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Introduction
Radiotherapy is an integral component of cancer management 

with more than half of patients receiving it at some point in their 
course of disease. During the past decades, the therapeutic ratio of 
radiotherapy has been steadily improving.1,2 First, by the empirical 
realization that fractionated irradiation allows for more normal tissue 
repair. And, second, by conforming the dose to the target as much 

as technically feasible, with 3D conformal radiotherapy and intensity 
modulated radiotherapy treatment variants.3,4 A third pillar has 
recently emerged, involving the delivery of irradiation with extremely 
high dose rates, known as FLASH-RT (Figure 1). The advantages of 
FLASH radiotherapy compared to conventional RT include increased 
organ sparing (~30-35% of the prescribed dose), equivalent antitumor 
effect and “freeze” of target’s physiological motion, resulting in a 
superior therapeutic index.5
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Abstract

Over the past decades, radiotherapy (RT) has received massive improvements that enabled 
radiation oncologists to escalate the dose to gross tumor volume and, at the same time, 
spare nearby organs. Nevertheless, local failures still pose a problem and the presence of 
dose-limiting normal tissue complications precludes further treatment intensification. In 
this context, ultra-high dose radiotherapy, also known as FLASH-RT, is emerging as a 
promising technology due to its differential effect on tumor vs. normal tissues. Although 
first described in 1967, preclinical studies on animal models have only recently confirmed 
its safety and effectiveness compared to conventional RT. In this short review, we outline 
the main preclinical data, discuss the case of the first patient that was treated with FLASH-
RT and contemplate on the hypotheses regarding its underlying mechanism.
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Figure 1 PubMed occurrences of “FLASH radiotherapy” terms.

FLASH-RT is the irradiation with ultrahigh dose rates, i.e. >40Gy/
sec and even >1000Gy/sec. In comparison, a state of the art flattening-
filter free linear accelerator would irradiate at a rate of ~0.2Gy/sec 
in an intensity modulated radiotherapy plan. Besides mean dose rate, 
though, other parameters are also important for invoking the “FLASH 
effect”, such as the number of pulses (1-10) and the dose rate within 
the pulse (in the order of 105-106Gy/sec).6

At the moment there is a debate whether FLASH irradiation 
represents the most significant discovery in recent radiotherapy history. 
Some researchers are skeptical regarding the efficacy of FLASH in 
terms of its technical complexity and our lack of understanding of 
its radiobiological underpinnings.7 For instance, before large scale 

adoption of FLASH-RT is considered, certain safety issues need to 
be addressed, such as the implementation of dose monitoring and 
stopping system that can operate at a pulse level.6

The first report
The first report about the effects of high dose rate on the survival 

of mammalian cells is from Town in 1967.8 Town used a 15MeV 
Mullard linear accelerator at St. Bartholomew’s Hospital to produce 
an electron beam in 1.3μsec pulses. The maximum dose that he used 
was 4500rads in one pulse of 1.3μsec, corresponding to a dose rate 
of ~3.5x109rads/sec (or 3.5x107Gy/sec). By irradiating a sub-clone 
of HeLa S3 cells with two different dose rates (single pulse vs. two 
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pulses separated by 2.5msec) he noted that after 900rads the survival 
curves started to separate. The cells that were irradiated with a single 
pulse showed reduced radiosensitivity. This phenomenon was “re-
discovered” more than three decades later and during the past five 
years the research has been revived.6,9

The FLASH phenomenon has been observed across many research 
centers (Grenoble, Lausanne, Orsay and Stanford)9–12 with electron,9 
photon11 and proton beams,13,14 albeit most studies use low energy 
electrons. Conventional linear accelerators can be modified15 to 
deliver electron beams with dose rates >200 Gy/sec, but the geometric 
properties of these beams are fit only for small-field experiments 
in animal models. The eRT6 “Oriatron” linear accelerator at the 
University Hospital of Lausanne can deliver FLASH-RT with an open 
electron field size of 20cm diameter and 5.6MeV energy.6 In order 
to treat deeply seated tumors one needs very high energy electrons, 
FLASH-X-ray or even protons. The most promising technology for 
implementing FLASH-X-rays is the Pludirectional High-energy Agile 
Scanning Electronic Radiotherapy (PHASER).5

Mechanism of action
The underlying mechanism implicates oxygen depletion when a 

high total dose is delivered at a very high dose rate.16 The reduction 
of oxygen cannot be compensated via diffusion and re-oxygenation, 
rendering the normal tissue hypoxic hence radioresistant.17 On the 
other hand, most tumors are already hypoxic, therefore the impact of 
oxygen depletion is presumably small.6 This is why FLASH should 
ideally be given at the beginning of the treatment, when the tumor is 
inherently hypoxic, as a “boost in advance” in the range of 20-25Gy, 
followed by conventional RT.6 Also, the total dose must be sufficiently 
large and the dose rate sufficiently high in order to consume local 
oxygen and elicit a FLASH effect.2

Although oxygen depletion is the most prevalent underlying 
mechanism, there might be the case that other factors also contribute 
to the manifestation of FLASH. Such examples could include 
differences in redox biology and immune-related effects (sparing of 
peripheral lymphocytes, massive release of neoantigens, sparing of 
intratumoral T cells, etc.).2,7,18

The preclinical studies
Preclinical studies include experiments on mice, cats, mini-pigs 

and zebrafish.2,19 The sparing of organs via ultra-high irradiation 
has been demonstrated mainly with regard to brain, lung, skin and 
gastrointestinal tract. Simmons et al compared whole-brain radiation 
(WBI) in mice with conventional dose rates (240 sec) and FLASH 
(0.1 - 0.16 sec).20 Interestingly, the following results were obtained at 
ten weeks post irradiation: 1. FLASH-RT preserved dendritic spines in 
hippocampal neurons. 2. It did not activate CD-68 positive microglia 
and 3. Five out of 10 studied inflammation markers were significantly 
reduced in the experimental arm (and non-significant reductions were 
seen in another 3).

The hypothesis that oxygen depletion is the basis of the sparing 
effect is corroborated by certain preclinical findings. Increasing the 
oxygen tension in the brain, via carbogen breathing, cancelled the 
neuroprotective effect of FLASH in WBI of mice.12 Similar results 
have previously been obtained by Montay-Gruel et al.21 where 
neurocognitive toxicity after WBI was reduced with increased dose 
rate. Concretely, spatial memory was preserved after WBI with mean 

dose rates above 100Gy/sec, whereas 10Gy WBI at a conventional RT 
dose rate (0.1Gy/sec) totally impaired it.

Favaudon et al.9 investigated lung fibrogenesis in C57BL/6J 
mice irradiated at different dose rates (≥40Gy/sec or ≤0.03Gy/sec) 
in a single fraction. Conventional RT (15Gy) triggered lung fibrosis 
associated with activation of the Transforming Growth Factor-β 
(TGF-β) cascade. On the contrary, no complications developed 
for more than 36 weeks following FLASH-RT below 20Gy. Also, 
FLASH-RT was equally efficient as conventional RT, with regard to 
tumor growth inhibition.

The advantages of FLASH-RT have also been reproduced in the 
skin of mini-pigs.2 Single fractions of doses 22-34Gy were prescribed 
to an area with 2.6cm diameter. At 9 months there were no signs of 
late skin necrosis and 25Gy of conventional RT yielded similar results 
to 34Gy delivered with FLASH-RT, suggesting that a factor ~1.36 
of sparing was attainable. Even with a dose of 31Gy at a treated area 
of 8x8cm2, only transient ulceration was observed that was healed 
spontaneously later on.

Schueler et al.22 irradiated the gastrointestinal tract of C57BL/6 
mice with doses ranging between 10-18Gy with 20MeV electrons. 
Following irradiation, mice were monitored twice daily for morbidity 
and daily for weight changes. Those irradiated with FLASH-RT had 
lower weight loss compared to the mice receiving conventional RT. 
As far as survival is concerned, all mice in the conventional RT groups 
had a 100% mortality in the range of 15.5–18Gy, while mice in the 
FLASH-RT group had a 100% survival in the same range.

FLASH’s antitumor effect has been demonstrated in lung, breast, 
head and neck and glioblastoma tumor models.9,13,21 Cats with 
spontaneous squamous cell cancer of nasal planum were treated with 
doses 25-41Gy and volumes in the range 6 to 25ml.2,19 The maximum 
tolerated dose was not reached and control rate was 84% at 1year.

The first human patient
Given the consistent normal tissue sparing across many different 

animal models, the magnitude of the differential effect and the 
preservation of the antitumor effect, the transition to clinical trials in 
humans is justified6. The first patient to undergo FLASH irradiation 
was a 75years old man with T-cell lymphoma at Lausanne University 
hospital. He had received 110 irradiations to various sites on top of 
the administered systemic therapies. Unfortunately, he developed 
a new 3.5cm painful lesion in his forearm and underwent FLASH 
radiotherapy with a 5.6MeV electron beam at a total dose of 15Gy in 
one fraction of 90msec, corresponding to a mean dose rate of ~167Gy/
sec. During the post-RT period he developed asymptomatic transient 
edema (Grade 1 per NCI-CTCAE v. 5.0) that peaked the 15th day. An 
optical coherence tomography of the irradiated skin showed neither 
disruption of the dermis - epidermis junction nor any other toxicity 
besides an edema of the epidermis. The patient was followed-up and 
at 5 months a complete response of the lesion was documented and no 
late side effects whatsoever.

Conclusion
The delivery of ultra-high dose radiotherapy enhances the 

differential effect between antitumor effect and normal tissue 
complications. The underlying mechanism implies the generation 
of transient protective hypoxia through oxygen depletion. Mean 
dose rates larger than 100Gy/sec may be needed to fully exploit the 
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FLASH effect. There is a need for further preclinical trials to study 
the antitumor effect and conclude on the optimal physical parameters 
(number of pulses, dose rate within the pulses, mean dose rate, beam 
type, field size, etc.).
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