pratx and Kapp (9,17), is plausible. The computational
model showed that it is possible to achieve local oxygen deple-
tion at a large dose (e.g., 10 Gy) with ultra-high mean dose rates
(e.g., 100 Gy/sec) in vivo (14). Furthermore, the FLASH effect
was observed at the range of 1.6-4.4% oxygen concentration
(12.24-33.66 mmHg) via in vitro experiments (18).

Although there exists a discrepancy between the compu-
tational model and direct measurement, the underlying
consensus is that FLASH irradiation is insufficient to
deplete oxygen at normoxic conditions, suggesting that the
FLASH effect may not be represented in vitro (normoxia,
~139 mmHg) (19). This deduction is consistent with the
in vitro experimental results that there is no significant
difference in cell survival rate between FLASH and CONV
irradiation. Consequently, we consider that the oxygen
depletion hypothesis may be only partly responsible for the
FLASH effect. Other mechanisms must exist to explain the
FLASH effect. In fact, some studies have pointed out that
the interactions among radiochemical radicals are pivotal for
explaining the FLASH effect (20-22).

Mechanism of free radical interaction. As early as 1969,
Berry et al (20) proposed that FLASH irradiation induced
a high local initial free radical concentration resulting in
radical-radical interaction. As a result, the number of free
radicals reduces and subsequently induces less damage to
the biomolecule. In addition, as mentioned by Koch (21),
the deposited energy followed by electron track is nonho-
mogeneous and may cause a local high radical density. In
high radical density areas, radical-radical interaction can
occur. Based on this assertion, the damage to DNA was
simulated in a simulation box full of H,O and O, following
FLASH irradiation. The results demonstrated that the levels
of innoxious non-ROS are higher at FLASH irradiation than
at CONYV irradiation. In addition, the population of ROS at
the initial time of FLASH irradiation is high and rapidly
decreases, and is ultimately lower than that at CONYV irra-
diation with time (22). This simulation is consistent with
the aforementioned assertion suggesting that the interaction
among high-density radicals reduces the free radicals that
may damage biomolecules. Moreover, an in vivo study also
observed lower levels of ROS at FLASH irradiation than at
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CONYV irradiation (23). Therefore, the interaction of radicals
resulting in the reduction of deleterious radicals may be
responsible for the FLASH effect.

Immune regulation mechanism. Some studies have suggested
that the FLASH effect may relate to immune regulation.
Several experiments have shown that FLASH irradiation acti-
vates different inflammatory response pathways and induces
less activation of gliocytes compared with CONV radiation in
the brain (23-25). However, these studies only showed an asso-
ciation between immune regulation and the FLASH effect, not
causation, and the tangible mechanism of FLASH radiation
resulting in a reduction of inflammation and ultimately causing
the FLASH effect remains elusive. Meanwhile, Jin et al (26)
proposed that FLASH-RT could control normal tissue toxicity
and tumors by reducing the killing of circulating immune
cells. This relative protection of the immune system allows
the body to mitigate the toxicity of radiation to normal cells
and achieve tumor control. Nevertheless, this study is only a
theoretical simulation and needs to be experimentally verified.

DNA integrity hypothesis. Shi et al (6) suggested that the
FLASH effect may be related to the integrity of DNA. The
deposition of a CONV-RT dose takes hundreds of seconds,
which means that some DNA molecules break due to the
energy levels before the dose transfer is completed, resulting in
partial DNA damage and damage to the integrity of the DNA.
This means that during FLASH radiation, DNA breaks and
instability rarely occurs until dose delivery is complete. On
the other hand, genomic instability has been considered as a
marker of cancer for more than a decade (27). Therefore, in
tumor cells, even in FLAS-RT, due to the inherent instability
of the genome, a large amount of tumor cell DNA damage will
be caused, so as to achieve the same tumor killing effect as
CONV-RT.

In conclusion, the proposed hypotheses tried to explain
the FLASH effect from different perspectives. However, none
can fully explain the mechanism of the FLASH effect. It is
possible that the FLASH effect depends on the combination of
all mechanisms. For demonstrating these hypotheses, practical
validation experiments are indispensable.

3. Differences between in vitro and in vivo experiments

The previous fundamental studies of FLASH-RT are chiefly
in vitro studies, in which the observed phenomena are quite
different from those in in vivo studies (Tables SI and SII).
Through examination of these studies, it can be observed
that there is no difference in cell survival between FLASH
and CONV irradiation, suggesting that the FLASH effect
cannot occur at the cell level. However, nearly all in vivo
studies observed the FLASH effect in a variety of animal
models (5,6,18,28). What caused this differential phenomenon
and why the FLASH effect emerged in a number of in vivo
studies is worth considering. Therefore, the in vitro and in vivo
studies were we retrospectively assessed to decipher the
potential reason responsible for this.

In vitro research. Several reviews have meticulously depicted
the in vitro results of FLASH irradiation (29-32). Given that,
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the present review aims to systematically list in vitro studies
with experimental conditions, assay endpoint and the occur-
rence of the FLASH effect to dissect the regular patterns that
produce the FLASH effect. Table SI shows that the assay
endpoint of irradiation-induced biological effects is frequently
characterized by cell colony formation, DNA double-strand
breaks (DSBs) and cell arrest. Although there are differences
in physical irradiation parameters, the biological effects are
generally consistent in these studies.

A cell colony assay is considered a gold standard to vali-
date the radiobiological effect of irradiation in in vitro studies.
There was no difference in cell colony formation rate between
FLASH and CONYV irradiation in most studies (33-41).
However, a few studies reported that the cell survival rate
at FLASH irradiation was higher than at CONYV irra-
diation (7,18,20,28). Notably, one of these studies showed the
significance of cell survival rate between FLASH and CONV
irradiation only in specific O, conditions (1% O, in N,) (7). In
addition, physical irradiation parameters and cell lines were
similar between the study by Fouillade er al (28) and that by
Beddok er al (38); however, they attained discrepant results,
suggesting that the emergence of the FLASH effect was vola-
tile in vitro.

Furthermore, the volatility of DSBs in some studies
also hinted that the FLASH effect was not ubiquitous
in vitro (28,37,39,42 ,43). Notably, with one exception (43),
other studies indicated that the number of DSBs was signifi-
cantly different between FLASH and CONV irradiation in the
normal cell line, whereas the number of DBSs produced by the
two irradiations was not significantly different in tumour cell
lines (Fig. 1).

Consequently, we could speculate that FLASH irradiation,
relative to CONV irradiation, induces less molecule damage
in normal cells, but has equivalent toxicity in tumor cells. This
phenomenon is analogous to what was observed in animal
models (Table SII), suggesting that the FLASH effect seems
only occur at the molecular level in normal cells rather than
in tumor cells in vitro. One study showed no difference in
DSBs between FLASH and CONYV irradiation in a normal
cell line (43). It is plausible that different irradiation sources
may account for this result. FLASH proton irradiation with
high linear energy transfer (LET) and relative biological effec-
tiveness may induce a biological effect equivalent to low LET
CONYV X-ray irradiation.

As aforementioned, a regular pattern can be observed in
which the FLASH effect barely occurs at the cellular level
and only occurs in normal cells rather than tumor cells at
the molecular level in vitro. According to the aforementioned
hypotheses, the disappearance of the FLASH effect at cellular
level can be attributed to the oxygen concentration being too
high to deplete oxygen in vitro. However, there are still some
uncertainties remaining: i) the reason for the sparing effect
at the molecular level in normal cells; ii) the reason that
FLASH irradiation cannot magnify the FLASH effect from
molecular level to cellular level; and iii) what is responsible
for the discrepant results between normal and tumor cells at
the molecular level. The present review attempts to answer
these questions based on known experimental results and
hypotheses. For point i), we consider that the interaction
among radicals plays a vital role, since the oxygen depletion
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Figure 1. Differences in DNA damage induced by FLASH and CONYV irradiation. In normal cell lines, there is a significant difference in DSBs between
FLASH and CONYV irradiation, with CONV irradiation causing more DSBs. Radiation-induced DNA damage triggers a DNA repair pathway consisting of
NHEJ and HR to repair DNA damage. Incorrect and unrepaired DNA damage leads to cell death due to chromosome aberration, and there is no difference
in cell survival rate between FLASH and CONYV irradiation. CONYV, conventional; DSB, double-strand break; NHEJ, non-homologous end joining; HR,

homologous recombination.

hypothesis is not eligible in vitro. The reduction of deleterious
radicals inducing lower DSBs level is persuasive.

For point ii), there are no experimental results or
proposed hypotheses for reference. Therefore, an explana-
tion must be proposed via the theoretical mechanism. DNA
damage is generally considered the central cause of cell
death after irradiation, especially after clinical RT doses.
Undeniably, irradiation-induced cell death is comprised
of other pathways, such as membrane-dependent signaling
pathways and bystander responses, which are associated
with oxidative damage to all biomolecules (nucleic acids,
proteins and lipids) (44-47). In addition, DNA damage
induced by irradiation triggers the DNA repair pathways
consisting of non-homologous end joining and homologous
recombination to repair DNA lesions. Incorrect and unre-
paired DNA lesions cause chromosomal aberrations related

to cell death (48). In this respect, a previous study indicated
no sparing effect in chromosomal aberrations after FLASH
and CONV irradiation (49). Consequently, we consider that
the process of DNA repair and oxidative stress responses
may diminish the sparing effect from the molecular level to
a cellular effect (Fig. 1).

For point iii), given that normal cells and tumor cells are in
the same context with regard to culture conditions in vitro, the
oxygen depletion hypothesis does not seem suitable to explain
the discrepant results in DSBs between normal and tumor
cells at the molecular level. However, oxidative stress caused
by radiation may be associated with the discrepancy. Tumor
cells, relative to normal cells, display higher background levels
of ROS and have robust Fenton-type reactions, which could
magnify the production of ROS (50,51). In addition, according
to the aforementioned hypotheses, FLASH irradiation induces
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Figure 2. Different background levels of ROS cause the differences in radiation-induced DSBs. Compared with normal cells, tumor cells show higher ROS
background levels, and so the decrease of ROS induced by FLASH irradiation is only a small change in relation to the high level of ROS in tumor cells. By
contrast, the decrease of ROS induced by FLASH irradiation is a big change in normal cells. CONV, conventional; DSB, double-strand break; ROS, reactive

oxygen species.

a lower level of ROS owing to the interaction among free
radicals compared with CONV irradiation. Therefore, the
reduction of ROS induced by FLASH irradiation may be a
small change in tumor cells due to the high background level
of ROS. By contrast, the reduction of ROS induced by FLASH
irradiation is a large change in normal cells. Consequently, the
small change of ROS is insufficient to cause the significant
difference in DSBs in tumor cells, which is different from
normal cells (Fig. 2).

Although the present review observes and illustrates
the regular pattern of FLASH effects produced in vitro and
proposes mechanistic insights to explain this pattern, it is
essential to point out that this pattern is not rigorous owing to
the limited experimental results. Further studies are indispens-
able to validate the accuracy of this pattern.

In vivo research. Unlike the ambiguous results in vitro, the
FLASH effect ubiquitously occurs in animal models after
FLASH irradiation. Currently, in various animal models (e.g.,
mice, zebrafish, pigs and cats), the FLASH effect has been
reported to occur in the central nervous system, lung, intes-
tines and skin (3,6,23,52,53).

The study of FLASH irradiation in vivo commenced in the
study by Favaudon ez al (3). The study observed lung fibrosis
formation and lung tumor survival after FLASH and CONV
electron irradiation. The results indicated that FLASH irra-
diation induced less lung fibrosis than CONV irradiation. By
contrast, FLASH and CONYV irradiation possessed comparable
tumour killing capacity, suggesting that FLASH irradia-
tion diminishes the insult to normal tissues, and reduces the

incidence and severity of post-irradiation complications (3).
A further study indicated that FLASH irradiation protected
lung progenitor cells from excessive damage, and induced
less cell senescence and DNA damage in the lung. However,
the FLASH effect disappeared in Terc” mice, indicating that
Terc may be an important gene target for FLASH irradiation
to alleviate lung injury (28). Another study also indicated
that FLASH irradiation could attenuate the radiation-induced
insult to intrathoracic tissues (54). This study demonstrated
that use of high energy X-rays as a FLASH irradiation source
for sparing normal tissue is technically feasible.
Montay-Gruel et al (23-25,55,56) from Lausanne
University Hospital, Switzerland, focused on the phenotypic
and molecular characteristics of the brain exposed to FLASH
irradiation, and united other institutions to validate the
FLASH effect on the brain. Severe brain damage, cognitive
deficits and neurogenic decompensation at the mean dose
rate of <30 Gy/sec were observed in normal mouse brains at
a 10-Gy dose. However, at higher dose rates, especially those
>100 Gy/sec, the cognitive function was spared, suggesting
that the sparing effect was more pronounced at higher dose
rates. Subsequently, pulsed X-rays were verified as a FLASH
irradiation source that could help retain cognitive memory
capacity (24). The study indicated that the sparing of cogni-
tive function is associated with the reduction in ROS and that
following the relief of oxidative stress, it limits microglial
activation and attenuates neuroinflammatory responses (23).
Moreover, the difference in astrogliosis and neuroinflam-
matory responses between FLASH and CONYV irradiation
may contribute to the sparing effect in the brain. FLASH
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irradiation did not trigger TLR4 expression and astrogliosis
compared with CONYV irradiation, although both irradia-
tions induced the activation of the complement cascade (25).
Normal mice were used as the subjects in the aforementioned
studies, which cannot indicate that FLASH irradiation
possesses the same antitumour effect as CONV irradiation;
therefore, Montay-Gruel et al (56) established an orthotopic
murine glioblastoma model and simulated clinical fractioned
RT to investigate the feasibility of FLASH-RT. The results
showed that fractioned FLASH-RT could delay tumor growth
similar to fractioned CONV-RT, and the FLASH effect was
more pronounced after the delivery of hypo-fractionated
regimens (56). Other studies indicated that the reduction of
ROS, the neuroinflammatory response, the retention of micro-
vascular integrity and dendritic spine density, the reduction of
toxicity to the endocrine system and the decrease of apoptosis
in neurogenic regions may be related to the sparing of cogni-
tion after FLASH irradiation to a substantial degree (57-59).

In addition to the brain and thorax, other anatomical sites
of mice, such as the abdomen (54,60-62), skin (63,64) and
even the whole body (65), were probed after FLASH irradia-
tion. A series of sparing phenomena, such as the retention of
gastrointestinal function, the low mortality of stem cells, the
attenuation of the gastrointestinal syndrome, the proliferation
of intestinal crypt cells and the high survival rates of mice,
were observed after abdominal FLASH irradiation. Moreover,
mice with pancreatic flank tumors subjected to abdominal
FLASH and CONYV irradiation showed iso-efficient tumor
delay, suggesting that the FLASH effect can occur in the
abdomen (62). Compared with CONYV irradiation, electron
and proton FLASH irradiation induced lower toxicity to the
skin (63,64). Whole-body FLASH irradiation induced less
toxicity to hematopoietic stem cells in immunocompromised
mice, suggesting that FLASH-RT may be well applied to the
treatment of acute lymphoid leukemia (65).

For translation to clinical applications, large mammals
such as mini-pig, cat and canine patients subjected to FLASH
irradiation were used to evaluate the safety and feasibility of
FLASH-RT (52,66). The overall results indicated that FLASH
irradiation induced lower toxicity to the normal tissues, with
slight side effects, and inhibited tumor growth, suggesting that
the FLASH effect can also occur in higher mammals (52).

Although most studies revealed the FLASH effect was
ubiquitous in vivo, some studies failed to observe the FLASH
effect at all (40,53,54,67). For example, in one study, at a dose
rate of 35 Gy/sec, the electron FLASH irradiation induced
more mucosal damage in the gastrointestinal tract compared
with CONYV irradiation, suggesting the reproducibility of
the FLASH effect may be more stringent for the dose rate
range (40). Furthermore, the FLASH effect may be concealed
by the high dose of FLASH and CONYV irradiation, and the
radioresistance of different tissues (54).

The present review summarizes the in vivo research data
consisting of assay conditions and physical irradiation param-
eters in Table SII. In contrast to the ambiguous results in vitro,
the FLASH effect could be produced by different adapted
irradiation parameters in the majority of in vivo research. It is
worth considering what accounts for this discrepant phenom-
enon between in vitro and in vivo studies. As aforementioned,
the oxygen level is much lower in vivo in comparison with that

in vitro, which may be sufficient to achieve oxygen depletion,
resulting in the FLASH effect. In addition, in vivo studies,
relative to in vitro studies, are implemented in the systematic
organism encompassing complex interactions of all tissues.
Therefore, as researchers have found, immune responses may
also be responsible for the discrepancy.

4. Factors influencing the FLASH effect

We attempt to explore the occurrence patterns of the FLASH
effect through currently published studies. Physical irra-
diation parameters, such as the mean dose rate, instantaneous
dose rate, pulse width, total exposure time, pulse repetition
frequency, total dose and fractioned dose, are noted to be
different between FLASH and CONYV irradiation, which is
presumably responsible for the occurrence of the FLASH
effect. In addition, the levels of oxygen may also be a key
factor contributing to it.

The mean dose rate is a critical physical parameter to
distinguish between CONV and FLASH irradiation. Therefore,
the mean dose rate is a key factor influencing the occurrence
of the FLASH effect. For example, in a previous study, the
proportion of normal human lung fibroblast senescent cells
decreased with increasing irradiation dose rates (39). A gradient
of mean dose rates of irradiation showed that 30 Gy/sec was
the threshold for displaying the sparing effect (55). However,
the minimum mean dose rate representing the FLASH effect
is uncertain, although most studies define FLASH irradiation
with a mean dose rate of =40 Gy/sec, as initially stated by
Favaudon et al (3). We consider that the scope of the mean
dose rate could potentially be extended. There are some pieces
of evidence to support this consideration. In one study, at a
dose rate of 37 Gy/sec, the sparing effect of cognitive function
was observed (24). Another study simulated veritable biolog-
ical responses after FLASH irradiation in animal models and
deduced that the minimum dose rate to display the FLASH
effect was 57 Gy/sec, which is close to the mean dose rate
applied in various preclinical experiments (68). As alluded to
here, the occurrence of the FLASH effect demands an adapted
mean dose rate. However, a solid minimum mean dose rate is
not currently attainable owing to the limited data available.

Researchers are realizing that it is not rigorous to define
FLASH irradiation by the mean dose rate alone for further
research. Other physical irradiation parameters, such as the
total exposure time and the instantaneous dose rate, may
be equally important as the mean dose rate. One review has
elegantly indicated that the FLASH effect is associated with
the combination of relevant parameters, such as the number
of pulses, instantaneous dose rate and total exposure time
(<200 msec) (69). In addition, the fractionated dose may be an
important factor influencing the FLASH effect. In traditional
clinical RT regimens, a fractionated dose (<10 Gy) is usually
used. However, most in vivo studies performed FLASH irra-
diation at single doses of =10 Gy. Given this, a study simulated
clinical RT to explore whether the FLASH effect occurs in
the fractioned FLASH-RT regimen or not (56). Results showed
that the benefits of FLASH-RT were more pronounced in the
hypo-fractionated RT regimens (7-10 Gy), while the FLASH
effect was not observed when the single dose was too large
(14 Gy).
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In addition to the physical parameters of FLASH irra-
diation, the level of oxygen also affects the occurrence of
the FLASH effect. As aforementioned, the sparing effect is
ubiquitous in vivo rather than in vitro. The current review has
shown that the level of oxygen plays an important role in this
discrepancy. Another review also has discussed the impor-
tance of oxygen, which may be responsible for this discrepant
phenomenon (70). Therefore, we consider the level of O, may
be directly associated with the FLASH effect.

5. Challenges and prospects

The investigation into FLASH irradiation is a treasure
trove that has yet to be mined fully. Despite the fact that
the FLASH effect has been demonstrated in a number of
studies, it is still a very young research field, and there are
many challenges to overcome from the pre-clinical research
to clinical practice. Several issues still need to be addressed
to bring FLASH radiation to maturity. For example:
i) The reproducibility conditions for the FLASH effect
are not entirely clear. As aforementioned, certain studies
have failed to observe this phenomenon (40,43,53,65). We
consider that the key parameters that would reproduce the
FLASH effect in these studies are not being used at the
required standards. Therefore, the FLASH effect cannot be
observed. To best investigate the mechanism of the FLASH
effect, the key factors that may influence the occurrence of
the FLASH effect must be figured out. ii) There are still
technical challenges to achieving FLASH dose rates with
clinically modified equipment. The majority of studies
use clinical linear electron accelerators retrofitted to emit
FLASH electron beams, owing to the lack of difficulty in
developing such retrofits. However, the electron beam can
only treat superficial tumors due to its limited dose distri-
bution at depth (71). Future treatment of deep tumors will
require FLASH X-rays or proton beams; however, there
are technical challenges to be resolved to prepare clinical
equipment capable of delivering FLASH X-rays. Currently,
the apparatus producing FLASH X-rays are only avail-
able at large facilities, such as the European Synchrotron
Radiation Facility in Europe (24) and the Platform for
Advanced RT Research in China (54). When treating
tumors with a proton beam, the beam must be scattered or
scanned to cover the target volume. However, the scanning
may reduce the dose rate and ultimately cannot trigger the
FLASH effect (72). Therefore, beam flow systems, scanning
speeds and monitoring of ionization chambers available for
FLASH proton RT systems also need to be modified (73).
iii) FLASH dosimetry and dose monitoring systems need to
be improved. Given that FLASH irradiation delivers a dose
in an instant period, there is a clinical need for monitoring
systems that can achieve real-time monitoring of FLASH
irradiation dose. It is vital to develop methods and dose
monitoring systems for accurately measuring the delivered
dose of FLASH irradiation. Several studies have made prog-
ress in this area (74-77). McManus et al (74) demonstrated
that conventional alanine dosimeters, film dosimeters and
pyroelectric dosimeters are all suitable for absolute dose
measurements of FLASH irradiation. Jorge et al (75) and
Petersson et al (76) developed an empirical ionization
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chamber model for FLASH radiation dosimetry. However,
the dose monitoring is inaccurate, when the dose rate is too
high in each pulse. Therefore, further development of appro-
priate ionization chambers and empirical models is needed.
In addition, Oraiqat et al (77) established an image-guided
approach for the real-time measurement of deep tissue doses
during FLASH-RT. Although these studies have built the
foundation for a clinical shift to FLASH-RT, the accuracy
of related technologies remains to be verified. iv) The safety
of FLASH-RT requires further validation. Although the first
FLASH-RT patient was treated well (4), the treatment of
superficial tumors alone is not sufficient for clinical RT. One
clinical study alone is not representative, and the feasibility
and safety of FLASH-RT need to be verified in the future
to ensure as much safety as possible. v) The mechanism of
the FLASH effect still needs to be experimentally inves-
tigated. The role of the oxygen depletion hypothesis and
other hypotheses in the FLASH effect, and the relationship
between these hypotheses, still require further study.

To conclude, researchers in previous studies tended to
primarily devise irradiation parameters based on average
dose rate during experimental design, ignoring significant
physical parameters, such as instantaneous dose rate, pulse
width and radiation dose fractionation. The optimization of
radiation parameters is crucial for the future application of
FLASH technology. Therefore, researchers must delve deeper
into the rationality of physical irradiation parameters and
endeavor to devise experiments that encompass a variety of
these parameters. This will facilitate a clearer understanding
of the conditions under which the FLASH effect manifests. At
the same time, researchers must not overlook the long-term
consequences of FLASH irradiation in future investigations,
as they are intricately linked to the prognosis of patients in
potential clinical applications. The FLASH-RT could be
a revolutionary advancement in clinical RT in the future.
Some radiation-resistant tumors that require larger doses
for treatment would be well treated via FLASH-RT, which
could provide a high dose threshold to overcome excessive
toxicity to healthy tissues surrounding tumors. Furthermore,
preclinical studies have shown that all irradiation sources,
such as electron beams, X-rays and proton beams, can achieve
the FLASH effect, suggesting the universality of FLASH-RT
in the future. In terms of laboratory and preclinical research,
it is advisable to embark on studies focusing on the integration
of FLASH-RT in tumor RT with immunotherapy, with the
aim of thoroughly elucidating the underlying mechanisms of
FLASH-RT and assessing the potential value of this combined
therapeutic approach. In summary, this comprehensive review,
embracing pivotal research and pertinent overviews associated
with FLASH-RT, serves as a valuable resource for a profound
exploration of the mechanisms underlying the diverse
applications of this technology.
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