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ABSTRACT

FLASH radiotherapy (RT) is a technique involving the delivery of ultra-high dose rate radiation to the target. FLASH-RT has
been shown to reduce radiation-induced toxicity in healthy tissues without compromising the anti-cancer effects of treatment

compared to conventional radiation therapy. In the present article, we review the published data on FLASH-RT and discuss

the current state of knowledge of this novel approach. We also highlight the technological constraints and complexity of

FLASH-RT and describe the physics underlying this modality, particularly how technology supports energy transfer by ionising

radiation (e.g., beam on/off sequence, pulse-energy load, intervals). We emphasise that current preclinical experience is mostly
based on FLASH electrons and that clinical application of FLASH-RT is very limited. The incorporation of FLASH-RT into routine
clinical radiotherapy will require the development of devices capable of producing FLASH photon beams.
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Introduction

Radiation therapy has long been a cornerstone
of cancer treatment and the anti-tumour efficacy
of this treatment continues to improve in line with
advances in our understanding of tumour biolo-
gy and in imaging and radiation delivery. Using
current technology, highly conformal radiation
beams can be delivered precisely to the target, thus
minimising damage to surrounding healthy tis-
sues. Nevertheless — despite the availability of so-
phisticated radiotherapy techniques (IMRT, SBRT,

among others) — the probability of completing
eliminating the cancerous tissues is dose depen-
dent, which is limited by the risks of severe radia-
tion-induced side effects.

The limitations of conventional radiotherapy
could potentially be overcome by an emerging
technology known as flash radiotherapy (FLASH-
RT), which is defined as the ultrafast delivery of
radiation at dose rates that are several orders of
magnitude greater than those used in conventional
radiotherapy (40 Gy/s vs. 0.5-5 Gy/min, respective-
ly) [1]. FLASH-RT has theoretical benefits support-
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ed by preclinical data suggesting that the delivery of
doses to the tumour target using significantly high-
er dose-rates (FLASH) could achieve better disease
control with fewer side effects. If the advantages of
FLASH-RT — mainly improved safety and efficacy
— are confirmed in clinical trials, this novel tech-
nique could potentially transform the field of radi-
ation oncology, becoming the dominant radiation
therapy modality for certain tumours, and perhaps
even replacing conventional radiotherapy in the
future. Nonetheless, despite the enormous promise
of this new modality, there is still much we do not
know and substantially more research is needed.

Overview of protective effect on healthy
tissues and clinical evidence

Robust preclinical data show that FLASH-RT
causes less damage to healthy tissues than conven-
tional radiotherapy [1, 2]. The theoretical mech-
anism underlying this protective effect is the ul-
trafast delivery of radiation doses (measured in
milliseconds), which induces oxygen depletion and
transient hypoxia, thereby providing a protective
effect in normal tissues but not in cancer cells [2, 3].
Research suggests that the rapid dose delivery may
increase normal tissue tolerance, thus allowing for
higher tolerance of total doses with better cure rates
[3-5]. This is important given that the side effects
caused by the unavoidable irradiation of critical
organs during radiotherapy represent a major con-
cern in radiotherapy, limiting the curative potential
of radiotherapy for many cancers, particularly those
located near critical organs such as the heart and
lungs. Perhaps the most significant advantage of
FLASH-RT is its potential capacity to overcome
radiation resistance through the delivery of single,
high dose fractions > 10 Gy [6], which cannot be
achieved with conventional radiotherapy due to tol-
erance parameters for normal tissues [3].

The body of preclinical data supporting FLASH-
RT continues to grow and one clinical report has
also been published [1, 7]. In that study, FLASH-RT
was used successfully to treat a patient with subcu-
taneous T-cell lymphoma, who achieved a complete
and durable tumour response with minimal toxicity
[7]. However, substantially more data — both pre-
clinical and clinical — are needed to better under-
stand the clinical effects of FLASH-RT, especially its
effect on immune response. At present, the clinical
evaluation of FLASH-RT is limited due to the lack

of appropriate radiation delivery systems. While
current systems can be modified to deliver FLASH-
RT, a new generation of machines will be need-
ed before this technique can become more widely
available for clinical use [8, 9].

Pulsed energy delivery by ionising
radiation to the target

Before discussing the technical limitations of
currently available linear accelerators (linacs), it is
important to understand how radiation is delivered
to the target in terms of time and dose rate as this
is crucial to the discussion of the structural changes
produced by radiation at both the molecular and
tissue levels. Linear accelerators produce beams in
pulses, which can be emitted regularly at certain
intervals, a process that differs significantly from
older radiotherapy delivery techniques (Cobalt-90
units), which emitted gamma radiation through
radioactive decay.

The time-intensity structure of energy transpor-
tation is complex. The radiation leaves the output
of linac in pulses. The pulse parameters — that is,
the duration and the value of energy transported
in a pulse (ultimately expressed by the average dose
rate) — depends on the properties of the source of
electrons and on the properties of the accelerat-
ing device, generating high frequency microwaves
(magnetron or klystron, if this is used to amplify mi-
crowave power). Example sources of high frequency
sinusoidal microwaves work on inner frequencies
of around 3 GHz. Pulses (typically of rectangular
shape) of duration usually from 1 to a few micro-
seconds are sequenced with frequencies of 50-300
Hz, depending on the purpose for which radiation
is to be used, thus making intervals between pulses
respectively from 20 to 3.3 ms. The dose absorbed
in human body depends on both electrons’ ener-
gies (related to their acceleration) and their quan-
tity (number). In radiotherapy the electrons energy
is predefined by a depth of tumours in the body,
which must correlate with electrons range in tissues.
The number of electrons depends on the properties
of the source. The accelerators built-up dosimetry
system controls “output dose” and adjusts either the
number of electrons emitted by source or pulse fre-
quency. In clinical radiation accelerators, the source
delivers much fewer electrons per pulse compared
to industrial accelerators, where much higher beam
intensities are needed.
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Consequently, the number of electrons per pulse,
number of the pulses produced in a period of time
and pulses duration along the quality of accelerat-
ing device describe capacity to carry and deliver
energy to the accelerator output and correspond to
the output dose-rate.

To show the difference between time-dose de-
livery structure between conventional and FLASH
radiotherapy we will discuss the following example.

In conventional radiotherapy pulses can be se-
quenced with 100 Hz (at 10 ms intervals) and can
be 4 us long. If we assume example dose-rate mea-
sured at standard condition in a phantom of 0.02
Gy/s (1.2 Gy/min) then during a session of 2 min-
utes a fraction dose of 2.4 Gy is delivered in 12000
pulses. Thus, the dose delivered during one pulse
is 0.0002 Gy and the dose-rate within a pulse is
around 50 Gy/s.

In FLASH radiotherapy duration of treatment
and average dose rate are assumed to be less than
200 ms and bigger than 40 Gy/s. Assuming the lit-
erature reported pulses sequencing scheme 100 Hz
(6], we can calculate the number of pulses per en-
tire treatment from a few to 20 (for 200 ms). Data
from various studies tell us about dose-rate within
the pulse from 10°-10° Gy/s. If we assume the else-
where reported duration of the pulse of 1.8-2.0 ps,
then we come to a dose delivered during one pulse
of 0.2 Gy, respectively (for 10° Gy/s and 2.0 ps).

We can notice a significant difference in the
magnitude of both time and energy load per pulse
between conventional radiotherapy and FLASH-
RT: average overall dose-rate 0.02 Gy/s vs 40 Gy/s;
dose-rate within pulse 50 Gy/s vs. 10° Gy/s; the dose
delivered during one pulse 2 x 10* Gy vs. 0.2 Gy.
The sequencing of pulses can be, however, similar
in both modes 50-300 Hz as well as duration of the
pulses 1-4 us. The treatment duration required to
deliver 8 Gy in these two modes is consequence of
the energy load per time unit and can be around 8
minutes vs. 0.2s.

Thus, the time-dose relationship between con-
ventional radiotherapy and FLASH-RT has many
differences, which poses a significant technological
challenge in terms of accurate dose measurements,
as well as our understanding of the biological re-
sponse. To obtain a dose of 8 Gy in 200 ms requires
an increase in the energy transported per time unit,
which requires strengthening the energy transport-
ed per pulse and perhaps also by producing more

pulses per time unit (higher frequencies eg. 300 vs.
50 Hz) or prolonging the pulse duration. Because
FLASH technology must transport significantly
more energy within a pulse, we need sources emit-
ting thousands more electrons per pulse.

Petersson et al. [10] described the potential to
convert conventional linacs into FLASH devices.
To better control the delivered dose and to estimate
pulse-to-pulse deviations, the FLASH beam must
be controlled at the dose level rather than at the
pulse level by lowering the gun current or utilising
a dose monitoring system for each pulse [11]. How-
ever, accomplishing this would require modifying
the linac. High, stable yields can be achieved by
implementing a warm-up procedure before admin-
istering FLASH-RT, although — as the prelimi-
nary results reported by Lempart et al. demonstrate
[11] — fine-tuning the resonance frequency of the
accelerator could be an alternative to warm-up.
Nevertheless, to ensure that the expected treatment
outcome is safely achieved, the machine will re-
quire further refinement. Built-in dosimetric de-
vices must be developed to support the high degree
of accuracy required in clinical applications. The
inner dosimetry systems must be capable of moni-
toring transport of energy at the accelerator output
and provoke adjustment of number of electrons
emitted or pulse frequency if a dose at the output
is not equal to the value predefined by the operator
for the current treatment. Despite the technological
hurdles, current studies show that this can be done
(1, 3, 7]. The technology underlying these processes
is extremely complex and beyond the scope of the
present article. However, the key takeaway is that it
can impact biological findings.

Magnitude of the FLASH dose rate.
What is the optimal rate?

Recent studies in mouse models have shown that
the protective effect of FLASH-RT for healthy tissue
depends on the dose rate, with rates of 100 Gy/s
providing significantly greater protection that lower
rates (e.g., 33 Gy/s). However, as discussed above,
the dose rate by itself is insufficient to describe
the expected biological response. Other variables,
including the dose per pulse, dose rate during the
pulse, pulse duration, interval, and overall irradia-
tion time, must be considered [3, 4].

In their review of the literature, Bourhis and col-
leagues noted that increasing the dose rate improved
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the effectiveness of FLASH-RT in a mouse model
[3]. In another study (mouse model), Montay-Gruel
et al. showed that increasing the mean dose delivery
rate from 33 to 100 Gy/s reduced brain toxicity and
preserved spatial memory in irradiated mice [12].

Biological effect of FLASH dose rate
delivery

Administration of a single, high dose of radia-
tion with FLASH-RT provides better normal tissue
protection than can be achieved with convention-
al radiotherapy [2-5]. The mechanism by which
FLASH-RT reduces normal tissue toxicity is be-
lieved to be due to differences in biological response
of normal and cancer cells, mainly in terms of ra-
diation-induced rates of removal and decay of free
radicals, which explains the beneficial therapeutic
index of FLASH-RT. However, volume effects can
limit some of the biological benefits of ultra-high
dose rates, leading to scattering of scanned beams,
which reduces oxygen consumption [13].

Oxygen tension between normal and cancerous
tissues is one of the keys to better understanding
FLASH-RT. Ultra-high dose rates contribute to ox-
ygen depletion in normal tissues, thereby inducing
radioresistance, which means that healthy tissues
surrounding the target are able to better tolerate ra-
diation. Studies performed to assess intestinal and
skin toxicity in mouse models [14, 15] and bacteria
and eukaryotic cellular models [16-18] suggest that
FLASH-RT induces instant oxygen depletion, lead-
ing to transient, radiation-induced hypoxia. This
is relevant because tumours are comprised of oxic,
hypoxic and anoxic cell populations whereas nor-
mal tissues are usually well supplied with oxygen
and have a system to maintain their proper oxic
state. One study showed that a 10 Gy radiation
dose delivered to the brain by FLASH-RT resulted
in lower primary oxygen tension in the target tissue
than in the skin, providing a neuroprotective effect
[12]. However, this effect is dependent on the spe-
cific brain region or measurement technique used
to determine oxygen tension.

Vozenin et al. evaluated FLASH doses at 50 pulses
per second (10 MeV electrons) to mouse tail skin
using variable pulse sizes and pulse repetition fre-
quencies [4]. Two other studies assessed the effects
of 1-10 pulses (1.8-2 ps) of FLASH-RT on lung and
brain tissues in a mouse model, demonstrating that
higher dose rates reduce treatment-related toxicity

[2, 12]. These dependencies suggest that response
is primarily determined by total dose exposure
time. Previous studies have shown the presence of
the FLASH effect when the irradiation time is less
than 4.5 s, with the intrapulse dose rate having only
a small effect [4]. By contrast, more recent studies
suggest that the FLASH effect can be achieved with
shorter radiation times (< 200 ms) and higher intra-
pulse rates [4]. At present, it is not clear whether the
immune response following FLASH-RT contributes
to the FLASH effect and other biological responses,
such as DNA damage and inflammation, could also
contribute to this effect. More studies are needed to
clarify these questions.

Dosimetric parameters describing
FLASH-RT — physics underlying
biological effects observed

In conventional radiotherapy, the dose is consid-
ered to be the primary parameter determining bio-
logical effects. The time-dose relationship expressed
by the fractionation scheme (rather than by the
dose rate) is well-understood and is widely support-
ed in clinical practice by radiobiological models
[19-22]. Indeed, this approach fits well with real
clinical practice as most radiation techniques use
only a few types of linacs, all of which generate ra-
diation using similar technology with similar dose
rate schemes. However, FLASH-RT has changed
this scenario, requiring significant magnification of
energy transfer in a short period of time.

The characteristics of the aforementioned effects
in biological tissue and in vivo are described by
dose, which must be measured. However, accurate
measurement is challenging due to the aforemen-
tioned time-intensity structure of pulsed energy
transport. The physical and chemical processes
used for dose measurements are dependent on
time. An accurate description of the physical pa-
rameters is essential to ensure proper induction of
the FLASH effect in biological tissue and to select
the optimal pulse size and repetition frequency of
the FLASH dose.

Experimental studies are still limited by the lack of
suitable detectors capable of measuring the beam flu-
ence of the FLASH effect online. Suitable detectors
must fulfil three main requirements: 1) compliance
with the requirements of both preclinical and clinical
studies, 2) 100% reliability, and 3) suitable for use in
existing linear accelerator facilities [23].
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Accurate and reproducible dosimetry can be en-
sured by using passive dosimetric detectors [10,
24]. Vignati et al. evaluated a silicon sensor appli-
cation used as a sensing device for FLASH-RT and
its readout electronics, finding that this technol-
ogy could monitor photon beams over the entire
FLASH dose range. However, for electrons, this
device was limited to the lower end of the dose
range [23]. Chemical dosimeters are a promising
approach to measuring high-dose rates; howev-
er, due to dose rate dependence at low dose rates
or few doses per pulse, chemical dosimeters are
unable to quantify an inhomogeneous dose rate
distribution. The Cherenkov detector presents the
highest theoretical time resolution (on the order
of ~ps), making this detector the leader for online
monitoring of machine productivity, regardless of
dose rate dependence. Ashraf et al. [22] compared
dosimetric tools at high dose-rates and conclud-
ed that luminescent detectors including Cheren-
kov and scintillation-based detectors are promis-
ing for real-time dosimetry at FLASH dose-rates
due to their remarkable dose-rate independence.
The thermoluminescent detectors (TLD) and op-
tically-stimulated luminescence detectors (OSLD),
which are used to passively measure doses, can also
be considered in FLASH-RT due to their dose rate
independence.

FLASH-RT: improved target accuracy
due to the short delivery time

Crucially, ultrafast dose delivery obviates the
need to compensate for tissue and tumour motion
during radiation delivery [4]. FLASH-RT allows for
the delivery of 8 Gy in only 0.2 s; by comparison,
it would take approximately 20 minutes to deliver
the same dose with CyberKnife. If FLASH-RT can
eliminate the risks associated with intratreatment
organ and tumour motion, this would further sup-
port the use of higher doses for the treatment of
certain cancers in which dose elevation is likely to
yield better clinical results. Undoubtedly, for the
treatment of deep-located tumours, highly adapted
image-guidance techniques are required as well.

Technology needed to treat tumours

lying deeper than several centimetres

Majority of tumours are located at depths that
are non-reachable by electrons generated by med-
ical linear accelerators (up to 25 MeV). Therefore,

the radiation must be able to produce therapeutic
dose at depths greater than 15 cm in the body. For
this reason, electron beam FLASH-RT is unlikely
to revolutionise radiotherapy due to the simple fact
that the benefits of this technique are only applica-
ble to skin cancers or tumours located within a few
centimetres of the body surface. Possible solutions
are photon or proton beam-based FLASH-RT or
use of very high energy electrons (VHEE).

Very high energy electrons (VHEE)

The use of very high energy electrons, range
of 50-250 MeV (VHEE), which can penetrate to
greater depths, is limited due to technical issues
related to electron acceleration in a convenient-
ly-sized medical device (i.e., a device that is neither
too big nor too complicated). However, works are
carried out to build suitable accelerators [24, 25].
Additional advantage is that dose-distributions
produced by VHEE electrons seem to be less de-
pendent on body inhomogeneities than those ob-
tained using protons [26].

Photon beam-based FLASH-RT

In general, conventional radiotherapy is based on
15 MV photon beams, which is sufficient to obtain
good dose coverage for all tumours due to the prop-
erties of interaction between photons and tissues.
However, in order to obtain ultra-high dose-rates
for photons, we must first solve technical challenges
related to the low efficiency in how electron beams
are converted to photon beam. Only a small frac-
tion of the energy fluence of electrons is transferred
to photons, with the majority of the energy fluence
dissipated through various phenomena, including
heat. This means that a FLASH photon accelera-
tor must have a source capable of producing many
more electrons (by a factor of 1000) than is achiev-
able with currently available devices, and further on
the problems with acceleration of such quantity of
electrons and their energy transfer to photons have
to be solved [3, 27].

Proton beam-based FLASH-RT
Protons of energies around 200 MeV or carbon
ions of energies 300 MeV/n can have sufficient range
in the body (15-20 cm) to be able to deliver energy
on therapeutic depth for majority of the tumours.
Buonanno et al. [28] and Beyreuther et al. [29]
both evaluated the use of proton beams to deliver
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FLASH-RT. Previous studies have shown that pro-
ton radiation involves higher dose rates delivered
in nanoseconds than those prescribed to achieve
FLASH effects [30, 31]. Irradiation times of 100
ms for conventional radiotherapy is still too short
to induce the FLASH effect. Girdhani et al. [32]
compared conventional radiotherapy to FLASH-RT
with proton beams to assess possible lung-sparing
effects and the impact on normal tissues, finding
that proton-based FLASH-RT may spare normal
tissues (both acute and late) due to a superior im-
mune response. As discussed by Hughes et al. [1]
turther study is needed on the impact of growing
LET at the Bragg peak on the FLASH effect and on
physiological oxygen concentrations.

Clinical experience

The first clinical use of FLASH-RT in a real-world
setting to treat humans was described by Bourhis et
al. who performed this treatment at the Lausanne
University Hospital [7] using the Oriatron eRT6
5.6-MeV linac, a prototype specifically construct-
ed to accelerate electrons in FLASH mode. In that
study, a patient with a T-cell cutaneous lymphoma
tumour (diameter: 3.5 cm) received 15 Gy delivered
in 90 ms. At 3 weeks, treatment-related toxicity was
limited to grade 1 epitheliitis and transient grade 1
oedema (CTCAE, v5.0) in the soft tissues surround-
ing the tumour. Moreover, the tumour response was
rapid, complete, and durable (5-month follow-up),
leading the authors to conclude that FLASH-RT ap-
pears to be both feasible and safe, thus warranting
turther clinical evaluation. Those findings, consid-
ered together with the growing body of preclinical
data, support continued research into this promis-
ing new approach to radiotherapy.

FLASH-RT may be indicated in two main clini-
cal scenarios 1) the treatment of radioresistant tu-
mours and 2) minimisation of radiation-induced
toxicity when the high doses needed for local con-
trol would result in unacceptable toxicity if deliv-
ered with conventional radiotherapy. In the first
scenario, dose escalation could be achieved without
inducing additional radiation-related side effects,
potentially improving the therapeutic index. In the
second scenario, FLASH-RT could reduce treat-
ment-related toxicity while still achieving a reason-
able degree of local control. This potential benefit of
FLASH-RT is important given that many patients
are not candidates for radiotherapy because they

cannot tolerate the high doses needed for local dis-
ease control. In this regard, it is worth noting that
it may be possible to generate the FLASH effect at
lower doses, which would further expand the clini-
cal potential of FLASH-RT; however, more research
is needed in this area.

Despite the significant technological advances in
radiotherapy in the last decade, further improve-
ment would be welcome to reduce treatment times
and increase efficacy. In addition, a better under-
standing of radioresistance is needed. Improve-
ments in these areas would help ensure the quality
of treatment and patient safety by minimising treat-
ment-related adverse effects and preserving quality
of life, ideally, allowing the patient to recover their
previous health status and to return to their usual
life and work activities. In short, new approaches
and technological developments in radiation oncol-
ogy are needed, similar to the major achievements
of targeted therapies and immunomodulatory
agents in recent years [8, 9].

Finally, another factor that needs to be consid-
ered in FLASH-RT is the biological diversity pres-
ent in most cancers. Given that all effects occur on
a cellular level, tumours of different origin located
in a different environment may respond different-
ly to the dose rate used in FLASH-RT. Summary
FLASH-RT challenges is presented in Table 1.

Conclusions

FLASH-RT has theoretical advantages over con-
ventional radiotherapy. Preclinical experiments
support the use of FLASH-RT, but they were car-
ried out at depths up to several centimetres limited
by the range of megavoltage electrons accelerated
by linear accelerators.

Major technological advances are needed to en-
able the generation of FLASH photons, and poten-
tially of protons, VHEE and heavy ions. Such sourc-
es of radiation will allow required dose distribution
to be obtained at bigger depths inside human body,
where most tumours occur.

If use of FLASH-RT is clinically confirmed, this
approach might be rapidly incorporated into rou-
tine clinical practice, thus modernising currently
available radiotherapy solutions.
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Table 1. FLASH radiotherapy (FLASH-RT) challenges

General

Accurate dose monitoring and delivery at ultra-high dose rates

Technologies, which can provide FLASH dose-rate radiation that can reach majority of tumours lying at depth of 10-20 cm in the body,
eg. very high-energy electron (VHEE) beams [33], laser particle accelerators [34], pluri-directional high-energy agile scanning electronic
radiotherapy (PHASER) [25]

Dosimetry

Detectors able to measure online the beam fluence at FLASH dose-rate

Detailed simulations and modeling of the detector behavior in environment proper for FLASH-RT
Recombination effect, saturation, and sensor linearity with dose-rate

Calibration and quality assurance tools

Precise beam characteristic tools: verification of machine output, dose delivered per pulse, and dose-rate in real-time, pulse duration,
interval, and overall irradiation time

Full pencil beam scanning for proton beam-based FLASH-RT

Radiobiology and clinical practice

Detail relationship on how FLASH effect varies with LET and oxygen concentration

Experimental proofs for distinction of oxygen level between normal and malignant tissue allowing its quantification
Treatment planning systems utilising FLASH radiotherapy planning

Immune factors in both normal and tumor tissues exposed to FLASH-RT

Mechanisms of DNA damage response and immune response after FLASH-RT

Clinical study when beams able to reach 10-20 cm in a body are available

LET — linear energy transfer
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