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Over the past decades, technological advances have transformed radiation therapy (RT) into a precise and
powerful treatment for cancer patients. Nevertheless, the treatment of radiation-resistant tumors is still
restricted by the dose-limiting normal tissue complications. In this context, FLASH-RT is emerging in the
field. Consisting of delivering doses within an extremely short irradiation time, FLASH-RT has been iden-
tified as a promising new tool to enhance the differential effect between tumors and normal tissues.
Indeed, preclinical studies on various animal models and a veterinarian clinical trial have recently shown
that compared to conventional dose-rate RT, FLASH-RT could control tumors while minimizing normal
tissue toxicity.

In the present review, we summarize the main data supporting the clinical translation of FLASH-RT and
explore its feasibility, the key irradiation parameters and the potential technologies needed for a success-
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ful clinical translation.
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Radiation therapy (RT) is a major actor in cancer management,
with more than half of all cancer patients treated with RT, mostly
given with curative potential. RT generally exploits the empirical
observation that normal tissues can recover from the harmful
effects of ionizing radiation to a higher extent than tumors. This
differential effect can be exacerbated by two factors that can inde-
pendently increase the normal tissue tolerance. The first factor is
the fractionation of the total dose with a good protection of normal
tissues at 2 Gy per fraction and even more pronounced below
2 Gy/fraction [1]. The second factor is related to technologies that
improve dose-delivery precision and reduce the volume of normal
tissues irradiated at high doses, and subsequently prevents the
potential collateral damages of RT. These two factors, i.e. fraction-
ation and precise volume optimization can be combined to some
extent and are both extremely powerful in increasing normal tis-
sue tolerance [2]. They contributed to define the standards of care
with conventional dose-fractionation. RT is administered today
with high precision using Intensity Modulated RT (IMRT), Image
Guided RT (IGRT), Stereotactic Body RT (SBRT), and proton therapy
[3]. For example, Stereotactic Ablative Radiotherapy (SABR)
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delivers the dose with millimetric precision, enables maximal spar-
ing of normal tissues and in turn achieves very high curative dose
to the tumor [4]. In addition to these geometrical sparing of normal
tissues, shortening the overall time for the dose delivery and so
called FLASH-radiotherapy (FLASH-RT) [5,6], is emerging as a third
potential major factor able to increase normal tissue tolerance,
which in turn would make it possible to deliver higher curative
doses and opens new avenues for overcoming tumor radiation
resistance. The following presents the potential implications and
challenges for the clinical translation of FLASH-RT.

What is the FLASH effect?

FLASH-RT involves the ultra-fast delivery of RT at dose-rates
generally several thousand times higher than the ones currently
used in routine clinical practice (CONV-RT) [5]. While FLASH-RT
versus CONV-RT have been characterized initially using their mean
dose-rate (>i.e. >40 Gy/s for FLASH-RT vs >0.01 Gy/s for CONV-RT),
the full definition is more complex and involves several inter-
dependent physical parameters such as repetition rate, pulses
(number and width), and total duration of exposure. These param-
eters described in Table 1 have been essentially generated using
the Oriatron eRT6 [7] and were used in our recent experimental
studies describing the benefits of FLASH-RT. In these most recent
studies, the FLASH-RT effect was found to be reproducible with
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Table 1

Parameters with which the FLASH effect has been observed. Both Kinetron [5] and Oriatron (eRT6) [7] are irradiation devices dedicated to produce FLASH irradiation.

Animal model Device Volume (cm?) Duration of RT (ms) Dose delivered Mean dose-rate (Gy/s) Dose-rate within Ref.
(single dose in Gy) the pulse (Gy/s)
Mice, Zebrafish  Kinetron <2 < 200 > 8 > 40 > 1.8.10° [5,11] (Montay-Gruel, in rev.)
Oriatron
Pig/Cats Kinetron <12 <200 up to 41 300-400 >1.10° [12]
Oriatron
Pig Oriatron 100 <200 31 160 0.8,10° [12]

1-10 pulses of 1.8-2 microsecond, an overall time of less than
200ms and a dose-rate within the pulse above 1.8 x 10° Gy/s
(Table 1). In addition, it is important to point out that in all these
studies, total RT dose was delivered in one single large fraction.

The striking observation made after the exposure of biological
tissues to FLASH-RT, is a relative protection of normal tissues, as
compared to conventional dose-rate RT. This reduction in normal
tissue toxicity was first described in the seventies using mouse
models of gut and skin toxicity [8,9]. Later, Hendry et al. confirmed
the reduction in normal tissue toxicity [10], using 10 MeV electron
beam at 50 pulses per second and dose-rates within the pulse
above 10° Gy/s which remarkably reduced mice tail necrosis,
compared to similar doses delivered at much lower dose-rates
(103 Gy/s). It took more than three decades for this phenomenon
to be “re-discovered” in 2014 by our group with Vincent Favaudon
and Marie Catherine Vozenin [5]. Indeed, in addition to showing a
unique protection of normal tissues with FLASH-RT, a major differ-
ential effect between tumors and normal tissues was reported, as
FLASH-RT triggered a similar anti-tumor effect as compared with
conventional RT at isodose, in lung, breast and head and neck
tumor models [5]. Moreover, the possibility of increasing the dose
to the tumor using FLASH-RT was shown without induction of
normal-lung toxicity [5]. Recently, this marked improvement of
the differential effect between tumor and normal tissues triggered
by FLASH-RT was investigated and confirmed in various normal
tissue and tumor models tested in Lausanne [11,12], Orsay [5],
Grenoble [13] and Stanford [14]. More biological results are now
available and reported in this special issue of Radiotherapy &
Oncology.

The first obvious difference between FLASH-RT and CONV-RT is
the time required to deliver the dose which ranged from microsec-
ond to hundreds of milliseconds for FLASH-RT but raised up to
minutes for CONV-RT. This extremely short time of exposure made
possible by FLASH-RT suggests an early modulation of the radio-
chemical events that depend upon oxygen concentration in the
irradiated volume. FLASH-RT could cause a rapid consumption of
local oxygen and elicit a transient radiation-induced hypoxia, as
already described in several past publications in bacteria and
eukaryotic cellular models [15-19] as well as in mouse models in
relatively old reports [8,10]. The oxygen dependency of the FLASH
effect was confirmed recently by our team showing that
hyper-oxygenation could abolish the FLASH effect in mouse
(Montay-Gruel et al., in revision). Additional mechanistic studies

Table 2
Summary of the FLASH effect across species.

are ongoing to further characterize the mechanisms involved in
the differential effect of FLASH-RT and are not under the scope of
this present review.

Do the pre-clinical data support the clinical translation of
FLASH-RT?

The consistency of the normal tissue protection among species,
the magnitude of this benefit, and the excellent anti-tumor effects
observed so far, all suggest that the FLASH effect could also be
reproduced in human patients and encourage the testing of this
hypothesis in clinical trials.

A first significant observation motivating clinical translation is
the consistency of the pre-clinical data across four animal species,
i.e., zebrafish, mice, mini-pig and cat, showing that FLASH-RT
remarkably reduces normal-tissue side effects compared to con-
ventional dose-rate RT (Table 2), while providing an efficient
anti-tumor effect. In zebrafish embryos, the magnitude of the nor-
mal tissue protection obtained by FLASH-RT was significantly
superior to the one obtained by amifostine exposure [20] (Fig. 1).
Concerning mouse models, all types of normal tissues, including
skin, lung, gut and brain, appeared to be spared by FLASH-RT com-
pared to conventional dose-rate RT [5,8-14].

A second observation supporting the clinical translation is the
magnitude of the normal tissue protection allowed by FLASH-RT,
compared to conventional RT. The most relevant result comes from
the dose escalation experiment comparisons between conven-
tional dose-rate and FLASH on the skin of a mini-pig [12]. Single
irradiation doses ranging from 22 Gy to 34 Gy were delivered, with
an applicator of 2.6 cm diameter to the same animal and at the
same time. With an absence of late skin necrosis at 9 months as
endpoint, 25 Gy delivered at conventional dose-rate brought a sim-
ilar outcome to 34 Gy delivered with FLASH-RT. This result sug-
gests that the dose modifying factor for FLASH-RT is at least 1.36
compared with dose delivered at conventional dose-rate [12]
(Table 2). Interestingly, as the follow-up period is still ongoing,
no late alteration was observed in the FLASH-irradiated zones
where the skin appears macroscopically normal 28 months post-
irradiation. More recently, and as suggested in the editorial by Har-
rington [6], the impact of FLASH-RT on a large irradiation field
needed to be investigated. Therefore, the delivery of 31 Gy with
FLASH-RT was realized with an 8 x 8 cm? irradiation field on
the skin of the mini-pig. This dose and volume led to transient

Mouse Cat Pig Zebrafish embryo
FLASH-RT is better than conventional dose-rate RT for normal tissue  Yes Yes (when compared with published Yes Yes
protection studies)
Dose modifying factor in normal tissue >1.8 (lung) Not evaluated >1.36 >14
>1.4 (brain)
Improvement of the differential effect (tumor/normal tissues) with  Yes Yes Not Not tested
FLASH-RT tested
References [5] (Montay-Gruel, in  [12] [12] Vozenin, (pers.

rev.)

com.)
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Effects of FLASH and conventional dose-rate irradiations
on the zebrafish development
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Fig. 1. FLASH-RT is more efficient at protecting normal tissues than Amifostine. Amifostine (4 mM; Sigma) was added to the zebrafish embryos water 1 h before irradiation.
Irradiation was performed 4 hours post-fertilization (hpf). Embryos were given 8 Gy delivered with FLASH-RT (1 pulse of 1.8 x 10~°s) or conventional dose-rate irradiation
(0.1 Gy/s) with the eRT6 LINAC [7]. Radiation-induced alteration of zebrafish morphology was assessed 5 days post-fertilization (dpf) by body length measurement. FLASH-RT
induced fewer morphological alterations than all other irradiated groups, an effect that was not impacted by antioxidants. Mean + SD and Mann-Whitney’s-test: P < 0.05;

“I**P<0.01; "'P<0.001 (N =9-19 embryos/group).

in-field superficial ulcerations (5 to 7 months post-RT), followed by
a complete resolution of the lesions (7.5 months post-RT), and no
further reactivation 11 months post-irradiation. As pig and human
skins are known to be physiologically very close, these results sug-
gest that the FLASH effect could be maintained after exposure to a
very high single-dose of irradiation, even on a large volume. This
improved tolerance of normal tissues, compared to conventional
RT suggests that higher curative doses with FLASH-RT could be
used, thus offering a potential to overcome some of the clinical
radio-resistant tumor situations. Further studies assessing the con-
comitant impact of volume and dose-rate are ongoing. In addition,
a veterinarian clinical trial in cat-patients with spontaneous
squamous-cell carcinomas of the nasal planum was performed to
evaluate the curative effect of FLASH-RT in a dose escalation study
using single doses of irradiation ranging from 25 to 41 Gy. No dose-
limiting toxicity was observed, and the Maximal Tolerated Dose
(MTD) 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 tumor control rate
was high, compared to the literature with a rate of 84% at 1 year.
When comparing the outcome after FLASH-RT with previous stud-
ies having used fractionated RT, the tolerance/efficacy ratio
appeared markedly superior with a single dose of FLASH-RT. This
is consistent with an improvement of the differential effect
between normal tissues and tumors, despite the use of extremely
high FLASH-RT dose per fraction [12] and will be validated in an
ongoing phase IIl veterinarian clinical trial performed at our
institution.

A third observation supporting the clinical translation is the
intact capacity of FLASH-RT to eradicate tumors, despite its normal
tissue sparing effect. Indeed, all the currently available data indi-
cate that FLASH-RT is iso-effective compared to conventional
dose-rate RT for the tumors, as illustrated using U87 human
glioblastoma implanted subcutaneously (Fig. 2). The anti-tumor
efficacy of FLASH vs CONV-RT has been reproduced in various
mouse tumor models (including xenografts, orthotopic and trans-
genic models) of breast, lung, head and neck, ovarian and brain

cancers, and suggest a major increase in the differential effect
between normal tissues and tumors [5,11,15] (Montay-Gruel
et al.,, in revision). Furthermore, we recently investigated the effect
of fractionated FLASH-RT on tumor growth delay and the iso-
efficacy of conventional dose-rate RT and FLASH-RT, which was
again confirmed (Fig. 3). The impact of fractionated FLASH-RT on
normal tissue is currently being studied.

What are the beam characteristics needed for clinical
translation?

In order to reproduce the FLASH effect in human normal tissues,
it is important to control and define the parameters used in pre-
clinical in vivo studies [5,11-14,21]. First, a strict and reliable mon-
itoring of the dose has been designed and implemented [7,22,23].
Second, the dose-rate expressed as the mean dose-rate in gray
per second was first proposed as a surrogate to describe the FLASH
beam characteristics [5]. In our first report, the FLASH effect (nor-
mal tissue sparing) involved the delivery of single doses given in
pulses of one microsecond with a mean dose-rate defined above
40 Gy/s. In subsequent studies, we further narrowed the physical
parameters required to obtain the FLASH effect using a cognitive
assay in mice. We showed that mean dose-rates above 33 Gy/s pro-
tected half of irradiated mice whereas 100 Gy/s protected all irra-
diated mice from radiation-induced cognitive defects [11].
However, additional parameters can markedly impact the outcome
of FLASH-RT such as the dose per pulse, the number of pulses deliv-
ered, and the dose-rate within the pulse. Our current knowledge
defining the parameters required to obtain the FLASH effect is
summarized Table 1. These data along with the analysis of the pub-
lished literature (Fig. 4) support the idea that the most relevant
parameters for the FLASH effect are the combination of dose,
dose-rate within the pulse, and overall time of irradiation
(<200 milliseconds), and not only the mean dose-rate as we ini-
tially thought. The role of each of these parameters is currently
being explored in more details, and might be critical for optimizing
the clinical use of FLASH-RT. Considering the conditions derived
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Dose-response curves in brain and GBM
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Fig. 2. NTCP/TCP after FLASH and CONV-RT in normal brain and GBM. To investigate tumor response, subcutaneous glioblastoma models, 10 M U87 human GBM cells were
engrafted in the flank of female nude mice (N = 5-6 mice/group) under isoflurane anesthesia. Tumors were irradiated with the eRT6 LINAC using a 1.7 cm round collimator at
FLASH (circles; between 125 Gy/s and 1 pulse of 1.8 x 1075 s) or conventional dose-rates (crosses; 0.1 Gy/s) when tumor volume reached 60 mm3 (57 + 17 mm3). Iso-efficacy
of FLASH-RT and conventional dose-rate irradiation was observed by tumor-growth delay assessment of U87 human GBM xenografted tumors irradiated at 0, 10, 15, 20, 25,
30 and 35 Gy with FLASH-RT (FLASH) and 0, 10 and 20 Gy with conventional dose-rate irradiation (CONV). The time evolution of the tumor volume after irradiation was found
in good agreement with the predictions of the two-compartment kinetic model of Looney et al. [25]. The plots of the tumor control probability (right scale) was calculated
using the relation TCP = (V¢ — Vrr)/Vew Where the volumes are measured 15 days after irradiation. Data error bars correspond to standard deviation and solid brown line to
a logistic fit to the FLASH data. Due to the reduced number of points, the fit to the CONV data (dashed line) was estimated as a shift of the FLASH curve. To investigate normal
tissue toxicity, C57BI6/] WT mice (N = 5-13 mice/group) were tested using the novel object recognition (NOR) task 2 months post-FLASH and CONV-RT. Calculation of the
discrimination index was obtained as DI = 2*Recognition Index —1. Control animal show a maximal DI;,,,x = 60% and maximal loss of cognition is given by a DI, = 0%. In these
conditions, conventional dose-rate irradiation at 10 Gy caused significant reduction in DI (6%) whereas 10 and 12 Gy doses administered by FLASH prevented radiation-
induced cognitive deficits (DI = 52 and 63%). Interestingly, at the higher dose of 14 Gy, the benefits of FLASH were lost, as DI values (=11.2%) were similar to that found after
conventional dose-rate irradiation. These value are plotted as normal tissue control probability calculated by NTCP = (DI;nax — DI)/(Dlmax — Dlmin)- Data error bars correspond
to standard deviation, solid blue line to a logistic fit to the FLASH data. The CONV curve shown (dashed line) was estimated as a shift of the FLASH curve.

Tumor burden measurement by bioluminescence
H454 Orthotopic murine GBM model
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Fig. 3. Effect of fractionation on tumor growth delay. 500’000 H454-luc+ murine GBM cells were implanted orthotopically in the striatum of Nude mice and irradiated 3 days
post-injection (J-3) after tumor establishment. Animals were given whole brain FLASH (1 pulse of 1.8 x 10~ s) or conventional dose-rate RT (0.1 Gy/s) at 10 Gy single dose,
3 x 8 Gy or 5 x 5 Gy fractionated regimens (24 h inter fraction). All irradiations were performed with the eRT6 LINAC (Jaccard, 2018). Tumor burden was measured weekly for
individual mice by bioluminescence (Illumina IVIS), and normalized against the signal measured the day of irradiation. All regimens induced a significantly better tumor delay
compared to non-irradiated control animals. In all treatment regimens, no statistical difference was observed between CONV and FLASH-RT irradiation modality. Results are
given as mean relative radiance (normalized against ]-3 values) + SEM. P values are derived from Mann-Whitney’s tests: ‘P < 0.05 (N = 6 mice/group).
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Conditions to obtain a reproducible FLASH effect
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Fig. 4. Conditions to obtain a reproducible FLASH effect. Summary of the temporal dosimetry characteristics of the reported experiments’ data having observed the FLASH
effect in vivo [5,10-14,21,27] or oxygen depletion in vitro [15,28-31]. The horizontal axis denotes the dose-rate in pulse for electrons and in slice for synchrotron radiation, the
vertical axis the total irradiation time for delivering 10 Gy. Parameters for other dose values must be changed accordingly. In mono-pulse mode, the irradiation time is
governed by the pulse width, in multi-pulses mode by the pulse repetition rate (10-200 Hz).

from all the available pre-clinical data, a first patient with a skin
cancer is planned to be treated at Lausanne University hospital
using FLASH-RT.

How to approach the clinical translation of FLASH-RT?

Feasibility with low energy electrons and early clinical evaluation

A logical first step toward clinical translation would be to assess
the feasibility of using low-energy electrons under conditions as
close as possible to those previously used in the pre-clinical set-
ting. This would allow obtaining a first evaluation and a proof of
concept of the FLASH effect in human patients.

Although the technology to produce low-energy electron beams
able to deliver FLASH-RT is affordable, very few systems are cur-
rently available worldwide. Conventional clinical linacs can be
tuned in order to produce electron beams with dose-rates exceed-
ing 200 Gy/s, but their dosimetry and geometric properties are
only suitable for small animal experiments (RT field size of a few
cm? at a distance of a few cm from the source). This configuration
was successfully used for biological experiments at Stanford
University (CA) with a modified Varian linac [14] and a modified
Elekta linac is currently used at Lund University, Sweden and
described in this issue [24]. At Lausanne University Hospital, the
eRT6 Oriatron (5.6 MeV, electron linac, PMB, Peynier France) can
deliver FLASH-RT with an open field size of 20 cm diameter (at
100 cm from the source) and possible secondary collimations
down to 1.6 cm diameter (distances from the source ranging from
10cm up to 400 cm) [7]. Adequate dosimetric validations and
traceability have been extensively described using this linac
[7,11,22,23] (see also Gongalves Jorge et al. in this issue). These
characteristics are all compatible with the clinical treatment of
superficial skin cancers and the feasibility of using FLASH-RT in
patients is currently being tested. A second electron linac proto-
type designed to deliver FLASH-RT in the context of intra-
operative radiation therapy (IORT) is under construction and will
be able to operate at a higher energy of 10 MeV. This device should
be appropriate to further test the FLASH concept in patients with

incomplete resection of non-curable cancers (i.e. for example pan-
creatic tumors). The main advantage of this approach is to use sim-
ilar conditions to the ones generally used so far to demonstrate the
FLASH effect, i.e., high single dose of RT with low-energy electrons
delivered in an overall time of less than 200 milliseconds.

For treating deep tumors: very high energy electrons (VHEE),
X-rays or protons?

In order to treat deeply located cancers in patients, the develop-
ment of either FLASH-VHEE or, alternatively, FLASH-X-ray or
FLASH-proton devices are needed. Importantly, the FLASH effect
could be reproduced with an experimental X-ray beam line at
the European Synchrotron Radiation Facility (ESRF) [13] and
reviewed in Serduc et al. in this issue of Radiotherapy & Oncology.
These experiments were performed with comparable parameters
and dose-rates with the ones performed using low-energy elec-
trons [11] and compared to conventional dose-rate X-ray irradia-
tions. However, building a clinical device able to deliver FLASH-
X-rays implies solving significant technical challenges. Among
them, the power of the accelerator should be at least 100 times
higher than the one used to produce FLASH electrons and the con-
version target to generate photons should have specific character-
istics to resist an enormous instantaneous power. Among the
ongoing projects, the Pluridirectional High-energy Agile Scanning
Electronic Radiotherapy (PHASER) is a promising program (see
Loo et al. in this issue).

Another possible option to translate FLASH irradiation into the
clinics might be to use proton beams. FLASH-proton devices (mean
dose-rate of 40 Gy/s; field size of 1.2 x 1.2 cm?) have been recently
developed for experimental purposes [25] and the first biological
experiments are reported in this special issue of Radiotherapy &
Oncology by Bayreuther et al. and [26]. In addition, fast-scanning
proton beams can display even higher instantaneous dose-rates
within each individual spot (above 200 Gy/s) but the overall time
for treating a whole tumor is at best several seconds, generating
a mean dose-rate that could be far too low to trigger a FLASH effect.
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Additional challenges for clinical translation

The clinical translation of FLASH-RT is sustained by the out-
standing improvement of the differential effect between tumors
and normal tissues, as compared to conventional dose-rate RT. It
is important to envisage the clinical development of FLASH-RT in
a global perspective toward the improvement of radiation treat-
ments and integrating other important factors like fractionation
and volume optimizations. Nearly all the pre-clinical studies avail-
able so far have been performed using single dose irradiations.
Interestingly, we provide here the first evidence showing the isoef-
ficacy of hypo-fractionated FLASH regimen compared to CONV-RT
in the control of orthotopic GBM tumors (Fig. 3). In our clinical
study treating cat-patients, the highest dose of 41 Gy gave equiva-
lent toxicity as compared to 25 Gy, and the MTD was not reached.
This strongly suggests that the clinical use of FLASH would allow
the use of high doses per fraction, but it does not mean that the
whole treatment should be delivered in a single fraction. The clin-
ical use of FLASH-RT could be performed as a “boost” in the range
of 20-25 Gy given at the beginning of the treatment and being fol-
lowed by high precision conventional RT. Many solid tumors are
initially intrinsically hypoxic and will therefore not be protected
by FLASH-induced transient hypoxia whereas the surrounding nor-
mal tissue will, thus enhancing the differential effect.

Another major challenge in translating FLASH-RT in the clinic is
to develop optimal technologies in terms of high precision delivery
similar to the technology currently used for conventional RT.
Indeed the biological normal tissue sparing offered by FLASH-RT
should be seen as complementary to the powerful normal tissue
sparing effect offered by high precision delivery, but could not
and should not replace it.

Potential risks associated with the ultra-fast delivery of FLASH-
RT need to be considered before its clinical use. FLASH-RT consists
in delivering a limited number of pulses (<=10 pulses). A safe deliv-
ery can be achieved using a dose monitoring and stopping system,
able to monitor the dose pulse by pulse. The required high speed
detectors, fast signal acquisition and processing electronic tech-
nologies are routinely used in high energy physics laboratories to
control large particle accelerators and are adaptable to FLASH-RT
systems. As an example our FLASH linac in Lausanne is now
equipped with such systems and received the agreement of the
radioprotection authorities for treating a patient.

Potential clinical advantages beyond the biological effect of
FLASH-RT

Additional advantages could increase the potential clinical
interest of FLASH-RT, especially since the very short “beam-on
time” would make the intra-fraction motion management irrele-
vant. In addition, FLASH-RT best operates at high or very high dose
per fraction and would also make it possible to decrease the num-
ber of fractions needed, as compared to conventional dose-rate RT.
Ultimately, using FLASH-RT, radiation-oncology departments could
benefit from economical and logistical assets, with a potential
improvement of both workload and waiting lists. Altogether, these
advantages could undeniably make FLASH-RT into a powerful addi-
tional tool in cancer treatment management, providing a better
tumor treatment and a better quality of life for the patients.

Conclusion

Delivering high curative radiation doses to tumors depends on
our ability to spare the normal tissues from the harmful effects
of ionizing radiation. Over the last 100 years, both fractionation
and precise-volume optimization emerged as powerful tools to

increase the differential effect between tumors and normal tissues.
FLASH-RT appears as a third potential major player able to mark-
edly improve this differential effect. The consistency of the phe-
nomenon across tissues and species along with the magnitude of
the benefit observed in various pre-clinical studies justify its clin-
ical translation, offering a new opportunity to improve radiation
treatments especially for resistant tumors. A proof of concept could
be done first with low-energy electrons, but technical challenges
need to be rapidly solved for allowing VHEE, X-rays, or protons
to operate at FLASH dose-rates.

Acknowledgements

We would like to thank Manuel Santos, Sandrine Zufferey
Pidoux and Corinne Moratal from the Institute of Radiation Physics
(IRA, Lausanne, Switzerland). We would like to thank the zebrafish
team, F Amati, Y Arribat, A Reymond, and N Voisin. We also would
like to thank Sarah Jorge Lourenco for her help in shaping this
manuscript. Studies were supported by a grant from the Fond’ac-
tion, FNS N°31003A_156892, lead agency grant FNS/ANR
CR32I3L_156924 and ISREC Foundation thank to Biltema donation.
PMG was supported by Ecole Normale Supérieure de Cachan fel-
lowship (MESR); PMG and PG]J by FNS/ANR CR32I3L_156924 and
ISREC Foundation thanks to Biltema donation.

Conflict of interest statement

None of the authors have any conflicts of interest.

References

[1] Bourhis ], Overgaard ], Audry H, Ang KK, Saunders M, Bernier ], et al.
Hyperfractionated or accelerated radiotherapy in head and neck cancer: a
meta-analysis. Lancet 2006;368:843-54. https://doi.org/10.1016/S0140-6736
06)69121-6.

Nutting CM, Morden JP, Harrington K], Urbano TG, Bhide SA, Clark C, et al.

Parotid-sparing intensity modulated versus conventional radiotherapy in head

and neck cancer (PARSPORT): a phase 3 multicentre randomised controlled

trial. Lancet Oncol 2011;12:127-36. https://doi.org/10.1016/S1470-2045(10)

70290-4.

De Ruysscher D, Faivre-Finn C, Nestle U, Hurkmans CW, Le Péchoux C, Price A,

et al. European Organisation for Research and Treatment of Cancer

recommendations for planning and delivery of high-dose, high-precision
radiotherapy for lung cancer. J Clin Oncol 2010;28:5301-10. https://doi.org/
10.1200/]€0.2010.30.3271.

[4] Yang M, Timmerman R. Stereotactic ablative radiotherapy uncertainties:

delineation, setup and motion. Semin Radiat Oncol 2018. https://doi.org/

10.1016/j.semradonc.2018.02.006.

Favaudon V, Caplier L, Monceau V, Pouzoulet F, Sayarath M, Fouillade C, et al.

Ultrahigh dose-rate FLASH irradiation increases the differential response

between normal and tumor tissue in mice. Sci Transl Med 2014;6. https://doi.

org/10.1126/scitranslmed.3008973.

[6] Harrington KJ. Ultrahigh dose-rate radiotherapy: next steps for FLASH-RT. Clin
Cancer Res 2018. https://doi.org/10.1158/1078-0432.CCR-18-1796.

[7] Jaccard M, Duran MT, Petersson K, Germond JF, Liger P, Vozenin MC, et al. High
dose-per-pulse electron beam dosimetry: commissioning of the Oriatron eRT6
prototype linear accelerator for preclinical use: commissioning. Med Phys
2018;45:863-74. https://doi.org/10.1002/mp.12713.

[8] Hornsey S, Alper T. Unexpected dose-rate effect in the killing of mice by
radiation [29]. Nature 1966;210:212-3. https://doi.org/10.1038/210212a0.

[9] Field SB, Bewley DK. Effects of dose-rate on the radiation response of rat skin.
Int ] Radiat Biol Relat Stud Phys Chem Med 1974;26:259-67. https://doi.org/
10.1080/09553007414551221.

[10] Hendry JH, Moore ]V, Hodgson BW, Keene JP. The constant low oxygen
concentration in all the target cells for mouse tail radionecrosis. Radiat Res
1982;92:172-81. https://doi.org/10.2307/3575852.

[11] Montay-Gruel P, Petersson K, Jaccard M, Boivin G, Germond JF, Petit B, et al.
Irradiation in a flash: Unique sparing of memory in mice after whole brain
irradiation with dose rates above 100 Gy/s. Radiother Oncol 2017;124:365-9.
https://doi.org/10.1016/j.radonc.2017.05.003.

[12] Vozenin M-C, De Fornel P, Petersson K, Favaudon V, Jaccard M, Germond J-F,
et al. The advantage of Flash radiotherapy confirmed in mini-pig and cat-
cancer patients. Clin Cancer Res 2018. https://doi.org/10.1158/1078-0432.
CCR-17-3375. In press:clincanres.3375.2017.

[13] Vozenin M-C, Bouchet A, Serduc R, Bailat C, Patin D, Bourhis ], et al. X-rays can
trigger the FLASH effect: ultra-high dose-rate synchrotron light source

2

3

(5



https://doi.org/10.1016/S0140-6736(06)69121-6
https://doi.org/10.1016/S0140-6736(06)69121-6
https://doi.org/10.1016/S1470-2045(10)70290-4
https://doi.org/10.1016/S1470-2045(10)70290-4
https://doi.org/10.1200/JCO.2010.30.3271
https://doi.org/10.1200/JCO.2010.30.3271
https://doi.org/10.1016/j.semradonc.2018.02.006
https://doi.org/10.1016/j.semradonc.2018.02.006
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1158/1078-0432.CCR-18-1796
https://doi.org/10.1002/mp.12713
https://doi.org/10.1038/210212a0
https://doi.org/10.1080/09553007414551221
https://doi.org/10.1080/09553007414551221
https://doi.org/10.2307/3575852
https://doi.org/10.1016/j.radonc.2017.05.003
https://doi.org/10.1158/1078-0432.CCR-17-3375
https://doi.org/10.1158/1078-0432.CCR-17-3375

J. Bourhis et al./Radiotherapy and Oncology 139 (2019) 11-17 17

prevents normal brain injury after whole brain irradiation in mice. Radiother
Oncol 2018;129:582-8. https://doi.org/10.1016/j.radonc.2018.08.016.

[14] Loo BW, Schuler E, Lartey FM, Rafat M, King GJ, Trovati S, et al. (P003) delivery
of ultra-rapid flash radiation therapy and demonstration of normal tissue
sparing after abdominal irradiation of mice. Int J Radiat Oncol 2017;98:E16.
https://doi.org/10.1016/j.ijrobp.2017.02.101.

[15] Epp ER, Weiss H, Djordjevic B, Santomasso A. The radiosensitivity of cultured
mammalian cells exposed to single high intensity pulses of electrons in
various concentrations of oxygen. Radiat Res 1972;52:324. https://doi.org/
10.2307/3573572.

[16] Weiss H, Epp ER, Heslin JM, Ling CC, Santomasso A. Oxygen depletion in cells
irradiated at ultra-high dose-rates and at conventional dose-rates. Int ] Radiat
Biol 1974;26:17-29. https://doi.org/10.1080/09553007414550901.

[17] Dewey DL, Boag JW. Modification of the oxygen effect when bacteria are given
large pulses of radiation. Nature 1959;183:1450-1. https://doi.org/10.1038/
1831450a0.

[18] Dewey DL. An oxygen-dependent X-ray dose-rate effect in Serratia
marcescens. Radiat Res 1969;38:467. https://doi.org/10.2307/3572606.

[19] Barendsen GW, Koot CJ, Van Kersen GR, Bewley DK, Field SB, Parnell CJ. The
effect of oxygen on impairment of the proliferative capacity of human cells in
culture by ionizing radiations of different LET. Int ] Radiat Biol
1966;10:317-27. https://doi.org/10.1080/09553006614550421.

[20] Bourhis J, Blanchard P, Maillard E, Brizel DM, Movsas B, Buentzel ], et al. Effect
of amifostine on survival among patients treated with radiotherapy: a meta-
analysis of individual patient data. ] Clin Oncol 2011;29:2590-7. https://doi.
org/10.1200/JC0.2010.33.1454.

[21] Montay-Gruel P, Acharya MM, Petersson K, Alikhani L, Yakkala C, Allen BD,
et al. Long-term neurocognitive benefits of FLASH radiotherapy driven by
reduced reactive oxygen species. Revis 2019.

[22] Jaccard M, Petersson K, Buchillier T, Germond JF, Duran MT, Vozenin MC, et al.
High dose-per-pulse electron beam dosimetry: usability and dose-rate

independence of EBT3 Gafchromic films:
2017;44:725-35. https://doi.org/10.1002/mp.12066.

[23] Petersson K, Jaccard M, Germond JF, Buchillier T, Bochud F, Bourhis ], et al.
High dose-per-pulse electron beam dosimetry - A model to correct for the ion
recombination in the advanced markus ionization chamber. Med Phys
2017;44:1157-67. https://doi.org/10.1002/mp.12111.

[24] Lempart M, Blad B, Adrian G, Back S, Knds T, Ceberg C, et al. Modifying a clinical
linear accelerator for delivery of ultra-high dose rate irradiation. Radiother
Oncol 2019;139:40-5. https://doi.org/10.1016/j.radonc.2019.01.031.

[25] Patriarca A, Fouillade C, Auger M, Martin F, Pouzoulet F, Nauraye C, et al.
Experimental set-up for FLASH proton irradiation of small animals using a
clinical system. Int ] Radiat Oncol Biol Phys 2018;102:619-26. https://doi.org/
10.1016/j.ijrobp.2018.06.403.

[26] Buonanno M, Grilj V, Brenner DJ. Biological effects in normal cells exposed to
FLASH dose rate protons. Radiother Oncol 2019;139:51-5. https://doi.org/
10.1016/j.radonc.2019.02.009.

[27] Schiiler E, Trovati S, King G, Lartey F, Rafat M, Villegas M, et al. Experimental
platform for ultra-high dose rate flash irradiation of small animals using a
clinical linear accelerator. Int J Radiat Oncol Biol Phys 2017;97:195-203.
https://doi.org/10.1016/j.ijrobp.2016.09.018.

[28] Town CD. Effect of high dose rates on survival of mammalian cells [9]. Nature
1967;215:847-8. https://doi.org/10.1038/215847a0.

[29] Michaels HB, Epp ER, Ling CC, Peterson EC. Oxygen sensitization of CHO cells at
ultrahigh dose rates: prelude to oxygen diffusion studies. Radiat Res
1978;76:510-21. https://doi.org/10.2307/3574800.

[30] Berry RJ, Hall EJ, Forster DW, Storr TH, Goodman M]. Survival of mammalian
cells exposed to x rays at ultra-high dose-rates. Br ] Radiol 1969;42:102-7.
https://doi.org/10.1259/0007-1285-42-494-102.

[31] Nias AH, Swallow A], Keene JP, Hodgson BW. Effects of pulses of radiation on
the survival of mammalian cells. Br J Radiol 1969;42:553. https://doi.org/
10.1259/0007-1285-42-499-553-b.

usability. Med Phys



https://doi.org/10.1016/j.radonc.2018.08.016
https://doi.org/10.1016/j.ijrobp.2017.02.101
https://doi.org/10.2307/3573572
https://doi.org/10.2307/3573572
https://doi.org/10.1080/09553007414550901
https://doi.org/10.1038/1831450a0
https://doi.org/10.1038/1831450a0
https://doi.org/10.2307/3572606
https://doi.org/10.1080/09553006614550421
https://doi.org/10.1200/JCO.2010.33.1454
https://doi.org/10.1200/JCO.2010.33.1454
http://refhub.elsevier.com/S0167-8140(19)30360-3/h0105
http://refhub.elsevier.com/S0167-8140(19)30360-3/h0105
http://refhub.elsevier.com/S0167-8140(19)30360-3/h0105
https://doi.org/10.1002/mp.12066
https://doi.org/10.1002/mp.12111
https://doi.org/10.1016/j.radonc.2019.01.031
https://doi.org/10.1016/j.ijrobp.2018.06.403
https://doi.org/10.1016/j.ijrobp.2018.06.403
https://doi.org/10.1016/j.radonc.2019.02.009
https://doi.org/10.1016/j.radonc.2019.02.009
https://doi.org/10.1016/j.ijrobp.2016.09.018
https://doi.org/10.1038/215847a0
https://doi.org/10.2307/3574800
https://doi.org/10.1259/0007-1285-42-494-102
https://doi.org/10.1259/0007-1285-42-499-553-b
https://doi.org/10.1259/0007-1285-42-499-553-b

	Clinical translation of FLASH radiotherapy: Why and how?
	What is the FLASH effect?
	Do the pre-clinical data support the clinical translation of FLASH-RT?
	What are the beam characteristics needed for clinical translation?
	How to approach the clinical translation of FLASH-RT?
	Feasibility with low energy electrons and early clinical evaluation

	For treating deep tumors: very high energy electrons (VHEE), 	X-rays or protons?
	Additional challenges for clinical translation
	Potential clinical advantages beyond the biological effect of FLASH-RT
	Conclusion
	ack11
	Acknowledgements
	Conflict of interest statement
	References


