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Abstract. Among the treatments for malignant tumors, radio-
therapy is of great significance both as a main treatment and
as an adjuvant treatment. Radiation therapy damages cancer
cells with ionizing radiation, leading to their death. However,
radiation-induced toxicity limits the dose delivered to the
tumor, thereby constraining the control effect of radiotherapy
on tumor growth. In addition, the delayed toxicity caused
by radiotherapy significantly harms the physical and mental
health of patients. FLASH-RT, an emerging class of radio-
therapy, causes a phenomenon known as the ‘FLASH effect’,
which delivers radiotherapy at an ultra-high dose rate with
lower toxicity to normal tissue than conventional radiotherapy
to achieve local tumor control. Although its mechanism
remains to be fully elucidated, this modality constitutes a
potential new approach to treating malignant tumors. In the
present review, the current research progress of FLASH-RT
and its various particular effects are described, including the
status of research on FLASH-RT and its influencing factors.
The hypothetic mechanism of action of FLASH-RT is also
summarized, providing insight into future tumor treatments.
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1. Introduction

Malignant tumors threaten human life worldwide. Treating
malignant tumors includes surgery, chemotherapy, targeted
therapy, immunotherapy and, importantly, radiation therapy. In
recent years, the effect of radiation therapy has been demon-
strated repeatedly. Radiotherapy is mainly applied to local solid
tumors, such as head and neck tumors, skin cancer, lymphoma,
lung cancer, esophageal cancer, etc. It may also be used as an
adjuvant treatment, combined with chemotherapy and surgery,
for the treatment of breast cancer, cervical cancer, gastroin-
testinal tumors, etc. For cancers of the blood, radiotherapy
has little effect. However, its further clinical application has
been substantially restricted as it damages normal tissues.
Radiation therapy uses an external radiation beam, which sends
radiation into the body tissue and causes damage (1). When deep
tumors are irradiated, healthy pre-tumor normal tissue receives
a higher dose of ionizing radiation than tumor tissue, resulting
in extra damage. In addition, for certain superficial tumors, if
the radiation passes directly through the surface of the tumor,
normal tissue behind the tumor may also be exposed to radia-
tion, although the tumor is directly irradiated. In either case,
the normal tissues, particularly those tissues or organs sensitive
to radiation, are severely damaged. Thus, the dose-limiting
toxicity of normal tissues is one of the significant obstacles to
the development of tumor radiotherapy (2).

Current directions of clinical radiotherapy technology
developments are to improve the ability of radiotherapy
machines and change the local mode of radiotherapy to
maximize the accuracy of irradiation of tumor tissue, avoiding
damage to normal tissue. It is exciting that FLASH radio-
therapy (FLASH-RT), as an ultra-high dose rate (UHDR)



2 LV et al: FLASH RADIOTHERAPY AND CANCER

radiotherapy, has been proposed as a new method in recent
years. The FLASH effect was first reported in 1959. However,
due to technical limitations, it was relatively challenging
to translate the results into clinical practice and further
research on this new radiotherapy was severely limited (3,4).
However, due to the improvement of radiotherapy equipment
technology, in-depth progression of radiation source research
and advances in radiobiology research, the great potential of
FLASH-RT has been recognized again as a tool for clinical
radiotherapy. FLASH-RT is a new non-invasive external irra-
diation radiotherapy technology that is able to extend patients'
treatment window and significantly change the radiotherapy
and tumor treatment pattern by delivering ultra-high dose rays
at an UHDR (5). Compared with conventional radiotherapy
(Con-RT), FLASH-RT delivers doses higher than 8 Gy in a
short time (<1 sec) and the dose rate may exceed 50 Gy/sec (1).
In several studies, radiation toxicity to normal surrounding
healthy tissues was significantly reduced and tumor growth
was inhibited, with a degree of tumor control similar to that
of traditional dose rate irradiation. While certain researchers
remain skeptical about the effectiveness of FLASH-RT in
cancer patients, it is widely thought that FLASH irradiation
holds substantial promise for the future and is perhaps the
most significant recent discovery in the history of radiation
therapy (5). In the present review, the research progress of
FLASH-RT is summarized and its various special influences,
including the research status of FLASH-RT and its influencing
factors, are outlined. At the same time, the mechanism of
FLASH-RT is also summarized, which provides insight for
future cancer treatment.

2. Effect of FLASH

Normal tissue responses to FLASH-RT. UHDR irradiation
damages normal tissues to a lesser extent than Con-RT. In
1959, the FLASH effect was observed for the first time.
Dewey and Boag (6) found that when bacteria were subjected
to large-pulse electron radiation, radiosensitivity was reduced
as compared to ordinary dose rate irradiation. In 1967,
Town (7) obtained the corresponding rays in the form of pulse
waves and improved the radiation dose rate by shortening the
time. These results were consistent with Dewey and Boag (6).
They also indicated that damage to normal tissue decreased
with increasing and constant total doses. This reduction was
confirmed in the 1970s by Field and Bewley (8), as well as
Hornsey and Alper (4), using mouse intestines. In 1969,
Berry et al (9) demonstrated that normal mammalian cells
exposed to UHDR irradiation had more robust viability than
those exposed to conventional dose rate irradiation. In 1971,
Hornsey and Bewley (10) reported that a high dose rate electron
beam (60 Gy/min and above) caused tissue hypoxia, reducing
the radiosensitivity of tissues. The research on the FLASH
effect in the 1960s and 1970s was not successfully translated
into clinical applications and research stagnated again.

In 2014, Favaudon et al (11) evaluated the effects of FLASH
UHDR or conventional dose rate irradiation on lung tissue by
local irradiation of mice. The results indicated that all mice
irradiated at the conventional dose rate of 17 Gy developed
severe pneumonia and fibrosis. This was the opposite of the
result in FLASH-irradiated mice; no pneumonia or fibrosis

was observed in these mice after the same dose of FLASH.
When the dose was increased to 30 Gy, FLASH began to
induce pneumonia and fibrosis. The authors found that 17-Gy
FLASH irradiation prevented the activation of TGF-f3 and
acute apoptosis of bronchi and blood vessels.

In 2017, Montay-Gruel et al (12) performed several
studies on the effects of FLASH-RT on brain tissues and
found that spatial memory was significantly impaired after
irradiation with a total dose of 10 Gy at a conventional
dose rate of 0.1 Gy/sec. However, the spatial memory was
significantly protected when the average dose rate of radia-
tion was >100 Gy/sec. Even 2 months after the mice received
radiotherapy, the animals' ability to recognize new objects
was significantly better in the FLASH-RT group than in the
conventional dose rate group. In addition, the discrimination
of newborn neurons in the mouse hippocampus indicated that
the protective effect of FLASH-RT on nerve regeneration
depended on the protective effect of neural stem cells. Further
studies were performed in 2018 and 2019; these concluded that
FLASH-RT had a more substantial protective effect on normal
brain tissue than conventional dose rate radiotherapy (13,14).

Alaghband er al (15) indicated that, compared with
conventional dose rate (0.077 Gy/sec, 6 MeV electron) irra-
diation, irradiation of the whole brain of mice with an UHDR
(4.4x10° Gy/sec; 6 MeV beam) had an evident radiation protec-
tion FLASH effect. As the animals passed further cognitive
tests, the authors observed no significant difference in the
brains of the FLASH-irradiated mice compared to the control
group, while the brains of the mice exposed to conventional
dose rates were significantly damaged. Mice irradiated at
conventional dose rates has considerably lower levels of imma-
ture and mature neurons after 4 months. Regarding pituitary
function, the authors found a two-fold decrease in plasma
growth hormone in mice exposed to conventional dose rates
but not in mice exposed to FLASH. These findings illustrate
the benefits of FLASH irradiation over conventional dose rate
irradiation. In large mammals, a phase I single-dose escala-
tion trial (25-41 Gy) studied six cats with locally advanced
T2/T3NOMO nasal plane squamous cell carcinoma with hair
loss and fibrinoid necrosis as acute and late endpoints and
observed a ‘protective effect’ (damage to normal tissue is less
than that of Con-RT) of FLASH-RT (5). Further histological
analysis revealed no acute toxicity in three cats, moderate/mild
transient mucositis in three cats and depilation in all cats.
The 16-month progression-free survival in the experimental
group was 84%. This finding confirmed the potential benefits
of FLASH-RT and provided a basis for further evaluation
of FLASH-RT effects in humans. Numerous studies have
examined the effects of FLASH in normal tissues, which are
summarized in Table I.

Tumor control effect. Numerous studies indicated that FLASH
reduces irradiation damage in normal tissues; however, its
therapeutic effect on tumor tissues remained to be determined.
Favaudon et al (11) observed no difference in anti-tumor
efficiency when an orthotopic mouse lung cancer model was
exposed to FLASH-RT or Con-RT. They also indicated that
only 20% of the mice irradiated at the conventional dose rate
of 15 Gy were tumor-free at weeks 8-9 as opposed to 70%
of the mice treated with 28 Gy FLASH-RT. These findings
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Table I. Studies examining the effects of different modes of FLASH irradiation on normal tissue.

Author, year System Dose, Gy Dose rate, Gy/sec Assay (Refs.)

Hornsey and Bewley, 1971 Mouse intestine 119 17-83 LD50/5 (10)

Field and Bewley, 1974 Mouse foot skin 24 56-83 Early and late (8)
reactions

Hendry et al, 1982 Mouse tail skin 50 17-170 Necrosis ND50 95)

Favaudon er al, 2014 Mouse lung 15-17 40-60 Lung fibrosis (11)

Montay-Gruel et al, 2017 Mouse brain 10 100-10¢ Memory tests (12)

Vozenin et al, 2019 Mouse intestine 14.7 70-210 LD50/5 (survival) (56)

Montay-Gruel et al, 2018 Mouse brain 10 37 Neurocognitive tests (13)

Simmons et al, 2019 Mouse brain 30 200/300 Neurocognitive tests (@AY

Montay-Gruel et al, 2019 Mouse brain 10 >100 Neurocognitive tests 14)

Abel et al, 2019 Mouse lung 15/17.5/20 40 Survival, dermatitis, (96)
breathing function

Girdhani et al, 2019 Mouse lung 15/17.5/20 40 Lung fibrosis, (35)
skin dermatitis

Vozenin et al,2019 Mini-pig skin 22-34 300 Skin toxicity/injury 5)

Montay-Gruel et al, 2019 Zebrafish embryo 8 >100 Morphology 14)

Alaghband et al, 2020 Mouse brain 8 4.4x10° Neurocognitive tests (15)

Fouillade et al, 2020 Mouse lung 17 40-60 Cellular proliferation, (76)
inflammation

Levy et al, 2020 Mouse abdomen 12-16 216 Crypt cells, stool 57)
production, survival,
regeneration

Diffenderfer et al, 2020 Mouse abdomen 15 78 Intestinal crypt cell (38)
proliferation

Diffenderfer et al, 2020 Mouse intestine 18 78 Fibrosis (38)

Cao et al, 2021 Mouse mammary 20 300 Oxygen depletion (60)

gland test

Liew et al, 2021 Mouse skin 30 125 Survival (32)

Cunningham et al, 2021 Mouse skin 15,35 57,115 Plasma and skin o7)
levels of TGF-1
and skin

Velalopoulou et al, 2021 Mouse skin, 30,45 69-124 Survival, histology, (98)

muscle, bone pathology
Montay-Gruel et al, 2021 Mouse brain 10-30 1.8x10° Survival, 99)

neurocognitive tests

suggest that FLASH irradiation may enhance tumor inhibition.
Numerous studies suggested that flash-RT and Con-RT have
almost the same therapeutic effect on tumors when used at
equal doses (5,11,16). For instance, the first pre-clinical study
of nasal plane spontaneous squamous cell carcinoma in felines
indicated no significant difference in the efficacy of FLASH
compared with Con-RT (5).

The results of FLASH irradiation have also been validated
in humans; a recent study by Bourhis et al (17) reported the first
patient receiving FLASH-RT. A 75-year-old patient presented
with a multiresistant CD30* T-cell cutaneous lymphoma
disseminated throughout the whole skin surface. Prior to this
treatment, Localized skin RT has been previously used over
110 times for various ulcerative and/or painful cutaneous
lesions progressing despite systemic treatments. However, due

to the emergence of a new skin tumor (3.5 cm in diameter),
FLASH-RT was administered for a total dose of 15 Gy. The
purpose of FLASH irradiation is to minimize the toxicity of
surrounding normal tissues. After 3 weeks of treatment, the
toxicity of normal tissues decreased significantly and the
tumor was well controlled. This was the world's first clinical
report of FLASH applied to humans, providing a stimulus for
further basic research and clinical applications of FLASH.
Subsequently, further studies on the clinical application of
FLASH radiotherapy were published. Van de Water et al (16)
conducted a clinical study on four patients with head-and-neck
cancer who received four treatment plans (the clinical treat-
ment plan, a ‘standard’ spot-reduced plan, an ‘arc’ spot-reduced
plan and an ‘arc-shoot-through’ spot-reduced plan). They
indicated that FLASH dose rates were not achieved for
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conventional planning and clinical spot-scanning machines.
As such, increased spot-wise beam intensities, spot-reduced
planning, hypofractionation and arc-shoot-through plans were
required to achieve FLASH-compatible dose rates. In addition,
Wei et al (18) performed a dosimetric clinical study on two
patients with lung cancer and observed that the single-energy
Bragg peak plans achieve superior dosimetry performances
in organ-at-risk sparing (OARs) to transmission plans with
comparable dose rate performances for lung cancer FLASH
therapy. Beam angle optimization may further improve the
OAR dosimetry parameters with similar 3D FLASH dose rate
coverage.

3. Factors affecting FLASH irradiation

Dose effect. Earlier FLASH studies used monopulse and
nanosecond X-ray irradiation, and the instantaneous dose
rate was up to 7x10® Gy/sec (9). The dose rate mentioned in
FLASH-RT studies is the average dose rate of the whole irra-
diation process. Smyth et al (19) found that, compared with a
cathode ray tube, synchrotron broad-beam radiation therapy
with a high dose rate (37-41 Gy/sec) and an equivalent dose
did not provide normal tissue protection. These results suggest
that the protective effect of FLASH-RT on normal tissues
may not be universal and the dose rate required to induce the
FLASH effect may not be universal. Montay-Gruel et al (12)
studied whole brains irradiated with 10 Gy of 4.5 and 6 MeV
electrons at dose rates from 0.1 to 500 Gy/sec. When the dose
rate was =30 Gy/sec, the neuroprotective FLASH effect was
significant; when the dose rate was =100 Gy/sec, the maximum
FLASH effect was induced; however, when the dose rate was
<30 Gy/sec, the neuroprotective effect disappeared. Another
study indicated that FLASH-X-ray whole-brain irradiation of
37 Gy/sec has a more significant memory protection effect than
Con-RT (13). Contrary to these results, Venkatesulu ef al (20)
suggested that FLASH-RT at 3 5Gy/sec gave higher toxicity
than Con-RT at 0.1 Gy/sec.

The total radiation dose used in pre-clinical FLASH-RT
studies is not uniform. Bourhis ef al (21) suggested using
low-segmented FLASH delivery because low-segmented
FLASH has the same efficacy as Con-RT in controlling
orthotopic glioma in mice. By contrast, Vozenin et al (5)
used FLASH-RT to treat cats with locally advanced nasal
squamous cell carcinoma and found that a single dose of
up to 41 Gy failed to reach the maximum tolerated dose; no
dose-limiting toxicity was observed under a single dose of
25-41 Gy. Meanwhile, normal tissue had good tolerance.

Although there has been much research on FLASH-RT,
the optimal dose rate for FLASH-RT remains undefined.
Zhou et al (22) found that FLASH-RT-induced transient
hypoxia protected normal tissue better than Con-RT; they
analyzed the order of magnitude of the minimum dose rate
required by ultra-short radiation pulse FLASH-RT through
dimensionality. The results indicated that the lower limit of
the dose rate of FLASH-RT may be very close to the minimum
dose rate in pre-clinical trials (>40 Gy/sec). In addition, if
FLASH-RT is used in the clinical treatment of deep tumors
while delivering an UHDR for deep tissues, normal tissues
along the radiation beam trajectory may receive a low dose
rate (lower than the minimum dose rate to induce the FLASH

effect) and the damage of normal tissues along the radiation
path also requires to be considered.

The linear quadratic formula (L-Q model) (or o/p equation)
was proposed by Kellerer and has been used in radiobiology
research and clinical radiotherapy, where it had a profound
influence on theoretical research and clinical application of
radiobiology (23). According to the linear quadratic model,
cells are killed if two strands of a DNA or two arms of a
chromosome are damaged simultaneously (24). There are
two mechanisms of damage in this event: i) Cell death caused
by radiation hitting two strands of DNA at once and ii) the
single-target multiple-hit effect, with cell death caused by radi-
ation hitting two strands of DNA separately (Fig. 1). Rays with
energy particles that accomplish this effect alone are called
high-let rays, while particles that require multiple particles to
cause DNA damage are called low-let rays. However, certain
authors were skeptical about the L-Q model. Steel et al (25)
indicated that the L-Q model was not able to predict the cell
survival rate when the cell population received a fractional
irradiation dose, suggesting that factors other than the local
dose affected the survival rate after irradiation. Hadrons are
being used for clinical cancer treatments, predominantly with
proton and carbon-ion beams but with increasing interest in
the application of other ions. As particles slow down in the
body, they become more densely ionized, eventually losing
all energy and stopping moving. One result of this is that as
the particles decelerate and the LET of these beams increases,
resulting in an increase in relative bioavailability (RBE),
depending on the energy and particle type (26,27). In radiobi-
ology, the increase in RBE is driven by the production of more
complex or clustered DNA damage that cells find increasingly
difficult to repair. With the increase of LET (28,29), the dose
savings of the graded treatment decreased and the low dose
rate savings also decreased.

Therefore, it is necessary to consider the dose.
Venkatesulu er al (20) observed that FLASH-RT (35 Gy/sec)
was more likely to induce acute gastrointestinal syndrome
than Con-RT (0.1 Gy/sec) for the same single 16 Gy abdominal
irradiation. Tissues with low o/ values (such as the spinal cord,
lung, kidney, liver, bone and the vascular system) are sensitive to
the fractional dose and the late response of tissues is aggravated
when the fractional dose is increased in Con-RT. However, a
single high dose of FLASH-RT significantly protected normal
brain and lung tissues (10,21). Tissues with high a/f} values (such
as small intestine and skin) were more sensitive to the total treat-
ment time and premature tissue response was aggravated when
the total treatment time was shortened. This finding suggests that
the efficacy of FLASH-RT is associated with tissue specificity
and has considerable complexity. Rothwell et al (30) analyzed
the effects of different doses and dose rates on FLASH. The
authors indicated that within a specific range (<1,000 Gy/sec),
a higher dose rate was associated with a greater AOER, which
was consistent with previous studies (22,31). The authors also
found that, even at these high dose rates, no significant change
in AOER was observed without a sufficiently high dose. This
finding reaffirms the importance of the dose and dose rate for
the FLASH effect.

Based on these results, further studies analyzed the
influencing factors of FLASH irradiation and established
models to predict the effects of FLASH irradiation under
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Figure 1. Schematic illustrating the single-hit model and double-click model.
LET, linear energy transfer.

various influencing factors. To facilitate the radiobiological
investigation of FLASH phenomena and the assessment of
clinical applicability, Liew et al (32) presented an extension of
the mechanistic radiobiological model ‘UNified and VERSatile
Bio Response Engine’ (UNIVERSE), which reproduces
the dose-, dose rate and oxygen tension-dependent influence
on cell killing. For these systems, the findings suggest that
the extent of the cell/tissue sparing effect, if present, strongly
depends on beam quality used for reference conventional irra-
diation. For instance, the dose rate effects are associated with
survival and survival was observed from doses and dose rates
of ~8 Gy and ~40 Gy/sec, respectively. Although this model
may predict the response to FLASH radiotherapy, it is difficult
to estimate the dose and dose rate accurately. In addition, other
models may help us understand and predict the FLASH effect.
These include the model developed by Rothwell e al (30)
using parameters involved in oxygen consumption, including
those related to dose transfer, radiochemical oxygen consump-
tion dynamics and tissue inherent biological characteristics.
Although the FLASH study indicates the need for low initial
oxygen concentrations and high doses, this study provides a
quantitative tool to determine more precise values for different
situations. After establishing a clinically relevant parameter
space for flash radiotherapy, the model may be used to answer
complex questions surrounding the mechanism of action.

Influence of radiation sources. The FLASH effect is
thought to exist in electron-wire radiotherapy, which has
been preliminarily verified in small animal models (33,34);
relevant human experiments are in progress (17). In addition
to electron wires, FLASH effects have also been observed for
X-irradiation (13). Due to its physical properties, proton beam
radiotherapy has a protective effect on normal tissue and the
proton FLASH effect may add additional protection to normal
tissue. Girdhani et al (35) demonstrated for the first time that

proton FLASH-RT reduced normal tissue toxicity in a mouse
model. Beyreuther et al (36) irradiated zebrafish embryos with
a conventional dose rate proton beam of 5 Gy/min and a proton
FLASH beam of 100 Gy/sec and observed no difference in
toxicity. However, Buonanno et al (37) indicated that proton
FLASH irradiation in vitro did not increase the survival rate of
normal human lung fibroblasts. The reason for these findings
may be that the pulse rate of radiation affected the FLASH
effect. This finding suggests that the role of protons in FLASH
mode requires to be further studied. Several studies discussed
the design, implementation and in vivo verification of a new
proton FLASH-RT system (38), clarifying the importance and
clinical significance of FLASH-RT research in proton plasma
radiotherapy (39). UHDR proton beam therapy is already
under consideration (40).

The correlation between the FLASH proton and the
FLASH effect has been confirmed in numerous studies.
Several studies examined the effect of proton transport in
FLASH mode (36-39,41). The proton relative bioavailability
values using the point scanning system are almost identical to
those using the passive scattering system. In a recent review
of the data from these studies, Colangelo and Azzam (39)
provided corresponding evidence for the FLASH effect in
their study. These studies were performed at aerobic levels;
therefore, the results were limited. Certain experiments under
very low oxygen tension established the relationship between
the FLASH effect and proton FLASH in vitro (42-44).
Buonanno et al (37) conducted experiments using normal
non-fibrocytes and compared conventional dose rate and
proton FLASH irradiation. The expression of TGF-f in
pre-senescent cells decreased with increasing dose rate.
These findings provide evidence for the long-term effects of
proton-derived FLASH. A colony-forming cell assay indicated
that the cell survival index at a constant dose rate had an expo-
nential relationship with the increased dose. The ability of
proton-derived FLASH-RT to reduce long-term radiotoxicity
in normal tissue compared with conventional dose rate radio-
therapy may be due to differences in the types or amounts of
DNA damage. These findings provide another aspect of the
proton-derived FLASH effect. Proton beam therapy (PBT)
may be the ideal solution for treating certain deep tumors. Due
to its high energy and dose rate, FLASH irradiation has been
applied in clinical practice (16). The PBT beam has also been
applied to other devices for testing innovations in equipment
and devices (38,45). However, the limitations of PBT hamper
its further popularization. Proton scattering is necessary for
patients with large tumors, resulting in the loss of scattered
particles and reducing the total delivery dose. Furthermore,
the total duration increases to provide UHDR at each point;
therefore, the total dose rates decrease and may not be suffi-
cient to cause FLASH effects (21,46).

Although the majority of current radiation treatments
are performed using X-rays, preclinical studies examining
results of exposure to X-rays are rare. Montay-Gruel ef al (47)
have summarized the different methods that may be used
to generate X-rays, their beam properties and their effects.
Schiiler et al (33) provided a comprehensive review of the
numerous results generated from electron FLASH experi-
ments. They suggest the following set to be at a minimum in
terms of dose parameter: The dose and dose parameters should
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be defined to a dose specification point (DSP) at the center of
the irradiated volume of interest. If a highly irregular volume
is considered, a representative DSP in this volume should be
defined and used. The reporting of the dose parameters should
be accompanied by the coordinates of the DSP as well as dose
profile measurements along the lateral and axial directions,
centered on the DSP.

Weber et al (48) discussed the technical challenges in
beam delivery and provided a promising solution using 3D
range-modulators in order to apply UHDRs compatible
with FLASH with carbon ions. Next, they also discussed
the possible outcome of C-ion therapy at UHDR on the level
of the radiobiological and radiochemical effects. Although a
large number of studies have assessed the preclinical FLASH
status of different radiation types, there is still no consensus
on the normalization and standardization of radiation types,
which still requires to be confirmed by further studies.

4. FLASH-RT biological mechanism

Oxygen consumption hypothesis. Traditional radiotherapy is
based on the classical ‘4R’ theories of radiobiology (repair, reox-
ygenation, redistribution of cell cycle and repopulation) (49).
Regarding the biological mechanism of FLASH-RT, early
studies focused on the possibility of oxygen metabolism in the
environment surrounding cells (50). FLASH-RT irradiation
results in radiochemical oxygen depletion, which leads to an
acute period of hypoxia in the irradiated tissue and transient
radiation resistance. Oxygen is a critical factor affecting
the FLASH effect and a physical parameter that evaluates
the FLASH effect. There is evidence that numerous normal
tissues are able to maintain a small number of cell popula-
tions for continuous renewal/regeneration at low physiological
oxygenation levels (51). High doses rapidly deplete oxygen at
high dose rates, allowing it to diffuse to maintain adequate
oxygenation levels, and normal tissue responds as hypoxic
tissue. As a result, UHDRs deplete oxygen, mimicking
hypoxia and increasing tissue resistance to radiation. In the
case of hypoxic (radiation-resistant) tumors surrounded by
oxidized normal tissue (radiosensitivity), UHDRSs increase
the radiation resistance of normal tissue with minimal effects
on already hypoxic tumor tissue (52). In common ionizing
radiation reactions, water in cells breaks down as a result of
radiation and produces reactive oxygen species (ROS), which
indirectly damage DNA, including the common process of
hydroxyl radicals attacking DNA (53). In low-linear-energy
transfer radiation, DNA damage caused by ROS may account
for up to 70% and the remainder is caused by direct interac-
tions between DNA and radiation (31,54,55). According to
the oxygen fixation hypothesis, if oxygen radicals cause this
indirect DNA damage, the damage is fixed by the presence
of molecular oxygen by forming more damaging peroxy
radicals (56).

After FLASH-RT, radiochemical depletion of oxygen
occurs in tumor tissue, leading to radiation resistance of the
tumor. Petersson et al (42) provided a reliable quantitative
model for understanding the biological effects of FLASH-RT
that was compatible with experimental observations of
FLASH effects. The model suggests that oxygen levels may
be depleted at moderate oxygen concentrations (but not at high

or very low concentrations); oxygen levels may be depleted
sufficiently to affect radiosensitivity. Under physiologically
relevant oxygen concentrations (relative partial pressure
1.6-20%), Adrian et al (43) reported that the FLASH effect
depended on the oxygen concentration in vitro and the survival
rate of hypoxic prostate cancer cells (1.6%) was significantly
improved by FLASH irradiation. However, numerous
studies suggested that FLASH-RT was able to maintain an
anti-tumor response similar to Con-RT (21,57); in certain
cases, FLASH-RT may have generated anti-tumor responses
better than those to Con-RT (34,58). Several studies on oxygen
in FLASH-RT indicated that oxygen and hypoxic environ-
ments may have a critical role in the FLASH effect. There
are numerous descriptions of the traditional mechanics of the
FLASH effect (Table II). For instance, Petersson et al (42) used
a model of oxygen dynamics during irradiation to develop a
time-dependent model of the oxygen enhancement ratio in
mammalian cells, which includes oxygen depletion. Then the
characteristics of the model were discussed in terms of dose
and dose rate dependence of the oxygen enhancement ratio.
Eventually, they determined that only under moderate oxygen
tension, oxygen levels were able to be depleted in quantities
sufficient to affect radiation sensitivity. Boscolo et al (59)
studied the yield as a function of time and LET for all
radioactive substances simulated for different ionic radiation
and different oxygenation levels at different energies within
1 usec after radiation passage. Under oxygenated conditions,
high production of two highly toxic species, O, and HO,e,
was predicted, particularly at low LET radiation. All of these
studies have further promoted the mechanistic research prog-
ress on FLASH-RT.

Although the oxygen consumption mechanism of FLASH
irradiation is widely known, this mechanism is being chal-
lenged due to progress in-depth research. FLASH irradiation
is unlikely to consume oxygen to radiation-related levels of
hypoxia in large tissues. At the same dose, FLASH irradia-
tion led to less oxygen consumption than conventional in vitro
irradiation, which may be related to the protective effect of
FLASH. However, the difference in oxygen consumption
between FLASH and conventional exposure cannot be quanti-
fied in vivo because measurements of oxygen consumption
under conventional exposure are hampered by oxygen supple-
mentation in the blood (60). Tinganelli et al (61) studied the
effect of FLASH irradiation on CHO-K1 cells in oxygenation
content ranging from O to 21%. The authors determined that
the FLASH protection effect was oxygenation-dependent and
the protective effect was more significant in the presence of
lower oxygen content. This finding affirms the opinion of
researchers who were skeptical about the mechanism of oxygen
consumption (43,62). These studies (60-62) are significant to
the research on the mechanisms of FLASH. Studies reported
a slight reduction in oxygenation after FLASH irradiation,
claiming a negligible effect on radiosensitivity (32,63,64).
Cao et al (60) used a fluorescence quenching method and a
water-soluble molecular probe to measure oxygen in vivo
and in vitro, and quantified the change of oxygen per unit
dose by irradiation with a 10 MeV electron beam. In in vitro
experiments, the oxygen consumption g values of conven-
tional irradiation ranged from 0.19 to 0.21 mm Hg/Gy
(0.34 to 0.37 uM/Gy) and that of UHDR irradiation ranged
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Table II. Studies exploring the mechanisms of FLASH radiotherapy.

Author, year Dose rate, Gy/sec Dose, Gy Type of ray Core theory System (Refs.)
Petersson et al, 2020 0-100 0-30 Electrons Oxygen In vitro and in vivo 42)
consumption
Labarbe et al, 2020 103-107 10 Electrons or ROS In vitro (78)
photons
Boscolo et al, 2020 - - Ion and Oxygen In vitro 59)
proton consumption
Liew et al, 2021 0.01-10* 2-32 Electrons and ‘UNIVERSFE’ In vitro and in vivo (32)
X-rays
Cao et al, 2021 0-300 0-30 Electrons Oxygen In vitro and in vivo (60)
consumption
Boscolo et al, 2021 10° 0-150 Electrons Oxygen In vitro (64)
consumption
Jansen et al, 2021 0-340 10 X-rays, protons Oxygen In vitro (63)
and carbon ions consumption
Rothwell er al, 2021 40-150+ 2-50 - Oxygen - (30)
consumption
Tinganelli et al, 2022 0-70 0-7.5 Ions Oxygen In vitro 61)
consumption

UNIVERSE, UNified and VERSatile Bio Response Engine (mechanistic radiobiological model); ROS, reactive oxygen species.

from 0.16 to 0.17 mm Hg/Gy (0.28 to 0.30 uM/Gy). In vivo,
the oxygen content decreased by 2.3+0.3 mm Hg in normal
tissues and 1.0+0.2 mm Hg in tumor tissues after a single dose
of 20 Gy FLASH irradiation, while no reduction in oxygen
was observed with a single fraction of 20 Gy applied in the
conventional mode. Therefore, it is indicated that FLASH
irradiation induces less oxygen consumption than conven-
tional irradiation at the same dose, which may be related to the
retention effect of FLASH. However, the difference in oxygen
consumption between FLASH and conventional irradiation
cannot be quantified in vivo, as measurements of oxygen
consumption under conventional irradiation is replenished
by oxygen supplementation in the blood. Jansen et al (63)
experimentally investigates whether oxygen depletion occurs
during FLASH irradiation by measuring the oxygen concen-
tration in vitro during irradiation of water by photons, protons
and carbon ions. They observed that oxygen consumption in
water was only related to radiation dose, dose rate and linear
energy transfer, with a higher dose rate associated with lower
oxygen consumption. They also found no clinically relevant
oxygen consumption limits. Eventually, they concluded that
the FLASH did consume oxygen, but not a sufficient amount to
use up all of it. For high dose rates, less oxygen was consumed
than for the standard radiotherapy dose rate and loss of oxygen
of any analyzed radiation type was found when using FLASH
for 10-Gy dose delivery. These studies also challenge the
traditional hypothesis of oxygen consumption.

ROS-mediated cell damage. Other biochemical mechanisms
are thought to be responsible for the FLASH effect on ROS and
free radicals. A study indicated that the electronic irradiation
of zebrafish embryos with Con-RT and FLASH-RT only had

a minor effect on their morphology 5 days after fertilization
due to the low production of ROS, suggesting that the radia-
tion resistance to FLASH of normal tissues was significantly
associated with reduced ROS levels (14). Abolfath et al (65)
performed molecular dynamics simulations to study the gener-
ation of reactive species around DNA at various dose rates
and oxidation levels. Under normoxic conditions at high dose
rates, individual ROS aggregate to form resonant or metastable
molecular states linked by hydrogen bonds. The resulting clus-
ters have low diffusivity and are known as non-reactive oxygen
species (NROS), which, unlike ROS, have a limited biological
damage potential. At low dose rates and low oxygen tension,
the production of NROS is reduced, resulting in a higher
proportion of free ROS. Montay-Gruel ef al (14) indicated
that oxygen consumption of UHDR promotes the protection
of normal tissues by inhibiting ROS production. The authors
irradiated water with 4% oxygen (to simulate physiological
oxygen tension) with FLASH-RT or Con-RT. After FLASH
irradiation, the concentration of H,0O, in an aqueous solution
was significantly decreased. Spitz et al (31) indicated that the
FLASH effect was related to the instantaneous generation
of free radicals and inherent differences in redox and free
radical chemistry between normal and tumor tissue. The study
suggested that the content of unstable iron in normal tissue
cells was less than that in tumor tissue cells; therefore, the
further reaction of ROS was more easily restricted, reducing
cell damage (31). Tumor tissue cells contain a large amount
of unstable iron ions and internal reactions are more likely to
occur. This phenomenon results in a similar reduction in radia-
tion sensitivity in FLASH-RT with less reduction in tumor cell
sensitivity and a greater reduction in normal cell sensitivity.
The difference in sensitivity of tumor cells and normal cells
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to FLASH-RT resulted in different tissue responses. Both
Con-RT and Flash-RT mechanisms are related to oxygen and
their related mechanisms will be discussed below (Fig. 2).

Favaudon er al (66) proposed three hypotheses and
compared them with the current results. The radiation-induced
transient oxygen depletion (TOD) hypothesis suggests that
normal tissue preservation at UHDRs is the result of transient
hypoxic radiation protection due to oxygen depletion. Although
invivo data (14) suggested that local oxygen tension had a strong
effect on the final results, the isoefficiency of tumor cell killing
under normoxic and hypoxic conditions was less supportive.
In addition, both direct measurement of oxygen consump-
tion during FLASH irradiation by optical methods in vitro
and in vivo and observations of the FLASH effect in aerated
cultured cells with DNA damage and survival as endpoints
support the TOD hypothesis, and free radical self-destruction
appears to be a more plausible explanation (66).

Immune and inflammatory hypothesis. Another explanation
is that chromatin remodeling is mediated by poly (adenosine
diphosphate ribose) polymerase and inflammatory/anti-
inflammatory cell signaling may depend on the duration of
treatment. As certain circulating blood cells are irradiated,
they protect the immune system better than under traditional
dose irradiation. The chromosomal aberrations of circulating
blood lymphocytes depend strongly on the amount and
duration of irradiation. In FLASH exposure, time reduction
allows more circulating immune cells to survive. In this
case, the efficacy of fractionated irradiation is lost (67). It has
been reported that the TGF-f3 signaling pathway is lower in

FLASH-irradiated mice than in mice subjected to Con-RT (11).
One study reported that the key to radiation resistance of
tumor-infiltrating T cells is TGF-f (68), while other studies
indicated that TGF-f signaling inhibits the immune system
and promotes cancer progression, concluding that inhibitors of
the TGF-f3 pathway may enhance the treatment of malignant
tumors (69). Rama er al (58) reported that FLASH proton
radiation improved lung tumor control, possibly due to the
recruitment of CD3* T lymphocytes into the tumor. In several
studies, FLASH-RT and Con-RT were compared in immu-
nocompromised animals; however, no differences in tumor
response were observed. Girdhani et al (35) found that proton
FLASH-RT had lower toxicity to normal tissue in pre-clinical
mouse models than Con-RT. Subsequent genome-wide
microarray analysis suggested that extensive activation and
maturation of the immune system were inhibited in FLASH-RT
mice (10,13,70). FLASH may provide better immune responses
due to reduced exposure of circulating immune cells because
of the short exposure time, although segmental FLASH-RT
may reduce this effect (38). A study on whole-brain irradiation
in C57BL/6J mice indicated lower levels of pro-inflammatory
cytokines in the hippocampus after FLASH than conventional
dose rate irradiation (71). A significant increase in five of 10
cytokines (IL-6, IL-1f3, TNF-a, KC/GRO and IL-4) measured
at conventional dose rates was reported 10 weeks after irra-
diation, whereas FLASH only produced increases in three
cytokines (IL-13, TNF-a and KC/GRO).

There is evidence that radiation may lead to pro-
inflammatory immune stimulation and anti-inflammatory
immunosuppressive responses, and the potential of this
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immunomodulatory response is the main theoretical basis for
numerous recent clinical trials (72). Durante et al (73) noted
that the difference in the high dose rate and total treatment time
may reduce the proportion of circulating blood cells irradiated,
thereby protecting the immune system, and predicted that this
would be more effective than subconventional dosing. They
indicated that chromosomal aberrations detected in circulating
lymphocytes following radiation exposure depend on exposure
time and volume (73), but this has not been confirmed for
flash exposure. Rama et al (58) demonstrated that Flash-RT
improves T cell infiltration in irradiated tumors. It is specu-
lated that routine and flash irradiation may directly alter the
expression levels of immune factors and active immune cells,
but indirectly affect immune reactivity by affecting DNA
damage or the microenvironment. It has also been suggested
that radiation exposure leads to the expression of a range of
other immune factors, including interleukins, interferons,
immune checkpoint ligands and other cytokines. These may
induce more than direct radiation responses (74,75).

DNA damage, senescence and fibrosis. There is also consider-
able evidence of differences in DNA damage in normal tissues
after Con-RT and FLASH irradiation. Fouillade et al (76)
studied the phosphorylation of histone H2AX and recruitment
of cohesion protein 53BP1 at DNA damage sites in MRC5 and
IMR90 normal human fibroblasts and A549 human lung adeno-
carcinoma cells and indicated that after FLASH (5x10° Gy/sec)
and Con-RT (5 Gy) irradiation, no significant difference was
observed in the number of H2AX lesions between the three
cell lines and the two irradiation modes. However, it was note-
worthy that flash-RT-induced 53BP1 lesions were significantly
fewer than CONV lesions in the two fibroblast cell lines. It
has been observed that tumor cells are frequently deficient in
radiation-induced G1 arrest and that pathologic DNA repair
features and defects are present in double-strand breaks
reconnected at GO/G1 (77). Reduced production of the 53BP1
substrate DNA damage subset through free radical recombina-
tion and defective repair of G1 tumor cells are also considered
to be two important processes in the differential response of
normal and tumor cells to FLASH-RT (78).

FLASH irradiation has been indicated to protect tissues
from radiation-induced fibrosis similar to that seen in
Con-RT. This has been demonstrated in a large number of
animal studies (5,11,76). Fouillade et al (76) analyzed the
characteristics of radiation-induced lung senescence in mice
using immunofluorescence and transcriptome techniques and
observed that FLASH-RT was less efficient than Con-RT in
inducing p53BP1 lesions. The persistent focal accumulation of
53BP1 at chromosomal damage sites was associated with DNA
fragments and chromatin-enhanced senescence. Furthermore,
they demonstrated that FLASH-RT was able to prevent the
induction of senescent cells in irradiated lungs. They also
pioneered the use of single-cell RNA sequencing in radiation
biology, allowing the identification of cell-type-specific tran-
scriptional changes (79).

5. Pre-clinical application prospect of FLASH

FLASH-RT is as lethal to tumors as conventional dose rate
radiotherapy and has low side effects on normal tissue.

Therefore, FLASH-RT will likely have a considerable clinical
impact in the future. This inference is supported by the
researchers who studied the protection of mouse brain tissue
during FLASH-RT (80), thereby suggesting that FLASH-RT
modifies a common initial event that may control the develop-
ment of both acute and delayed toxicity. To date, the FLASH
effect has been demonstrated in several in vivo models, mostly
in wild-type mice, and in several organ systems. These organs
comprise the so-called acute reaction organs, such as the
gut and hematopoietic system, (81,82), and delayed reaction
organs such as the brain, lung and skin (76,83-87). In 2019,
researchers from Stanford University, the SLAC National
Accelerator Laboratory, and Indiana University solved the
problem of FLASH-RT device architecture (88). FLASH-RT
has two primary clinical purposes. First, the FLASH effect
may increase the total dose for treating radio-resistant tumors
associated with poor outcomes (5). Larger doses of radiation
may be delivered to the tumor without the severe toxicity to
surrounding normal tissue that Con-RT is expected to cause.
Furthermore, analysis of the distribution of initial DNA
damage after a high dose rate irradiation showed that the
distribution of DNA damage after high-dose rate irradiation
shifted in the direction of severe damage and the distribution
range widened (89,90). These findings suggest that increasing
the dose rate and changing the pulse frequency of ultrafast
electrons increases the complexity of DNA damage and
reduces its repairability (91). A modified UHDR electron
FLASH-RT (eFLASH-RT) linear accelerator was proposed
by Rahman et al (92). This device was the first functional
beam model commissioned in a clinical treatment planning
system for eFLASH-RT, enabling planning and evaluation
with minimal deviation from the Con-RT workflow. The
device facilitates clinical translation because eFLASH-RT
and Con-RT plan quality were comparable for humans with
complex geometries and tissue heterogeneity. The methods
may be expanded to model other eFLASH irradiators with
different beam characteristics. The differences between
conventional dose rate radiotherapy and FLASH-RT are
significant in numerous aspects, such as in the dose rate.
Compared with Con-RT, the dose rate of FLASH-RT may
be >40 Gy/sec and the irradiation time may be <1 sec. At
the same time, the irradiation source, the equipment used and
the corresponding mechanism also exhibit certain differences.
The most important difference, however, is in the extent of
damage to normal tissue (Table IIT).

Although several FLASH-related animal studies have
been performed, the limitations of FLASH in human studies
remain evident (Fig. 3). First, FLASH-RT systems are scarce
and high-energy electron or proton FLASH-RT is required
for deep tumor radiotherapy. Safety is paramount when
patients are exposed to such high dose rates. Developing
a comprehensive dose monitoring system is necessary to
ensure safety (17,93). The issue of fractional treatment
is also an area to be further explored; the correct dose of
therapeutic irradiation must be determined in fractional
treatment and single fractional treatment within 1 sec (89).
Furthermore, treatment equipment limits FLASH-RT. The
linear accelerator cannot generate the irradiation dose at the
required rate. In addition, pre-clinical studies lack relevant
information, such as radiobiology studies to ensure that
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Table III. Comparison of Con-RT and FLASH-RT.

Item Con-RT FLASH
Equipment Proton and ion accelerator, X-knife, y-knife, Proton accelerators, linear accelerator
Cost Proven equipment, technology, research and Higher technology cost, equipment

Dose rate, Gy/sec
Ray

Time, sec

Tumor control effect
Damage degree of
normal tissue
Factors

Mechanism

clinical translation

0.002-0.017

X- and vy-ray, proton, heavy ion, electron
=120

Efficient

High

Tissue radiosensitivity, dose

Oxygen depletion hypothesis, ROS,
immunoinflammatory hypothesis

cost, personnel cost, research cost,
automation and clinical efficiency
>40

Proton, X-ray, electron

<1

Efficient

Low

Dose, dose segmentation, oxygen
content, pulse

Repair, reoxygenation, redistribution,
repopulation, oxygen depletion
hypothesis, ROS

Con-RT, conventional radiotherapy; ROS, reactive oxygen species.
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Figure 3. FLASH-related animal experiments and limitations in human experiments: Studies in animals (mice, cats and zebrafish) have promoted the further
development of FLASH radiotherapy. However, there remain various difficulties in studying its application in humans, in terms of dosage, equipment, radiation

source and economical factors.

their findings may be replicated in different settings and to
assess potential long-term effects while further exploring
specific mechanisms (89). Furthermore, financial factors
limit FLASH-RT. It is essential to reduce the cost of tech-
nology and make equipment more economical, compact and

compatible with existing facilities. Taylor et al (94) warn
that although many studies have reported the efficacy of
FLASH (95-99), it is essential to conduct prospective clinical
trials safely and effectively for FLASH. In this paper, the
status of FLASH quality assurance and safety system is
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reviewed in the aspects of FLASH standards, beam moni-
toring, calibration and machine quality assurance, external
peer review of programs and system dose. For instance,
in the clinical trial of FLASH-RT, challenges include no
charge to current standards, multiple datasets required for
trial submission when it appeared relevant, end-to-end
testing required, motion phantom when relevant, planning
goals, special guidance on beam arrangements by modality,
detailed delivery log files, minimum of a registry for all
patients. Further questions that need to be addressed are how
well we can select, measure, optimize and reproduce the fine
structure of the UHDR dose delivery process; whether it is
possible to measure if the biological response to FLASH
treatment varies from patient to patient and from tumor to
tumor from day to day, in particular if medications or drugs
vary the critical biology of FLASH therapy; if FLASH treat-
ment may be delivered across realistic, deep and/or larger
volumes, how easy it will be to introduce FLASH therapy
into the overall care matrix of a patient; and whether FLASH
irradiation causes any long-term damage to tissues. These
points all require to be addressed prior to the clinical imple-
mentation of FLASH-RT. In addition, further clinical trials
of FLASH-RT have been proposed (100,101); for instance, it
has been suggested that organizations such as The American
Association of Physicists in Medicine, European Society
Therapeutic Radiation Oncology and European Federation
of Organizations For Medical Physics continue to collabo-
rate on guidance and collect time-structure information in
clinical trials to ensure a balanced and retrospective analysis;
late effects occur at a later time and clinical access is equi-
table. In conclusion, the clinical trials and applications of
FLASH-RT face numerous challenges.

6. Conclusion

FLASH-RT is a particular irradiation method that has been
in development for ~60 years. The modality has been studied
from bacteria to cells in vitro, from mice to small animals,
and eventually in patients. FLASH-RT began with UHDR
radiotherapy and the FLASH effect was discovered in the devel-
opment process of UHDR radiotherapy. Subsequently, scholars
continued in-depth research, hypothesized the possible radio-
biological mechanism of FLASH-RT and designed experiments
to verify it. The essence of FLASH-RT lies in its robust tumor
control and specific protective effect on normal tissues. The
success of FLASH-RT in the first patient substantially increased
confidence in applications for clinical patients. In the future,
FLASH-RT may eventually have a critical role in the treatment
of various liver, pancreatic and colon tumors, and the improve-
ment and popularization of radiotherapy equipment. FLASH-RT
may even replace certain surgical treatments, significantly
reducing the pain and economic pressure, improving survival
rates and reducing the side effects of radiotherapy. FLASH-RT
has considerable potential for tumor treatment.

Several countries are at the forefront of FLASH-RT research.
FLASH-RT may fundamentally overturn the current theoretical
system of radiotherapy in the future. There is much speculation
about the biological mechanisms that support the FLASH effect.
Radiation leads to radiochemical depletion of oxygen and this is
particularly evident at high dose rates. It may be safely concluded

that oxygen consumption is at least partly responsible for the
FLASH effect. Based on available data, the extent of its contri-
bution remains unclear and requires further investigation. In
addition to oxygen consumption, the FLASH effect is involved in
immune regulation; however, the evidence supporting this view
is scarce and preliminary. Similarly, any potential contribution
of FLASH-mediated immune effects requires to be explored.
In addition to mechanistic insight, the most important question
remains the clinical translational potential of FLASH-RT.

In conclusion, FLASH-RT is expected to serve as an
example of radiation therapy innovation that improves the
therapeutic index. Despite the complexity of its technology
and the uncertainty of its efficacy, future studies on the
mechanism will facilitate translation to clinical practice for
the benefit of patients. In the previous special issue (33,46-48),
relevant reviews frequently describe in detail a specific
point about FLASH radiotherapy, such as FLASH effects,
mechanisms, or potential and obstacles to clinical applica-
tion. However, the present review provided a unified and
comprehensive overview of FLASH in numerous aspects. It
may also serve as an introduction to those researchers who are
not familiar with FLASH-RT. In particular, for non-radiology
researchers, such as surgical researchers, it may provide new
ideas for the interdisciplinary treatment of malignant tumors.
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