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Abstract

FLASH radiotherapy (FLASH-RT) has gained attention as an ultra-high dose rate RT

in recent years. This treatment significantly shortens the time of RT and reduces

the influence of tumor movement caused by breathing or other factors. In addi-

tion, it spares the surrounding normal tissues and organs while ensuring the anti-

tumor effect. With the efforts of scientific researchers and clinical staff, the FLASH

effect has been successfully induced in electron, photon, and proton irradiation.

Preliminary research has been carried out to explore its related mechanism. How-

ever, this has not yet been fully determined, although oxygen depletion was the

proposed primary mechanism discovered. Due to the development of immunother-

apy, studies on the involvement of the immune system in the FLASH effect have

begun to attract attention. This study reviewed published experimental results to

analyze and summarize the feasibility of FLASH-RT widely used in clinical prac-

tice, and whether it could be combined with immune checkpoint inhibitors to guide

therapy.
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1 INTRODUCTION

Although the morbidity and mortality of cancer has gradually

decreased in recent years, it remains the main obstacle to life

expectancy in various countries in the 21st century.1 Surgery, radio-

therapy (RT), chemotherapy, targeted therapy, and immunotherapy

are important methods for the treatment of malignant tumors. More

than half of the patients with malignant tumors require RT.2 However,

the maximum tolerated dose to normal tissues limits the improvement

of the tumor irradiation dose and the efficacy of RT. Although conven-

tional fractionated RT (CONV-RT) can provide treatment while giving

the normal tissues sufficient recovery time to reduce the adverse

reaction induced by radiation, it also provides time for tumor tissue
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recovery. Therefore, there is an urgent need to develop a new RT

strategy to spare normal tissues while increasing the tumor-killing

effects of RT. To address this, a study carried out in 2014 presented

the differential effect of a rapid, ultra-high dose rate and high precision

RT on mice tumor tissues and normal tissues. The study demonstrated

FLASH irradiation on tumor tissues for the first time, and it was offi-

cially named “FLASH effect”.3 The dose per pulse and the instant dose

rate of the pulses in this therapy is 103–104-fold higher than that of

CONV-RT.4 It reduces radiation complications, but increases the toler-

ance of normal tissues to ensure anti-tumor function, so as to optimize

the biological effects of RT. Furthermore, the rapid pulse of FLASH-RT

can also treat tumors that require exercise management, such as lung

cancer, where the tumormoves with breathing during irradiation.5

Prec Radiat Oncol. 2021;5:259–266. wileyonlinelibrary.com/journal/pro6 259
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260 WANG ET AL.

2 ADVANTAGES OF FLASH-RT

2.1 Normal tissue-sparing effect of FLASH-RT

Normal tissue sparing is one of the advantages of FLASH-RT. In 1971,

an experiment on the sensitivity of intestinal tissues in normal mice

found thatFLASH irradiation can inducehypoxia in irradiated tissues to

reduce radiation sensitivity and protect normal tissues when the dose

rates were >60 Gy/min.6 A few years later, experiments on rat skin

showed that when the radiation dose rate was as high as 5000 Gy/min,

the adverse reactions could be reduced with FLASH irradiation.7 Both

experiments found that the radiation sensitivity of the irradiated tis-

sues did not change in a hypoxic environment. In a 2014 study of nor-

malmice thoracic irradiationbyFavaudonet al., CONV-RT (≤0.03Gy/s)

or FLASH-RT (≥40 Gy/s) was used for contrast irradiation.3 After

8 weeks of 17-Gy CONV-RT in mice, substantial fibrosis was observed

at the site of irradiation after 24 weeks. However, no fibrosis was

seen in mice irradiated with 17-Gy FLASH-RT. When the FLASH-

RT doses were increased to a range of 16–30 Gy, there was only

mild pigmentation observed in the irradiated area. Research on the

lungs of mice by Fouillade et al. also found that tissues exposed to

FLASH recovered more easily and lung fibrosis was reduced.8 Fur-

thermore, total body irradiation for acute lymphoblastic leukemia

showed that the damage to hematopoietic stem cells was greatly

reduced with FLASH-RT compared with CONV-RT.9 All these exper-

iments observed that FLASH-RT spares normal tissues better than

CONV-RT.

In addition, FLASH-RT has a protective effect on neurocognition.

Montay-Gruel et al. were the first to use linear electron accelerators

to carry out CONV-RT (0.1 Gy/s) or single-pulse (1.8 μs) FLASH-RT
on normal brain tissues of mice with a standard prescription dose of

10Gy and test cognition after 2months.10 Researchers found that cog-

nitive impairment occurred in the CONV-RT group, whereas it was not

observed in the FLASH-RT group. In fact, on dose escalation, the nor-

mal tissuewas protectedwhen the dose rates reached 30Gy/s, and the

memory of mice was completely preservedwhen it reached>100Gy/s

with FLASH-RT. These results laid the foundation for the development

of FLASH-RT in the field of brain RT.

Encouraged by the success of the aforementioned study, the exper-

imental protocol was changed by using X-rays (photons) instead of

electrons to irradiate the whole brain of mice. A consistent result

was reported with the electron beam irradiation, and the cogni-

tive ability of mice in the CONV-RT group did not recover after

6 months.11 In fact, the team continued to observe the protec-

tive effect of FLASH-RT on neurocognition by experimenting with

proton irradiation using a glioblastoma mouse model.12 Similarly,

Yasaman et al. used low radiosensitivity on a juvenile medulloblas-

toma mouse model to study the neuroprotective effects of FLASH-

RT and CONV-RT, and found that a single fraction dose of 8 Gy of

FLASH-RT causednoneurocognitive impairmentwithin 2–4months.13

These basic studies provide a theoretical basis for FLASH-RT in

clinical pediatric medulloblastoma, glioma, and other brain-related

tumors.

The protective effect of FLASH-RT can also be reflected in research

on higher mammals. Vozenin et al. carried out a comparative study of

FLASH-RT at a dose rate of 300 Gy/s versus CONV-RT at 0.083 Gy/s

using one mini-pig and six cats with nasal squamous cell carcinoma.14

After different skin sites of themini-pig were irradiated, they observed

that the site of FLASH-RT showed no severe toxicity, but mild depila-

tion that occurred 3 weeks post-irradiation. In contrast, the site of

CONV-RT showed non-regeneration of the irradiated skin and folli-

cles, and advanced fibrosis. The experiment on cats showed similar

results as those on the mini-pig, where low toxicity after FLASH-RT

was observed. Not only that, FLASH-RT was found to prolong the

progression-free survival of the sick cats. The success of this higher

mammalian research has reinforced the clinical application of FLASH-

RT.

Despite the positive effects of FLASH-RT, controversial results have

also been shown. Venkatesulu et al. carried out an experiment of total

abdominal irradiation in mice, and found that FLASH-RT (35 Gy/s)

induced a higher gastrointestinal toxicity and more lymphocyte apop-

tosis compared with CONV-RT (0.1 Gy/s).15 This result suggests that

the normal tissue protective effect of FLASH-RT might be limited

by the heterogeneity of tissues or some unknown biological factors.

Therefore, further research on the limitations of FLASH-RT must be

carried out (Table 1).

2.2 Anti-tumor function of the FLASH effect

Although the protective effect on normal tissues is notable, the main

advantage of FLASH-RT is the anti-tumor response. Favaudon et al.

used C57BL/6J mice to observe the differential effect between tumor

tissues and normal tissues at an ultra-high dose rate in 2014.3 Equal

doses of FLASH-RT or CONV-RT were administered to human breast

cancer cellsHBCx-12A, andheadandneck tumor cellsHep-2 xenograft

models, respectively. The results suggested that bothmodelswere con-

sistent in controlling tumor growth. In the syngeneic orthotopic tumor

model, FLASH-RTorCONV-RTwith a total dose of 15Gy also achieved

the same anti-tumor effect; however, when the dose was increased to

28 Gy, the overall survival time of these mice irradiated by FLASH was

prolonged compared with CONV-RT. This conclusion that the survival

rate improvesmore significantlywith FLASH-RT thanCONV-RT is con-

sistent with the observation of their threshold for toxicity. Loo et al.

showed that FLASH-RT caused toxicity in normal tissues with dose

rates of 70 Gy/s or 210 Gy/s, which is significantly higher than the 0.05

Gy/s dose rate of CONV-RT that causes toxicity.16

Recently, Montay-Gruel et al. used proton FLASH to treat glioma

in situ in mice, and found that the anti-tumor effects of FLASH-RT and

CONV-RT were similar when the mice were irradiated with doses of

10 Gy and 14 Gy, respectively.12 However, the 14-Gy dose of FLASH-

RT was limited to anti-tumor activity. For this reason, they studied the

effect of 7 Gy × 2 and 3.5 Gy × 4 dose fractionation irradiation fur-

ther. Although they failed to obtain a significantly improvedoverall sur-

vival time, tumor growth could be delayedwhen the dose of segmenta-

tionwas increased. The results of that study suggest a difference in the
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WANG ET AL. 261

TABLE 1 Summary of outcomes for in vivo and in vitro studies on the FLASH effect

Researchers Model

Radiation

source

Energy

(MeV)

Dose

(Gy)

Dose rate

(Gy/s) Reference

Dewey et al. Bacterial X-ray 1.5 100–200 5–10 × 107 17

Town et al. HeLa S-3 Electron 15 45 3.5 × 107 18

Berry et al. HeLa, CHL X-ray 10 24 7 × 108 19

Hornsey et al. Mice (intestinal) Electron 7 11.9 17–83 6

Field et al. Mice (feet) Electron 7 24 56–83 7

Favaudon et al. Mice (thorax) Electron 4, 6 15, 17 40 3

Loo et al. Mice (intestinal) Electron 20 14.7 70–210 16

Montay-Gruel et al. Mice (brain) Electron 4.5, 6 10 10–106 10

Montay-Gruel et al. Mice (brain) Photon 0.1 10 37 11

Patriarca et al. Mice (thorax) Proton 230 12 40 47

Beyreuther et al. Zebrafish embryo Proton 224 23 100 48

Bourhis et al. Human (skin) Electron 5.6 15 167 45

Buonanno et al.. Human diploid lung

fibroblasts

Proton 4.5 20 1000 37

Fouillade et al. Mice (thorax) Electron 4.5 17 NA 8

Abel et al. Mice (thorax) Proton NA 15, 17.5, 20 40 51

Girdhani et al. Mice (thorax) Proton NA 15, 17.5, 20 40 34

Montay-Gruel et al. Mice (brain) Electron 6 8–80 >100 23

Rama Mice (thorax) Proton NA 18 40 35

Simmons Mice (brain) Electron 16, 20 30 300, 200 27

Venkatesulu et al. Mice (abdomen) Electron 4.5 16 35 15

Vozenin et al. Mini-pig, cat Electron 4.5, 6 22–34 300 14

Adrian et al. prostate cancer cells Electron 10 5–18 600 21

Yasaman et al. Juvenile medulloblastoma

mice

Electron NA 8 NA 13

Diffenderfer et al. Mice (abdomen, local

intestinal)

Proton 230 15, 18 78 49

Chab et al. Mice Electron 6 4 200 9

Cunningham et al. Mice (leg, skin) Proton 250 35, 15 57, 115 36

Kim et al. Mice (thorax) X-ray 0.32 15 352.1 41

CHL, Chinese hamster cells; NA, not available.

FLASH effect caused by the heterogeneity of tissues. This explanation

might provide a reference for the doses of segmentation at different

sites in subsequent clinical research (Table 1).

3 MECHANISM OF FLASH-RT

3.1 Oxygen depletion hypothesis

The mechanism of the FLASH effect has been studied repeatedly, and

the hypothesis of oxygen depletion of cells or tissues is the most

extensive explanation. In 1959, Dewey et al. found that the radia-

tion sensitivity of bacterial suspensions decreased under oxygen-rich

conditions.17 This premise began the research on ultra-high dose rate

irradiation.

A study of radiation treatment of HeLa S-3 cells in an air environ-

ment by Town et al. found that when the dose rate reached a high

point, the radiation sensitivity decreased with an increase in the dose

rate.18 Afterwards, they carried out a second set of experiments

using nitrogen and failed to show the same decrease in sensitivity,

which suggested that radiation resistance was related to oxygen

consumption. Berry et al. came to the same conclusion by shortening

the pulse delivery time, and proposed that oxygen depletion reduces

the production of radiation-induced free oxygen radicals, thus avoiding

normal tissue damage.19 This result is consistent with the conclusion

presented by Smyth et al., who used a comprehensive physical and
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262 WANG ET AL.

chemical method20; the free radicals generated by the differences

in redox metabolism between different tissues is a valid indicator

for defining the FLASH effect. The disadvantage is that these in vitro

experiments used an artificial set of oxygen concentrations that does

not reflect the physiological environment of the human body.

To verify the oxygen depletion of the FLASH effect in the human

body, Gabriel et al. carried out an in vitro irradiation experiment on

prostate cancer cells under a physiological oxygen concentration, and

observed that the protective effect of FLASH-RT on normal tissue

depends on oxygen concentration.21 Computer model analysis also

showed that FLASH-RT can protect normal tissues and cells under

complete hypoxia.22 This reinforces the oxygen depletion hypothesis.

In addition to cell experiments, animal experiments have also

explored thehypothesis of oxygendepletion.Montay-Gruel et al. found

that increasing the oxygen concentration through hydrocarbon respi-

ration could reverse the protective effect of FLASH-RT on normal ner-

vous tissues.23 Furthermore, this reversal effect was also confirmed

in zebrafish embryos. They hypothesized that the ultra-high dose rate

of FLASH-RT could consume the local oxygen concentration rapidly to

reduce the production of toxic reactive oxygen species, thereby dis-

rupting the pathogenic pathways they mediate. Several experiments

have confirmed that the reduction of reactive oxygen species can

decrease neuroinflammation, as it activates astrocytes that damage

neurocognitive function.24–28

These experiments showed that under the ultra-high dose rate irra-

diation, intracellular oxygen was consumed rapidly. However, the time

of the pulse is too short for extracellular oxygen to diffuse into the

cell. Therefore, the “hypoxic window” is formed to resist radiation and

achieve normal tissue protection. As for the anti-tumor efficacy, we

can assume that there is no radiation resistance caused by oxygen con-

sumption, because the tumor tissues themselves are hypoxic. Further-

more, radiotherapy sensitivity remains unchanged.6,29 In addition, the

unstable iron content in tissues might also be involved in the differen-

tial effect betweennormal tissues and tumor tissues after FLASH-RT.30

3.2 Immune regulation hypothesis

Immune regulation has always been an important mechanism in radio-

therapy formalignant tumors, but its role inFLASH-RThasnot yet been

clarified.31 For this purpose, Jin et al. calculated the number of remain-

ing circulating immune cells after FLASH-RT (200 Gy/min) and CONV-

RT (5 Gy/min) separately by simulating the immune system.32 They

found that just 10% of immune cells were killed by FLASH-RT, whereas

the killing rate byCONV-RTwas as high as95%. Therefore, FLASH irra-

diation has a strong protective effect on the immune system, and this

result might be beneficial in reducing the radiation-induced toxicity in

normal tissues.33

In 2014, the differential effect experiment of normal tissues and

tumor tissues by Favaudon et al. pointed out that CONV-RT could

trigger the tumor growth factor-beta (TGF-β)/SMAD cascade activa-

tion pathway and cause pulmonary fibrosis, whereas FLASH-RT could

not.3 Therefore, FLASH-RT can reduce the complications caused by

RT and protect normal tissues from apoptosis induction. Several years

later, Girdhani et al. used a proton accelerator to assess the molecular

mechanism behind FLASH-RT in mice using genome-wide microarray

analysis.34 They found that the cytokines inducing apoptosis of T lym-

phocytes were increased after CONV-RT, but decreased after FLASH-

RT.

A study of pulmonary irradiation in mice by Rama et al. was carried

out using immunofluorescence staining onharvested tumor sections.35

They found that T lymphocyteswere recruited into the tumormicroen-

vironment for treatment with FLASH-RT compared with CONV-RT to

achieve a better anti-tumor response. This result showed that proton

beam FLASH-RT can reshape the tumor immunemicroenvironment.

Using a clinical pencil beam scanning proton system, Cunningham

et al. observed that FLASH-RT decreased the radiation-induced toxic-

ity in normal tissues by reducing the level of TGF-β1.36 Previous exper-
iments on lung and whole brain irradiation also observed a decrease

in the pro-inflammatory factor TGF-β.11,27,37 A recent proton FLASH

study also found that CONV-RT induced more TGF-β1 in murine and

canine skin than FLASH-RT.38 Simultaneously, the study also showed

the protective effect of FLASH-RT on themesenchymal tissues ofmus-

cles and bones, and the anti-tumor effects of CONV-RT were shown

in mouse sarcoma models. These findings stimulated the research of

FLASH-RT in sarcoma and additional cancers, where mesenchymal tis-

sues are at risk. However, there are conflicting data on the role of this

pro-inflammatory factor in FLASH-RT. Some studies believe that TGF-β
is a key factor that leads to RT resistance directly,39 and another study

showed that FLASH-RT inhibits TGF-β-related signaling pathways, so

that the immune system is no longer affected, allowing normal tumor

growth.40

A recent study by Kim et al. used Lewis lung carcinoma models, and

found that FLASH-RT altered the tumor microenvironment by activat-

ing myosin light chains for anti-tumor effects, which was not observed

in CONV-RT.41 Therefore, they hypothesized that combined immune

checkpoint inhibitors might enhance the efficacy of FLASH-RT. How-

ever, their results showed that FLASH-RT producedmore reactive oxy-

gen species, which was inconsistent with the results of Montay-Gruel

et al.23

A study carried out by Yang et al. explored the apoptosis of cancer

stem cells and normal cancer cells MCF-7 after FLASH irradiation, and

their results showed that cancer stem cells could increase lysosomal-

mediated autophagy and reduce cellular apoptosis, as compared with

MCF-7, to escalate radiation resistance.42 That study explored the role

of cancer stem cells in FLASH-RT to optimize radiation resistance pro-

grams after FLASH-RT in the future. However, whether the immune

response triggers the FLASH effect or vice versa has not yet been

determined. Immune regulation plays an important role in the mech-

anism of RT. Therefore, failure to resolve this controversy might have

a severe impact on the combination of FLASH-RT and immune-related

drugs. Recently, Demaria et al. carried out a virtual discussion on the

differences ofRT fractionation leading to different immunomodulatory

effects, and they explored radiation as an immunomodulatory “drug”.43

These concepts might lay the groundwork in developing the new com-

bination of FLASH-RT and immunotherapy.
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WANG ET AL. 263

4 CLINICAL APPLICATIONS OF FLASH-RT

Whether the emerging radiotherapy technology could be safely

applied to the clinic has always been the focus of concern. In 2019,

the Oncology Center of the University of Amsterdam in the Nether-

lands formulated a lung stereotactic scanning beam proton FLASH

plan for seven patients, and compared it with the volumetric modu-

lated arc therapy treatment plan. Their results showed that the pro-

tective effect of the FLASH treatment plan on the lung, chest wall, and

heart is equivalent to or even better than volumetric modulated arc

therapy.44 The same year, Bourhis et al. reported the first application

of FLASH-RT to humans.45 The patient was a 75-year-old man with

a 3.5-cm ulcero-infiltrative tumor on his left forearm. The lesion was

observed within 10–44 days after 15-Gy/90 ms FLASH-RT. Grade 1

acute epithelial inflammatory reaction and edema were present at the

site of radiation, and there were few corresponding clinical symptoms.

Furthermore, the lesion began to shrink 10 days after RT and achieved

complete remission after 36 days. There was no recurrence in the 5-

month follow-up period. The drawback is that there is only one case

in this experiment; therefore, it is impossible to conclude that FLASH-

RT can be applied to other human tissues and organs. However, it still

proves the effectiveness and safety of FLASH-RT – a single- and high

dose-rate RT.

5 PROGRESS OF FLASH-RT

Decades’worthof in vivoand in vitroexperiments havemadeFLASH-RT

recognized by experts and scholars in various countries because of its

low toxicity and high efficiency in the treatment of superficial tumors.

However, safety is still the primary issue because of the deep tumor

irradiation of high-energy electrons or X-rays, combinedwith the short

pulse and high dose rate of FLASH-RT. Currently, proton radiotherapy

can reduce the radiation dose in endangered organs and normal tissues

due to itsBraggpeakeffect. This provides analternative scheme for the

treatment of deep tumors with FLASH-RT.

Previous studies on protonCONV-RT compared the volume control

of proton and photon RT, and found that the effect of proton irradia-

tion is better than that of photons. This laid a foundation for explor-

ing theapplicationof protonFLASH-RT.46 Subsequently, Fouilladeet al.

explored a proton FLASH-RT device.47 The researchers used a proton

cyclotron at 230MeV to achieve uniform irradiationwith a dose rate of

>40Gy/s at a site of 12 × 12mm2, and successfully induced the FLASH

effect in the lungs of mice. The feasibility of proton FLASH-RT in ani-

mals was shown. The proton FLASH-RT study of pulmonary fibroblasts

was carried out by Buonanno et al.37 In that study, normal human pul-

monary fibroblasts were irradiated with dose rates of 0.05–1000Gy/s,

and theFLASHeffectwas found tohavean impact onadverse reactions

from radiation only when the dose rates were>20Gy/s. However, pro-

ton dose rates have little effect on the acute radiation damage of cells

and are only beneficial for long-term effects. The difference is that in

the zebrafish model experiment by Beyreuther et al., the comparison

of proton FLASH-RT (100 Gy/s) and CONV-RT (0.083 Gy/s) only con-

firmed the feasibility of proton FLASH-RT in the treatment of tumors,

but failed to conclude whether it is beneficial to embryos.48 Although

this resultmight be related to the developmental stage of the zebrafish

embryo affecting the pulse dose rate of radiation, it still obscured the

study of proton FLASH-RT.

To further verify the effect of proton FLASH-RT, a study by Rama

et al. involved injecting Lewis lung carcinoma cells into the left lung

of C57BL/6J mice.35 They treated the lungs of the mice with a single

fraction dose of 18-Gy proton FLASH-RT at a dose rate of 78 Gy/s or

CONV-RT, thenmeasured the tumor volume ofmice and observed that

FLASH-RT showed better tumor control. Similarly, proton beam irra-

diation in mouse models of gastrointestinal tumors in another study

showed equivalent anti-tumor efficacy of FLASH-RT and CONV-RT.49

Similarly, Cunningham et al. used proton pencil beam scanning, and

found that after irradiating the plasma, skin, and hind limbs of nor-

mal mice, less skin toxicity and hind limb contractures were induced

with FLASH-RT, whereas mice with head and neck tumor irradiated

with FLASH achieved the same anti-tumor effect as with CONV-RT.36

These studies provided evidence on the tumor control ability of proton

FLASH-RT.

The application research of proton FLASH in clinical devices is

also ongoing. In March 2019, the first proton FLASH irradiation was

carried out favorably at the University Medical Center of Gronin-

gen in the Netherlands using the Ion Beam Applications Rotating

Gantry Treatment Room with a dose rate of 200 Gy/s.50 In April

2019, at the annual meeting of the American Association for Cancer

Research, the School of Radiation Oncology at the University of Mary-

land School of Medicine, the Maryland Proton Therapy Center, and

Varian, announced results of the first pre-clinical study of FLASH treat-

ment using a clinical device. FLASH treatment can reduce 25%–30%

of lung tissue damage, thereby reducing the occurrence of pulmonary

fibrosis anddecreasing the incidenceof radiationdermatitis by anaver-

age of 35%.51 FLASH treatment can protect normal tissues and organs,

which is a major breakthrough in the treatment of malignant tumors.

This constructive preclinical animal study supports the application of

the proton FLASH effect in humans. In 2020, Breiktreutz et al. used a

40-MeV electron beamwith a dose rate of 115 Gy/s on a clinical linear

accelerator to simulate pediatric whole-brain FLASH-RT using Monte

Carlo, providing a driving force for the realization of clinical FLASH-

RT.52 In the same year, the Proton Therapy Center of Cincinnati Chil-

dren’s Hospital Medical Center and University of Cincinnati Medical

Center andVarian announced that the first patient in the FAST-01 clin-

ical trial, a feasibility study of FLASH-RT for the treatment of bone

metastases, received FLASH irradiation. The trial plans to recruit 10

patients with bone metastases treated with proton FLASH irradiation,

the enrollment of patients has been completed, and the feasibility of

FLASH treatment clinical workflow and treatment-related side-effects

are being evaluated (NCT04592887). The results of this experiment

have not yet been announced.
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6 CONCLUSION

In summary, FLASH-RT is a newRT that has attracted increasing atten-

tion. There has been an increasing number of clinical and scientific

studies focusing on the characteristics of the therapy; ultra-high dose

rate, ultra-fast radiation, low toxicity, and anti-tumor effects. Although

there have only been a few clinical trials applying FLASH-RT to the

treatment of human malignant tumors, the cell experiments and pre-

clinical animal studies carried out have laid the foundation for human

clinical applications. Inparticular, the studiesonprotonFLASHmakeup

for the lack of photon and electron irradiation in deep tumors.37,47,48

FLASH-RT has shown many benefits, but there are disadvantages

that need to be addressed. First, an unknown mechanism.53 Even

though the current research suggests that thedifferential effect of nor-

mal tissues and tumor tissues could ensure the anti-tumor effect of

FLASH-RTwhile protecting the surroundingnormal tissues andorgans,

there is no convincing evidence for its specific trigger mechanism and

appropriate response dose rate for different tissues. Although rele-

vant studies have shown the feasibility of FLASH-RT combined with

immunotherapy, its definite regulatory mechanism needs to be further

researched.

Second, a short follow-up period and small sample size. The sparing

of normal tissues using FLASH-RT has not been verified by long-term

follow up in the pre-clinical studies carried out so far, and the problem

of small samples is worthy of attention regardless of the study on high

mammals (for example,mini-pig and cats) or the first patient treated by

FLASH-RT.

Third, technical and financial problems. FLASH-RT requires an ultra-

high dose rate, but traditional linear accelerators cannot meet this

demand.AlthoughSchuler et al.modifiedanaccelerator that couldgen-

erate an electron beam with a dose rate of 200 Gy/s, it is only suit-

able for small animals and superficial tumors.54 Proton beams irradi-

ate deep tumors, but this accelerator is bulky and expensive. There-

fore, some researchers, such as Gao Feng et al., carried out a detailed

analysis of dose rates calculated using tumors with different depths.55

The researchers used a superconducting electron accelerator on the

large hertz free electron laser device to establish a photon radiother-

apy research platform with a dose rate of up to 2000 Gy/s, such that

a coverage depth of dose rate >100 Gy/s could reach 20 cm. In 2021,

they used this device to achieve ultra-high dose rateX-rays FLASH irra-

diation, which provides a basis for future scientific research and clinical

applications of FLASH-RT.56 Further related research needs to be car-

ried out.

Fourth, precise image guidance. Current technologies that achieve

FLASH irradiation have a limited penetrative ability that can only reach

a depth of a few centimeters beneath the tissue, and an extremely high

amount of energy is required to improve it. Considering the character-

istics of the short pulse and high dose rate of FLASH-RT, it will cause

bodily harmwhen the positioning is not accurate. In 2019, the PHASER

project carried out by Maxim et al. hoped to solve this by providing

image-guided highly conformable FLASH-RT.57

Fifth, dose segmentation and dose rate. Bourhis et al. carried out

low-dose fractionated irradiation on mouse glioma in situ and found

that FLASH-RT has the same effect as CONV-RT, but further research

is still required.58 Furthermore, Jin et al. showed that the immune cell

sparing of FLASH-RT reached its peak only when the single doses were

30–50 Gy, and disappeared at a low dose (2 Gy).32 In terms of dose

rate, although the protective effect of ultra-high dose rate (100 Gy/s)

on thenervous systemwas confirmed,10 someexperiments showed tis-

sue damage at 35 Gy/s.15

Sixth, range of target area. The range of the area targeted by the

FLASH-RT is small (diameter <4 mm); hence, it is not enough to sup-

port extensive clinical application.

In conclusion, FLASH-RT is a promising treatment for malignant

tumors, but further research and technical improvements still require

the efforts of scientific researchers and clinical staff. The combination

of immune checkpoint inhibitors might be a topic for further research.
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