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Abstract

FLASH radiotherapy (FLASH-RT) is a technology that could modify the way radiotherapy is delivered in the future. This technique involves the ultra-fast delivery
of radiotherapy at dose rates several orders of magnitude higher than those currently used in routine clinical practice. This very short time of exposure leads to
the striking observation of relative protection of normal tissues that are exposed to FLASH-RT as compared with conventional dose rate radiotherapy. Here we
summarise the current knowledge about the FLASH effect and provide a synthesis of the observations that have been reported on various experimental animal
models (mice, zebrafish, pig, cats), various organs (lung, gut, brain, skin) and by various groups across 40 years of research. We also propose possible mech-

anisms for the FLASH effect, as well as possible paths for clinical application.

© 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

Delivering high curative radiation doses to tumours de-
pends on the ability to spare the involved normal tissues
from the harmful effects of ionising radiation. During the
last 100 years, both fractionation and precise volume opti-
misation have emerged as powerful tools to increase the
differential radiation effect between tumours and normal
tissues. In the last decade, important advances in image-
guided radiotherapy, and in precision, increased signifi-
cantly the rate of patients cured and free of recurrences.
However, an important proportion of tumours remain
radioresistant to conventional radiotherapy delivered at
tolerance doses for involved normal tissues, defining a
major unmet clinical need. The development of novel
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approaches to further optimise radiotherapy is needed, and
promising options are coming from targeted therapies and
biomodulatory agents [1,2]. Despite certain progress, other
advancements in radiation delivery have been slow to
materialise, and today most radiation therapy devices still
use the same technology of waveguide acceleration as half a
century ago. In fact, other opportunities to directly improve
the biological efficacy of radiation therapy may have been
under explored, including relatively straightforward op-
tions involving dose rate modulation. Brachytherapy using
various dose rates has been very successful for treating
certain types of tumour. By contrast, very high external
beam dose rates have been less explored and underutilised,
prompting the subject of this review.

FLASH-RT: when the Duration of Exposure
Really Matters

One such advancement in beam delivery is termed
FLASH radiotherapy (FLASH-RT), which involves the ultra-
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fast delivery of radiotherapeutic doses at dose rates several
orders of magnitude higher than those currently used in
routine clinical practice. This very short time of exposure
leads to the striking observation of relative protection of
various normal tissues when they are exposed to single
doses of FLASH-RT, as compared with conventional dose
rate radiotherapy; an effect that can be observed even when
FLASH-RT was administered in a single fraction. Another
clear clinical advantage of FLASH-RT derives from the very
short time, which eliminates any effect of organ or tumour
motion, provided targeting is well controlled. At the bio-
logical level, the reduced normal tissue toxicity induced has
been named the FLASH effect. Notably, the FLASH effect was
described as early as the 1970s for intestine and skin [3—5].
Interest in this development for the clinic was discussed
concerning killing cells (normal and tumour) independent
of oxygen tension and abrogating the problem of resistant
hypoxic tumour cells at conventional dose rates. However,
translation of these findings to the clinic did not materialise.
It was considered that the total doses required to use up all
local oxygen in fully oxic cells would be too high, the
induced resistance was found only for cells already slightly
hypoxic (implying a potential detrimental effect for tumour
control) and the instantaneous dose rates were enormous
and not widely available [6—8]. In addition, no tumour re-
sponses were studied. It took more than three decades for
this phenomenon to be ‘rediscovered’ and further explored
[9—14]. The robustness of the FLASH effect is validated by
the fact that it has been reproduced in various animal
models (mice, rat, zebrafish, pig, cats), various organs (lung,
skin, gut, brain) and by various investigators across 40 years
of research in radiobiology. Reproducibility is ensured by
accurate dosimetric methodologies that were developed
and calibrated for the precise determination of the deliv-
ered dose [15—17]. Three passive detectors, including ther-
moluminescent dosimeters, Gafchromic films and alanine
pellets, composed this redundant dosimetric strategy and
achieved reliable and consistent agreement ( ~3%). Today,
and to ensure the proper development of FLASH-RT, it is of
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the utmost importance to precisely define the physical pa-
rameters able to trigger the FLASH effect in biological tissue.
Although the field is in constant evolution and many pa-
rameters remain to be discovered, this review aims to
provide a first operational definition of what precisely is
FLASH-RT. We will start with a summary of the biological
data collected over 40 years that constitute the FLASH ef-
fect, define the physical parameters required to obtain the
FLASH effect and propose potential mechanisms associated
with it.

Normal Tissue Response to FLASH-RT

An increased normal tissue tolerance to irradiation-
delivered FLASH has been described in various experi-
mental models (Table 1).

Using the lung as a relevant model to investigate
radiation-induced toxicity, C57BL6] mice were locally irra-
diated and the occurrence of pneumonitis and fibrosis was
assessed after exposure to high single dose delivered FLASH
(>40 Gy/s) or conventional dose rates (<0.03 Gy/s). Severe
lung pneumonitis and fibrosis affected 100% of mice irra-
diated with 17 Gy at conventional dose rates; whereas mice
were free of pneumonitis and fibrosis after similar doses of
FLASH. Dose escalation up to 30 Gy FLASH was necessary to
induce pneumonitis and fibrosis. In the normal lung, 17 Gy
FLASH irradiation prevented transforming growth factor-§
activation and acute apoptosis in bronchi and vessels [9].

Next, using the brain as another clinically relevant model
of radiation-induced toxicity in C57BL6 mice and neuro-
cognition as a functional outcome, the physical parameters
required to obtain the FLASH effect were investigated. A
dose of 10 Gy FLASH-RT, delivered at a mean dose rate
above 100 Gy/s, did not alter neurocognitive function of
mice, whereas some cognitive impairment was observed at
lower dose rates (60, 30 Gy/s) [10]. Moreover, the FLASH
effect was reproduced after whole brain irradiation with
ultra-high dose rates delivered with X-rays using

Table 1
In vivo studies of FLASH response for various normal tissues
Dose (Gy) at conventional FLASH dose Dose modifying System Anaesthetic Assay Reference
dose rates rate (Gy/s) factor
Normal tissues
11.9 17-83 1.13 Mouse intestine Nembutal LD50/5 [3]
14.7 70-210 1.13-1.24 Mouse intestine ? LD50/5 [14]
24 56—83 1.4 Mouse foot skin Sodium amytal Early and late  [4]
reactions
50 17-170 1.36 Mouse tail skin None Necrosis ND50 [5]
22—-34 300 >1.36 Minipig and General anaesthesia Early and late  [13]
cat skin reactions
15-17 40 1.8 Mouse lung Ketamine/xylasine/ Fibrosis [9]
acepromazine
10 100—10° 1.4 Mouse brain [soflurane Memory [10]

Montay-Gruel
et al. (in revision)
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Fig 1. Dose-escalation study. Irradiation was 4 hours post-fertiliza-
tion (4hpf). Eggs were given 5—12 Gy delivered with FLASH or con-
ventional dose rate irradiation. Radiation-induced alteration of
zebrafish morphology was assessed 5 days post-fertilization (5dpf) by
body length measurement. FLASH radiotherapy induced lower
morphological alterations than conventional radiotherapy at doses
above 10 Gy. Mean + standard deviation and Mann—Whitney’s-test:
*P < 0.05; **P < 0.01; ***P < 0.001 (n = 9—19 embryos/group).

synchrotron light [12] and was seen not only in late
responding tissues, but also in the early responding gut
after abdominal irradiation [3,14]. In addition, the FLASH
effect was not restricted to rodent models, but was also
observed in developing zebrafish embryos (Figure 1). These
experiments showed that the benefits of FLASH over [AQ1]
conventional dose rate exposure were especially prominent
after exposure to high single doses of irradiation (>10 Gy).

To move closer to bona fide clinical applications, the
advantages of FLASH-RT were confirmed in dose-escalation
experiments comparing conventional dose rate and FLASH-
RT on the skin of a mini-pig [18]. Single irradiation doses
ranging from 22 to 34 Gy were delivered, with an applicator
of 2.6 cm diameter to the same animal and at the same time.
Using the absence of late skin necrosis at 9 months as a
functional end point, 25 Gy delivered at a conventional dose
rate yielded a similar outcome to 34 Gy delivered with
FLASH-RT. This result suggests that the dose modifying
factor for FLASH-RT is at least 1.36 compared with con-
ventional dose rates. As discussed in the editorial by Har-
rington [19], the impact of FLASH-RT on a large irradiation
field was then investigated, where a 31 Gy dose of FLASH-RT
was administered to a 8 x 8 cm? area on the skin of the
mini-pig. This dose and volume led to the occurrence of
vascular alterations (4 months after radiotherapy) and in-

Table 2

field ulceration (5—7 months after radiotherapy) that was
transient and healed spontaneously 7.5 months after
radiotherapy. Therefore, even at an extremely high single
dose (31 Gy), this result suggests that the FLASH effect can
still be observed after exposure of large volumes.

The biological data related to the FLASH effect produced
at the CHUV (Lausanne University hospital) were obtained
in very well-controlled dosimetric conditions with stand-
ardised physical parameters, summarised in Table 2. Further
studies are ongoing to explore the impact of volume,
number of pulses, pulse width, repetition frequency, but the
data provided here can be considered as the minimal re-
quirements to produce the FLASH effect.

Tumour Response to FLASH-RT

The FLASH effect is defined by its non-toxic effect at the
normal tissue level. However, if any clinical translation is
foreseen, investigation of the tumour response to FLASH is
required. The studies investigating FLASH on tumours are
less numerous and this is an ongoing topic (Table 3).

Importantly, using subcutaneously xenografted tumours
and orthotopic lung tumours, isoefficacy of FLASH-RT and
conventional radiotherapy was shown [9]. The FLASH effect
on the lung enabled safe dose escalation up to 28 Gy.
Interestingly, 8 weeks after radiotherapy, 70% of the 28 Gy
FLASH-irradiated mice were free of pulmonary tumours and
lung complications, whereas only 20% of the 15 Gy mice
irradiated at conventional dose rate were free of tumours,
but exhibited severe pneumonitis and pre-fibrotic remod-
elling. These experiments were the first to show that
FLASH-RT prevented acute and delayed complications,
thereby enabling dose escalation that enhanced early anti-
tumour efficacy. More experiments are currently under-
way to investigate the potential benefit of FLASH-RT on
other tumour models using hypofractionated regimens
delivered 24 h apart designed to approximate clinical
scenarios.

Data to date indicate that in every instance the anti-
tumour efficacy of FLASH-RT is equal to conventional dose
rate radiotherapy when isodoses are used. These preclinical
results are consistent with results obtained in the first
veterinarian clinical trial conducted in feline patients with
spontaneous squamous cell carcinomas of the nasal pla-
num. Cats were treated with FLASH-RT in a dose-escalation
study using single doses of irradiation ranging from 25 to 41
Gy and volumes ranging from 6 to 25 ml. Despite the high

Parameters with which the FLASH effect has been observed at the CHUV

Model Devices Volume Duration of Dose delivered Mean dose Dose rate within
(ml) radiotherapy (ms) (Gy) rate (Gy/s) the pulse (Gy/s)

Mice, zebrafish Oriatron (eRT6) <2 <200 >8 >40 >1.8 x 10°

Pig/cats Oriatron (eRT6) <12 <200 Up to 41 300—-400 >1.10°

Pig Oriatron (eRT6) 100 <200 31 160 0.8 x 10°
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Table 3
In vivo studies of FLASH response in experimental tumour models
Dose (Gy) at conventional FLASH dose Dose modifying System Anaesthetic Assay Reference
dose rates rate (Gy/s) factor
17-25 60 ~1 Human Ketamine/ Growth delay [9]
xenografts in xylasine/
mice acepromazine
15-28 60 ~1 Orthotopic Isoflurane Growth delay [9]
syngeneic lung
model

single doses administered, dose-limiting toxicity was not
observed, and the maximal tolerated dose was not reached.
Only minimal or mild mucosal and skin reactions were
observed, without major disturbance of food intake and
without subsequent late side-effects. The tumour control
probability was high, compared with the literature, with a
rate of 84% at 1 year. Further follow-up studies at the CHUV
have begun in the form of a phase III trial conducted in cats
with squamous cell carcinoma and treated with FLASH-RT.
When comparing outcomes after a single dose of FLASH-
RT with previous studies using fractionated radiotherapy,
the tolerance/efficacy (therapeutic) ratio appeared mark-
edly superior. The data obtained so far with normal tissue
protection and tumour growth delay in animal systems
suggest a potential role for FLASH in treating humans. Tar-
geted studies investigating longer-term tumour control are
still needed to capture late recurrence rates derived from
surviving and slowly progressing tumour stem cells.

What Distinguishes FLASH-RT from
Conventional Dose Rate Radiotherapy? A
Primary Role for Oxygen

FLASH-RT uses ultra-rapid dose delivery (Table 2), which
is the first and most obvious difference between FLASH-RT
(microseconds) and conventional dose rate radiotherapy
(minutes). These extremely high dose rates were postulated
to be responsible for the very early divergence of radio-
chemical events that could distinguish FLASH-RT from more
conventional dose rates used in the clinic (Figure 2).

Given the known role of oxygen in modulating radio-
sensitivity, we rationalised that FLASH-RT could cause a
rapid consumption of local oxygen that would occur much
faster than any tissue reoxygenation kinetics. Rapid deple-
tion of oxygen would therefore elicit a transient radiation-
induced hypoxia, as described in several past publications
(Table 4). The FLASH effect has been investigated using
bacteria, various mammalian cell lines and human lym-
phocytes (Table 4).

For aerobic cells (21% oxygen) irradiated in vitro, at least
13 publications of studies using single FLASH doses of
electrons, protons, X-rays, ranging up to 19 Gy, have shown
no FLASH effect. This is expected because of the high, non-
physiological oxygen tension where oxygen depletion was
insufficient (0.44 pM/Gy, [35]), requiring a dose as high as

90 Gy FLASH to deplete aerobic cells to anoxic cells. A dia-
grammatic representation of isoeffective cell survival to
FLASH irradiation in air versus in 0.35% oxygen (~2 mm
Hg), or in nitrogen, is shown in Figure 3a, based on primary
published data. It underscores the importance of oxygen
tension and provides an explanation of why the FLASH ef-
fect is observed only under physiological oxygen tension.
Interestingly, Hendry et al. [5] rescaled the graphical data
of reaction scores presented in Favaudon et al. [9] and then
plotted average values per group against the dose of con-
ventional dose rate radiotherapy or FLASH-RT (Figure 4).
The isoeffective dose ratio at an average score of 2 is ~30/
15 = ~2.0. Note that if FLASH resistance starts at ~15 Gy,
the target cells would initially be at 15 x [0.44 uM oxygen
depleted per Gy] = ~6.6 uM oxygen. Also, the FLASH-RT
slope is lower than for conventional dose rate radio-
therapy by a factor ~2, as expected for anoxic versus aer-
obic slopes (Figure 3a), hence implicating oxygen depletion
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Fig 2. Chronology of physical, physicochemical, chemical, biochem-
ical and biological events occuring after irradiation in the biological
tissue. The difference between FLASH radiotherapy and radiotherapy
delivered at the conventional dose rate is the duration of the expo-
sure to the ionising radiation during the chemical step of the cascade.
The chemical steps are highly dependent on dioxygen concentration
within tissues.
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Table 4
In vitro studies of FLASH response for cells at different oxygen levels
Dose (Gy) at FLASH dose FLASH Dose modifying  System Conditions Assay end point Referenceif
conventional rate (Gy/s)t breakpoint factor versus air§
dose rates* dose (Gy)t
250 1010 370 1.1 Bacteria|| 11% oxygen Colony, [20]
SF = 0.001+*
200 1.8 5.4% oxygen
80 2.7 2.4% oxygen
30 2.9 1% oxygen
60 3 x 108 40 2.0 Bacteria€ 5% oxygen Colony, SF = 0.01 [21]
30 23 2.4% oxygen
15 3.0 1% oxygen
9.5 107 7 1.8 HelLa cells 0.35% oxygen Colony, SF = 0.01 [22]
12 101° 7.7 1.7 P388 cells 0.35% oxygen TD50, SF = 0.0011f [6]
0-19 10%-101° None 1 Mammalian Air (21% oxygen) Colonies [22,23]
cell lines Colonies and SLDR  [24]
Colonies [25]x
Colonies [26]
Colonies [27]
Colonies, G, arrest, [28]p
apoptosis [29,30]
Colonies, residual  [31]
DNA dsb
Colonies, residual
DNA dsb
1-2 45 %x 108 None 1 Human Air Chromosome [32]x
lymphocytes aberration repair
time
1-5 105-2.5 x 108 None 1 Human Air Unstable [33]
lymphocytes chromosome
aberrations
0.5-8 3.6 x 10° None 1 Human Air Chromosome [34]
—hamster cells aberrations

SF, surviving fraction; TD50, tumour cell dose (cell number) resulting in the death of 50% of isologous grafted recipients within 100 days;
SLDR, sublethal damage repair, measured using split doses; DNA dsb, double-strand breaks.
* Dose delivered at conventional dose rates to aerobic cells, resulting in the stated assay end point.

f Single pulse.

 Breakpoint dose = the dose where the response switches from that characteristic of aerobic cells to that for anoxic cells, i.e. the dose to
deplete the oxygen level from aerobic levels (21% oxygen) to zero. Breakpoint dose decreases with lower starting level of oxygen.

§ Dose modifying factor = the ratio of the FLASH dose to the conventional dose rate dose, both resulting in the same assay end point, i.e.
both exposures are isoeffective. If instead the dose delivered was the same in both cases, the survival level after the FLASH dose would be
higher by an amount dependent on the slope of the resistant component of the dose—response curve.

Il Escherichia coli B/r.
1 Pseudomonas fluorescens.

« Level chosen to allow dose modifying factor estimation at all oxygen values used.

t Irradiation in vitro, assay in vivo.
# x: X-rays; p: protons; other studies: electrons.

as a mechanism for the induced resistance. Thus, the role of
oxygen seems to be a primary variable regulating the FLASH
effect, and reinforces the need to specifically evaluate the
critical physical parameters necessary for the FLASH effect,
where depending on the end point, total doses must be
sufficiently high and exposure durations must be suffi-
ciently short to adequately consume local oxygen from a
given volume of irradiated tissue.

Physical parameters are essential for the FLASH effect
and other influential aspects include the pulse size and
pulse repetition frequency of the FLASH dose, when deliv-
ered as a series rather than a single pulse. In the mouse tail

skin studies using 10 MeV electrons, the FLASH dose was
delivered at 50 pulses/s, varying the pulse size and duration
(Figure 3b) [5], whereas in the lung and brain studies [9,10]
the FLASH dose was delivered in one to 10 pulses of 1.8—2
us, suggesting that the dominant variable for response was
the overall duration of the dose. In the older studies, the
FLASH effect was observed for irradiation times <4.5 s, with
a small influence of intrapulse dose rate, whereas in recent
studies irradiation time less than 200 ms was required and a
high intra-pulse dose rate.

If the oxygen depletion mechanism is considered spec-
ulatively for the neuroprotection effect reported after 10 Gy
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Fig 3. (a) Effect of FLASH in vitro. Representation of isoeffective cell survival to FLASH irradiation in air versus in 0.35% oxygen ( ~2 mm Hg). The
slope in the latter condition becomes parallel to that in nitrogen, i.e. the cells in 0.35% oxygen are depleted to zero oxygen by FLASH irradiation to
result in a radioresistant anoxic response. The ratio of the slopes (0.35% oxygen versus air) in this example is ~2.6 and the ratio of isoeffective
doses is ~30/15 = 2. The difference in these ratios is because of the presence of the breakpoint dose of ~7 Gy needed to deplete the oxygen
from 0.35% to zero. The breakpoint dose is higher for higher initial levels of oxygen. Figure based on the results of Nias et al. [22] using Hela cells
and 10 MeV linac electrons delivered in a single 1 ps pulse. Very similar results were reported by Berry and Stedeford [6], using P-388 murine
leukaemia cell survival assayed in vivo after a single 3 ns pulse from a Febetron-706 400 keV electron generator (see inset graph). 3000 rads = 30
Gy. (b) Effect of FLASH delivery times at 50 (1 ps) pulses per second in vivo. Data taken from [5]. NDsg = dose to produce necrosis in 50% of
murine tails by 6 weeks after irradiation. Each data point was derived from two to four experiments; standard errors are ~ +3% of the mean
values plotted. Numbers in circles: tail temperature at the time of irradiation, showing loss of the FLASH effect, presumably due to improved
blood flow and higher oxygen tension in the tissue. Numbers in squares: number of (1 us) pulses per second using the same intrapulse dose rate
of 0.4 x 10° Gy/s, showing loss of the FLASH effect with protraction of overall dose delivery.

FLASH irradiation of the brain [10], it would follow that the
initial oxygen tension of the target tissue may be lower than
that for skin. Also, 100 Gy/s was found to be the lower limit
for full preservation of memory functions after 10 Gy, and
the neuroprotective effect was lost using <20 Gy/s, i.e. >0.5
s exposure duration. This is compatible in principle with the

time scales discussed for skin. For interest, measured values
of oxygen tension in brain vary widely with location, tech-
nique and anaesthetic use, but the maintenance of a good
oxygenation is an highly controlled process in the brain,
although some low values are reported, in particular for
peri-tumoural human brain tissues [36,37].
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The role of oxygen also provides a testable hypothesis
that allows one to make certain predictions. Modulation of
oxygen conditions by supplementation experiments might
abolish the FLASH effect, whereas depletion may have little
or no additional impact. Similar arguments can be brought
forth to predict that the impact of scavengers would be
marginal during FLASH-RT compared with conventional
dose rate radiotherapy, as these compounds minimise the
impact of oxygen and free radicals derived from the indirect
radiolysis of water. Data obtained in zebrafish embryos
incubated with millimolar levels of either n-acetyl-cysteine
or amifostine support this hypothesis and showed little
impact of the scavengers on FLASH-irradiated embryos,
whereas each compound afforded significant improvement
in embryo morphology after conventional dose rate radio-
therapy, as compared with the absence of the scavengers
(Bourhis et al., in revision [38]).

Another important feature is the oxygen tensions be-
tween normal tissue and tumours. Whereas normal tissues
are thought to be homogeneous, tumours contain oxic,
hypoxic and anoxic cell populations.

What Distinguishes FLASH-RT from
Conventional Dose Rate Radiotherapy? A
Role for Redox Biology

The physicochemical basis of the FLASH effect is also
related to the instantaneous production of free radicals and
to the inherent differences in redox and free radical
chemistry that distinguish normal tissue from tumour tis-
sue. For a given isodose, a given pulse of FLASH-RT deposits
significantly more energy (i.e. eV/kg) and liberates signifi-
cantly more electrons, which result in tens of thousands
more ionisation events than from conventional dose rate
radiotherapy. The resultant redox reactions of the reactive
species following this ‘instantaneous’ FLASH pulse would
propagate in the biological tissues and eventually decay in a
series of biochemical and biophysical reactions that would

be expected to take kinetically a different path than similar
reactions following a conventional pulse of radiation. The
end result is that normal tissues have lower pro-oxidant
burdens during steady-state metabolism than tumours
and eliminate FLASH-mediated free radicals much more
effectively. The differences in redox metabolism between
cancerous and normal tissues can thus be maximised.
Fenton chemistry and peroxidation chain reactions persist
longer in tumours, extending the half-life of many reactive
species and reactions that promote the accumulation of
oxidative injury and death. Importantly, FLASH-RT in-
undates the cellular systems that remove copious organic
hydroperoxides generated during irradiation, which then
provides a key explanation for why the FLASH effect is most
readily demonstrated in vivo as robust normal tissue
sparing. The differential rate of removal and decay of
radiation-induced free radicals between normal tissue and
tumours defines the beneficial therapeutic index we call the
FLASH effect. The foregoing considerations and quantitative
calculations in support of these ideas are the topic of a
recent review (Spitz et al., in revision [39]).

Conclusions: FLASH-RT, a Potential
Paradigm-changing Technology

e FLASH-RT enables higher doses to be tolerated by
normal tissues (optimised when the mean dose rate
>100 Gy/s).

e FLASH-RT enhances the differential effect between
normal tissue reactions and tumour growth restraint.

e Experimental studies of tumour control after FLASH
irradiation need to be carried out.

e Oxygen consumption probably mediates the FLASH
effect.

e The biological mechanisms of FLASH also include
redox biology, which provides further modification
between normal tissue and tumour responses.

Currently, few devices are able to deliver ultra-high dose
rate irradiation on large volumes of tissue. One of them is
the experimental electron linac (6 MeV, FLASH-RT, eRT6)
located at the CHUV [15]. In parallel, other groups are
beginning to be equipped with preclinical devices in Europe
and the USA [40,41]. These experimental devices will enable
the studies required to enhance our understanding of the
FLASH effect, but not without the significant technological
shift necessary to transfer this novel radiotherapy technol-
ogy to patients within the next few years. Proton therapy
facilities might be optimised to deliver FLASH-RT. In addi-
tion, a new generation of linacs will be able to readily
deliver FLASH radiation with photons and very-high energy
electrons. Advancements include magnetic focusing of
electron beams on the target providing highly improved
conformality and the construction of more efficient and
cheaper linacs for FLASH. The brief radiation exposure also
largely obviates the need for techniques compensating for
organ and tumour movement during irradiation. Prevailing
limitations with many of these upcoming modalities
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persist, however, and are largely related to volume effects,
where larger treatment volumes covered by defocused,
dispersed or scanned beam approaches invariably
compromise exposure durations and intrapulse dose rates;
this reality reduces oxygen consumption rates to levels
suboptimal with respect to second-order rate constants of
free radical reactions involving oxygen that define prereq-
uisite radiochemical conditions for the FLASH effect.
Resolving these current limitations will require advanced
technologies, which may expedite the advent of a new era
of radiotherapy largely improved by less normal tissue
complications.
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