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Abstract: A novel means of applying radiotherapy in cancer treatment is the application of the
radiation dose at a very high intensity for a very short time, FLASH radiotherapy (FLASH-RT). This
technique involves exposure of tumors to >40 Gy/s, usually for less than one second. Studies
conducted in cell and preclinical models suggest that FLASH-RT seems less damaging to normal
tissues from adverse effects, relative to the same overall dose of radiation administered in
conventional therapy (CONV-RT) which involves administration of lower levels of radiation
repeated intermittently over a protracted period. In contrast, the susceptibility of tumor tissues to
FLASH-RT is not diminished relative to CONV-RT. Within solid tumors both modes of dispensation
of radiation produce an equivalent degree of cell damage. This differential between normal and
malignant material has been found in isolated tissues, animal studies, and more recently in clinical
trials. However, the classical radiation concept is that high energy linear transfer radiation (LET) is
more damaging than the equivalent total dose of low LET. Thus, the susceptibility of cells should
be greater to short-term exposure to high LET. This article discusses the potential reasons that may
account for this discrepancy. While the relative protection given to untransformed tissues by
FLASH-RT relative to tumor tissue is a major step forward in radiation therapy of cancer, the
processes that lie behind this phenomenon are incompletely understood and are considered here.
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1. Introduction

Radiotherapy has long been a major source of treatment for cancer, as a means of killing
malignant cells. Over 50% of cancer patients currently receive such therapy [1]. Radiotherapy is
generally used in conjunction with surgical procedures to minimize tumor burden, and
chemotherapeutic agents also as a means of eradicating cancer cells. Many refinements in the design
of this procedure have been made, always with the intent of minimizing harm to surrounding normal
tissues while maintaining an intense destructive focus on to tumor tissue. A recent means of
addressing this problem has been the development of FLASH-RT. The basic concept is the use of a
very short pulse of high radiation, (around 40-100 Gy/sec) roughly 400-fold more intense than the
lower level, longer exposures of radiation used in classical radiotherapy. The origins of this procedure
have their roots in a 1959 paper reporting that a short burst of high levels radiation was less lethal to
bacteria than the same dose administered over a longer time span [2]. The reduced toxicity caused by
this ultra-high-dose short burst of radiation in comparison with a more extended lower dose rate, has
been replicated in mammalian cell culture and then in intact animals [3,4]. In several of these reports,
the relative sparing effect of FLASH-RT is described as being lost at dose rates below around 5-
10Gy/sec [5,6].
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A second unexpected discovery was that there was a divergence between the susceptibility of
tumor cells to FLASH-RT relative to that of untransformed normal cells. The reduced lethality of
FLASH-RT to normal cells was not replicated in tumor tissue. This is in sharp contrast to conventional
radiotherapy where the vulnerability of cells, while being sensitive to the rate of mitosis, does not
otherwise differ between normal and malignant cells.

Damage caused by conventional radiation has been thought of as being largely due to reactive
oxygen species. A possible limitation has been that the hypoxic state of most tumor tissues may make
them less susceptible to oxidative injury than normal cells [7]. In 2019, the first successful clinical
application of FLASH-RT led to complete eradication of a multiresistant cutaneous lymphoma [8].
More recently, a range of studies on the effects of FLASH-RT have ensured that this strategy will
have great impact on the future radiotherapeutic treatment of solid tumors. Several groups have
reported the utility of this treatment in animal patients by veterinarians [3,9,10].

2. Accounting for the Differences between FLASH-RT and CONV-RT

There are two major unexplained issues concerning the selective advantage of FLASH-RT over
CONV-RT that have not yet been fully explained. These are interrelated and overlap in some
measure, but are conveniently discussed as separate problems.

2.1. Why Is FLASH-RT Less Lethal to Normal Cells Than the Same Dose of CONV-RT?

A given dose of radiation a higher dose-rate should be more toxic than the equivalent dosage
applied for a longer period of time. This been an orthodox and well established view in radiation
biology. and has led to the foundation of radiotherapy generally involving relatively low doses of
radiation, applied at intervals. Exposure to extreme levels of gamma radiation over millisecond
periods certainly seems especially lethal as judged by the effects of atomic bombs on Hiroshima and
Nagasaki. In fact, FLASH has been described as a good model to simulate short duration high
intensity radiation following detonating of a nuclear weapon [11].

2.1.1. Anoxia

However, there are now many reports of FLASH-RT being less damaging to normal cells than
the equivalent dose of CONV-RT [12]. The mechanism underlying this is unclear but the dramatically
sudden reduced oxygen tension resulting from FLASH-RT has been proposed to play a major part of
the overall effect. It has long been known that radiation can lead to an anoxia-like state of target
tissues [13], and that this becomes especially pronounced after high intensity radiation [14]. It has
been posited that the rapid consumption of oxygen caused by FLASH-RT leads to transient hypoxia
and this reduces the extent of production of harmful reactive oxygen species caused by the radiation
relative to CONV-RT. Probably related to this, is the fact that FLASH does not induce
neuroinflammation in the brain [15]. This is mediated by the lesser cell damage and lower induction
of inflammatory cytokines provoked by FLASH [16]. Also, in the context of cerebral tissue, FLASH-
RT has been reported as permitting maintenance of synaptic plasticity [17] and sparing of indices of
behavioral and cognitive functioning [15]. Further evidence of the key role of sudden and intense
anoxia in FLASH-RT is the finding that Induction of cerebral hyperoxia by means of carbogen
inhalation prevented the neuroprotective effects of FLASH [15]. A clinical implication of this is that
the higher levels of oxygen used during anesthesia can negate the protective consequences of FLASH-
RT [18].

2.1.2. The Role of Reactive Oxygen Species

The sparing effect of FLASH has a biphasic distribution with respect to oxygen concentration. It
is maximal at around at around 4% pO2 and falls off at oxygen concentrations above or below this
[19]. A very low presence of oxygen in tissues can be insufficient to allow the formation of reactive
oxygen species under either type of application of radiation [20].
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As illustrated by oxidative injury following ischemia-reperfusion, rapid re-oxygenation of
anoxic cells can lead to formation of reactive oxygen species. Such an oxygen rebound event has been
shown to occur after the sudden anoxia incurred after FLASH [21], and can be a source of the
formation active oxidants existing momentarily. It may be that the different responses to FLASH and
CONYV radiation are related to the very transient high levels of free radicals caused by FLASH
resulting in rapid detoxifying radical-radical interactions between peroxyl free radicals. This would
lead to reduction of the overall presence of free radicals and could limit damage, including that
incurred by migration of oxidant species to other sites [22]. This idea is supported by physicochemical
modeling of reaction kinetics suggesting that peroxyl radical recombination is a major factor in
enabling FLASH-RT protection [23]. As distances between charged particle trajectories are much
closer with FLASH, detoxifying interactions between formed reactive oxidizing species such as
peroxy radicals become more likely [24,25]. The fraction of damage due to secondary events is then
likely to be reduced in FLASH-RT.

In contrast, CONV-RT may lead to a more prolonged presence of harmful short-lived reactive
oxygen. The relatively diluted form of free radicals and their precursors generated in this manner,
can prolong their existence and lead to diffusion of oxidizing species.

2.1.3. Damage to DNA

DNA can be harmed by radiation causing both double stranded or single stranded breaks in the
DNA double helix. This can occur either by radiation energy directly impacting DNA, or by DNA
being indirectly attacked by highly reactive and short lived species formed by reactive electrons in
proximity to the DNA. In aqueous media, low energy radiation contributes more to indirect DNA
damage than do high energy X-rays [26]. At very high doses and dose rates of radiation, where
oxygen depletion in the cellular environment plays a major role, there may be a consequent decline
in DNA damage due to a lesser ability to form reactive oxygen species [27]. This may be due to a
saturation effect caused by the close proximity of the penetrant beams in FLASH [28].

In isolated plasmids, almost all DNA damage seems indirect since no potential scavenging
molecules are present. In such defined isolated cell free media, FLASH reduced the extent of single
stranded breaks (but not double-stranded breaks) in plasmid DNA in comparison to CONV [29,30].
The suspension of plasmids in a protein-free medium, containing only Tris buffer may account for
the attenuation of the differences between conventional and FLASH radiation.

Non-lethal radiation damage to DNA, can lower overall cellular effectiveness and lead to
emergence of cells of a senescence-associated secretory phenotype (SASP). These cells secrete
inflammatory cytokines which can also further spread inflammatory events in nearby cells [31].

2.1.4. Inflammation

A major component of the lessening of overall radiation damage caused FLASH, may be
attributable to reduced inflammation. FLASH-RT is far less toxic to circulating immune cells than is
CONV-RT [6]. The evidence of FLASH-RT causing less inflammation seems to coincide with elevated
alertness of T-cells which can inhibit tumor progression [32] and is likely due to a lower presence of
reactive oxygen. In many instances the inhibition of non-productive and unfocused inflammation has
been observed to bring about improved immune function [33].

Inflammation represents a response to altered oxidant conditions and to modifications of
signaling pathways, and thus generally reflects a secondary consequence of metabolic change. In the
case of FLASH, the shortened persistence of ROS production will also lead to reduction of the
pathways of activation of the inflammatory response. This may account for the reduced inflammation
and lower DNA damage found following FLASH [28].

There is evidence that the differential effect of FLASH involves its ability to maintain integrity
of mitochondrial function such as mitochondrial membrane potential. In contrast standard radiation
protocols lead to severe adverse morphological and functional changes in mitochondria [34,35].
Significantly, in this study, cell death following CONV-RT was largely by way of necrosis which leads
to inflammation, while FLASH-RT led to apoptosis. Since necrosis leads to inflammatory events
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while apoptosis is a more organized means of dismantling cells, this difference could account for the
lesser inflammation found with the FLASH procedure. The ability of FLASH-RT to induce regulated
immune reactions rather than provoking uncontrolled inflammation has long term advantages. Thus,
treatment of lung tissue of rodents with spatially focused microbeam irradiation at FLASH levels
does not lead to radiation fibrosis even after one year [36].

FLASH-RT reduced the number of lung-derived fibroblasts that were converted into cells
expressing indices of senescence relative to CONV. This is likely to underlie the prevention of
radiation-generated fibrosis in lung by FLASH-RT [37]. Radiation-induced senescence can also be
transferred to cells at remote sites perhaps by a bystander mechanism involving the circulation of
exosomes [38]. Since the damage to DNA effected by FLASH treatment is less pronounced, this can
reduce the formation of SASP-type cells [39]. These findings suggest that FLASH-RT is less potent in
facilitating the premature aging events that have been ascribed to radiotherapy.

2.2. Why Are Tumor Cells More Sensitive Than Normal Cells to FLASH-RT?

Unlike normal tissues, tumor cells appear to be just as sensitive to FLASH-RT than to CONV-
RT. This creates a beneficial disparity between the responses of the two cell types. Since higher dose
rates of radiation are generally described producing greater damage to cells, FLASH-RT should cause
a better tumor reaction than CONV-RT and this is indeed the case. The reasons underlying this
divergence remain unresolved but several separate hypotheses are substantiated by credible
evidence.

2.2.1. Tumor Metabolism is Unlike That of Normal Tissue

The excess sensitivity of tumor cells to FLASH-RT has some enigmatic aspects, as tumor tissues
are often hypoxic and can live under conditions under which normal cells could not survive [4], yet
the FLASH effect seems to involve transient but intense anoxia. Most solid tumors have a preferential
utilization of anaerobic glycolysis as opposed to the emphasis on aerobic metabolism characteristic
of normal cells. The less efficient energy metabolism of tumor cells is compensated for by enhanced
glucose consumption [41,42]. This lack of dependence on high levels of oxygen accounts for the
frequently encountered resistance to CONV-RT. In fact, tumor growth is attenuated by hyperoxia.
However, tumor cells have a higher intrinsic pro-oxidant environment than normal cells and are
more consistently subject to oxidative stress [43]. They are therefore more susceptible to free-radical
induced death than are normal cells [44]. While hypoxia induces resistance of normal cells to FLASH-
RT [45], tumor cells remain selectively vulnerable to FLASH-RT even under low oxygen tension. The
solution to this paradox of selective susceptibility to tumor cells to FLASH-RT, may lie in altered
signaling pathways leading to disruption of the cell cycle. It is likely that the metabolism of normal
cells may bring about in a different response to FLASH-RT independently of oxygen concentration
[27].

2.2.2. Differing Production and Disposition of Reactive Oxygen Species

Since hyperoxia can eliminate the differential response of normal and tumor cells to FLASH-RT
in mice [15], oxygen tension is undoubtedly is involved in the varying reactions of normal and
transformed cells to FLASH-RT. However, other factors are obviously involved and these remain
largely unresolved despite several persuasive suggestions.

The short but powerful hypoxia encountered with FLASH is unlike the continuous hypoxia
found with many solid tumors. High dose rates if irradiation elevate the rare of local energy
deposition leading to severe depletion of intracellular pO2. The consequences of this may be more
critical under the already relatively anoxic conditions characterizing tumor tissue. Thus, already
hypoxic tumor tissues where hypoxia is previously established, may be unable to withstand further
FLASH-induced hypoxia [46]. Normal cells have a lower oxidant load and a higher catalase content
than tumor tissue and thus can detoxify hydrogen peroxide more rapidly and this ability leads to a
lower appearance of intensely oxidant species which persist much longer in transformed cells [47].
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The differing response of normal and malignant tissue to FLASH may involve a combination of
reactions to initial depletion of oxygen and subsequent relative persistence of harmful reactive
oxygen species in tumor tissue [47].

Another factor the distinguishes tumors from normal tissues is that the iron content in the form
of low molecular weight complexes, is higher in tumor tissues. This redox labile iron catalyzes key
Fenton transformations instigate to greater formation of reactive oxygen species in tumors [48].

There is undoubtedly a range of intrinsic differences between the metabolic events triggered by
ROS in normal tissues and tumor tissues, and this initiated differing responses to antioxidants
administered after excess oxidant activity. While tumor cells are often harmed by high doses of
antioxidants, normal cells remain unaffected [49]. Taking advantage of this difference has been
proposed as a means of enhancing the divergence of responses to FLASH-RT relative to CONV-RT
[19,50].

2.2.3. Reduction of Bystander Effects by FLASH

Normal tissues which are near sites of tumor are frequently damaged by radiation procedures.
These “bystander” effects are not confined to tissues adjacent to the tumor undergoing therapy, but
can also be manifested at sites that are more distant. For example, radiation therapy for prostate
cancer increases the risk of a range of tumors in other tissues [51]. This problem is particularly
relevant in treatment of pediatric cancer where survivors can have a long life expectancy [52]. Excess
micronuclei were induced when isolated cells are exposed to serum from survivors of the Chernobyl
20 years after their exposure to high levels of radiation. The overall viability of such cells was reduced
relative to those expose to control serum from an unexposed population. [53]. This illustrates the
persistence of changes incurred after exposure to intense radiation. The mechanisms underlying
these indirect consequences are complex but likely to involve lasting genetic changes, release of
inflammatory cytokines such as IL-6 and TNF-alpha from the target irradiated cells, and upregulation
of oxidative metabolism. Some of the relatively low impact of FLASH on induction of inflammation
appears to have a genomic basis relating to differential expression of pro- and anti-inflammatory
genes [16]. Since bystander signals can remain active in tissues for extended periods of time, other
genetic and epigenetic factors are also probably involved [54]. The very short time interval employed
in FLASH-RT will reduce the fraction of cells in the circulation that are exposed to radiation. It has
been estimated that 100 times more blood volume is subjected to irradiation by CONV-RT than by
FLASH-RT and this large difference could account for a significant proportion of the reduced damage
effected by FLASH-RT [55]. This difference may help to maintain immune surveillance in an effective
state following FLASH rather than having it descend into non-targeted inflammation.

2.2.4. Immune Responses

The extent of T-cell incursion into tumors was increased by FLASH-RT, suggesting a more
effective immune attack upon transformed cells [56]. Activation of myosin light chain proteins
(MLPs) promotes the invasiveness of tumors [57,58] and is also involved in the activation of double-
stranded DNA breaks [56]. CONV-RT but not FLASH-RT activates MLP. Pharmacological inhibition
of MLP activation enables CONV-RT to mimic some of the advantages of FLASH-RT, including
promotion of penetrance of active immune cells into tumor tissue and in inhibition of repair of double
stranded DNA [56]. This reveals DNA repair and effective immune responses to comprise a
significant component of the distinctive efficacy of FLASH-RT. The dissimilar response of the
immune system to FLASH-RT in comparison to CONV-RT may also account for the selective
susceptibility of tumor cells. The improved recruitment of lymphocytes found in FLASH-RT may
markedly favor the destruction of tumor cells [59].

3. Outcome

Overall, FLASH-RT has a multitude of protective effects on biological tissues that differ from
CONV-RT including limiting inflammatory cell infiltration, lowering generation of inflammatory
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factors, and decreasing the extent of radiation-induced fibrosis. Desirable protective effects of FLASH
have now been reported in a comprehensive variety of organ systems [60]. Stem cell function is
preserved and beneficial immune responses tolerated. In the brain, synaptic connectivity is and
measures of cerebral function are maintained.

Both of the two questions posited above, remain incompletely answered, and challenge
orthodox thinking in this area. Despite the fact that the mechanisms underlying the difference
between FLASH-RT and conventional more prolonged radiotherapy, are not fully accounted for, the
tactic of delivering radiation to cancer patients at a high dose rate for a short time should have major
effect on improving the line of attack of cancer treatment.

Since there is no distinction between the susceptibility of normal and tumor tissues to
conventional radiation, application of this CONV-RT relies on directing the radiation beam to a very
focused target. The efficacy of treatment relies solely on precisely distinguishing between the location
of healthy and tumor tissues. In the case of brain, stereotactic surgery involving bring many sources
of radiation to a focal point, the “gamma knife” has been employed. However, since brain tumors
while often not metastatic, are very comingled with brain tissue, the three month survival rate
following this procedure remains under 10 months [61]. In contrast FLASH-RT does not rely solely
on spatial separation of normal and abnormal tissue regions but takes advantage of their differential
metabolic characteristics.

Any explanation of the mechanism of action leading to the advantageous properties of FLASH-
RT must take into account the remarkable fact that they are have been described using several very
different means of irradiation including electrons, protons and X-rays [62]. While many suggestions
have been made to account for the FLASH phenomenon, these need not mutually exclusive but rather
may reinforce each other. Figure 1 represents a possible integration of data that is inclusive, and
places various hypotheses on a sequential lymphocytes from scale.

FLASH-RT
Direct Radiation + +
Damage to:
- Hypoxia Circulation
Protein More damage in tumor cells less damage by FLASH
_ DNA with prexisting low pO2
Lipid I
Oxidative Damage >
Propagation -
l \Reoxygenation
DNA repair. ‘
oss effectivein Reactive Oxygen, Immune response
Peroxy Radicals ’ Tumor cells: more labile

iron, elevated inflammatory
response.
Normal cells: T-cells alerted.

v

Selective Tumor Cell Death

Figure 1. Putative mechanisms underlying susceptibility of tumor cells to FLASH radiation.
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Research in this area is at a relatively early stage and several contradictory results have been
reported. For example, FLASH has been found to have a sparing effect of some tumor cell lines under
normoxic conditions [19]. There are especially conflicting data surrounding the effects of FLASH-RT
on lymphocytes. In animal models of radiation-induced cardiac and splenic lymphopenia, high dose
short duration exposure irradiation actually worsens the resulting injury, when compared with lower
dose more prolonged exposure [63]. Similar absence of a sparing effect has been reported by others
[64]. However, other reports describe a sparing effect of FLASH-RT lymphocytes from both
experimental animals and from humans [65,66]. The normal oxygen pO2 within tissues is in the range
of 3-7% considerably below that of ambient atmospheric pO2 levels of 18% [67]. Hyperoxia is known
to block the advantageous effects of FLASH. Since many of the studies in isolated systems have been
performed under normal concentrations of atmospheric oxygen, they are subject to the limitation that
they are not replicating the more hypoxic conditions existing within intact tissues [68]. This could
block the ability to observe the distinctive FLASH differential distinguishing it from CONV and may
account for some of the conflicting data reported from isolated systems. Replication of exact
physiological conditions prevailing in vivo is virtually impossible to achieve. Nevertheless, while it
is more challenging to unravel mechanistic pathways in intact animals, perhaps this is the only means
to fully establish exactly the sequence of events that lie behind the FLASH phenomenon. A report
using an in vivo preparation, found that a single FLASH dose did not cause profound anoxia in intact
muscle tissue. As a result, it was proposed that the difference in cellular damage found between
FLASH-RT and CONV-RT, rather than being due to acute anoxia, is caused by the difference in the
rate of tissue oxygen consumption between the two conditions. This can be higher in the case of
CONV-RT [21].

Delayed undesirable effects such as osteonecrosis following treatment of canine oral cancer have
been reported [10]. The treatment of human tumors requires an improved and more detailed
understanding of the optimal parameters for many factors such as radiation spectrum, image
guidance and underlying mechanisms. Unanswered considerations include the question of whether
a high energy burst using a proton beam may be as effective as an electron beam [69]. The optimal
variables for establishing these variables remain to be delineated before this treatment can be
clinically applied on a broad scale. Protocols are currently being developed in more detail in order to
allow safe testing and application of this procedure in humans [70].

It has been found that in an animal model of glioblastoma, while FLASH-RT produced less
unwanted side effects than exposure to a standard radiation pattern, nevertheless, the overall
survival rate was unaffected [71]. If such results were more widely confirmed, the value of FLASH-
RT would be more limited than hoped. However, findings using experimental animals have
generally found more lasting positive effects. It must be borne in mind that the FLASH approach is
not necessarily devoid of potential harm to normal tissues if the wrong radiation protocols were
chosen.

Further understanding of the events that lead to the distinctive properties of FLASH-RT will
allow refinement of this strategy and enhancement of its efficiency. Many parameters remain to be
studied in more detail. A variant of FLASH therapy whereby treatment is divided into two
consecutive exposures may have particular value in protection of the developing juvenile brain which
is particularly sensitive to radiation-induced damage [72]. The relative insensitivity of normal tissue
to FLASH suggests that higher overall doses than those currently used, might be employed, thus
effecting great damage to tumor tissue. Surprisingly, the shielding nature of the FLASH effect has
been observed after exposure of biological tissues to a wide range of particles including electrons, x-
rays, and protons [16]. It is important that reports on this subject clearly define the exact physical
nature of the beam used including dose rate and beam width. The importance of precise description
of parameters used is paramount in this emerging and fluid field. In addition to pinpointing the most
suitable conditions for application of the procedure, the relative suitability of various types of
radiation remain to be unambiguously defined. However, even in the absence of a more
comprehensive expansion of knowledge concerning FLASH, this novel technique is already proving
to be of growing usefulness in clinical radiotherapy.
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