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For decades the field of radiation oncology has sought to improve the therapeutic ratio through innova-
tions in physics, chemistry, and biology. To date, technological advancements in image guided beam
delivery techniques have provided clinicians with their best options for improving this critical tool in
cancer care. Medical physics has focused on the preferential targeting of tumors while minimizing the
collateral dose to the surrounding normal tissues, yielding only incremental progress. However, recent
developments involving ultra-high dose rate irradiation termed FLASH radiotherapy (FLASH-RT), that
were initiated nearly 50 years ago, have stimulated a renaissance in the field of radiotherapy, long await-
ing a breakthrough modality able to enhance therapeutic responses and limit normal tissue injury.
Compared to conventional dose rates used clinically (0.1-0.2 Gy/s), FLASH can implement dose rates of
electrons or X-rays in excess of 100 Gy/s. The implications of this ultra-fast delivery of dose are significant
and need to be re-evaluated to appreciate the fundamental aspects underlying this seemingly unique
radiobiology. The capability of FLASH to significantly spare normal tissue complications in multiple ani-
mal models, when compared to conventional rates of dose-delivery, while maintaining persistent growth
inhibition of select tumor models has generated considerable excitement, as well as skepticism. Based on
fundamental principles of radiation physics, radio-chemistry, and tumor vs. normal cell redox metabo-
lism, this article presents a series of testable, biologically relevant hypotheses, which may help rationalize
the differential effects of FLASH irradiation observed between normal tissue and tumors.

© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 139 (2019) 23-27
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Changes in the methodologies used to deliver radiotherapy may
soon be approaching, challenging many of the classical approaches
that have been a cornerstone of current clinical practice. At the
center of this paradigm shift are the long-standing radiation ther-
apy treatment approaches for multiple cancer types that utilize
low doses and low dose rates in a variety of fractionation sched-
ules, all designed to exploit potential differences between normal
tissue and tumor radiosensitivity. The underlying premise is that
dose fractionation preferentially favors the recovery of normal tis-
sue over tumors from the harmful effects of radiation, thereby
avoiding unacceptable, or even lethal normal tissue complications
during the course of tumor sterilization. In fact, normal tissue
injury dictates the maximum tolerated dose that can be safely
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delivered to a tumor bed, and typically involves modulating low
doses per fraction (i.e. 2Gy) through intensity-modulated,
volumetric-modulated, or particle-based radiotherapeutic
approaches.

Recent advances in image guided stereotactic ablative or body
radiotherapy have revealed certain benefits of hypofractionation,
using doses in excess of 2 Gy per fraction. Despite these recent
trends, change has been slow and relatively incremental, as iso-
dose effect curves have long pointed to the benefits of minimizing
the dose per fraction so as not to induce severe late effects. Until
recently, radiotherapy has not fully considered changes in dose
rate as an adjustable parameter important for therapeutic gain,
and the vast majority of all treatment protocols implementing var-
ious radiation modalities operate at relatively constant, low dose
rates around 0.1-0.2 Gy s~ . Recently, increasing evidence suggests
that increasing the dose rate to extremely high levels (>40 Gy s~ !)
provides some rather remarkable benefits in terms of sparing of
normal tissue [1,2]. Here we present a novel theoretical construct
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and hypothesis, based on radiochemical principles and differences
in oxidative metabolism of radiation-induced damage products
that might help provide a useful paradigm to help understand
the benefits of ultra-high dose rate FLASH radiotherapy (FLASH-
RT) in sparing normal tissue while retaining tumor therapeutic
responses.

Re-analysis of radiobiological concepts in the context of
FLASH-RT

Given traditional radiobiological concepts governing the free
radical chemistry initiated at the time of irradiation by conven-
tional radiation dose delivery, it is difficult to reconcile the mount-
ing in vivo evidence demonstrating the sparing of normal tissue in
multiple organ sites exposed to FLASH-RT while maintaining per-
sistent inhibition of tumor growth. However in the past two dec-
ades it has also become well appreciated that free radical and
oxidative metabolism involving the formation of reactive oxygen
species (ROS), such as superoxide (03 ), hydrogen peroxide
(H,0,), organic hydroperoxides (ROOH), as well as redox active
metal ions, such as labile iron, can significantly contribute to the
effects of ionizing radiation in normal tissues for significant peri-
ods of time following exposure [3-6]. It is also becoming clearly
evident that cancer (compared to normal) cell metabolism demon-
strates profoundly altered steady-state levels of ROS and redox
active metals that can significantly impact therapy responses to
agents that can disrupt redox metabolism [6-9]. This differential
response between normal and tumor tissue to redox active agents
has been harnessed recently in preclinical and clinical trials for the
purpose of improving responses to therapy by exacerbating oxida-
tive stress and DNA damage in cancer tissues while sparing normal
tissue injury [6-9]. Most provocative, in the context of differences
in redox metabolism between cancer and normal tissue, is the evi-
dence that ultra-high dose rate FLASH-RT energy deposition led to
less normal tissue damage, despite retaining tumor response. This
finding is in contrast to decades of experimental findings demon-
strating that reduced dose rates (cGy h™!) accomplish similar out-
comes, due to the temporal superposition of dose delivery and the
repair of DNA damage.

It is intriguing to speculate that the clearly emerging differences
in the redox biology of oxygen metabolism may contribute to the
differential effects of FLASH-RT in cancer vs. normal tissues. In this
emerging field of redox cancer biology, the formation and process-
ing of FLASH-RT-induced oxidative damage to organic molecules in
actively respiring cancer vs. normal tissues can be re-evaluated in
the context of what is known about radiation chemistry and oxida-
tive metabolism. Our re-evaluation is an attempt to develop a
framework for deriving testable hypotheses for determining mech-
anisms by which ultra-high rate of dose-delivery might elicit such
striking and clinically promising results.

Ionizing radiation is known to generate aqueous electrons (egq)
and oxidizing free radicals that elicit covalent changes in the
macromolecular constituents of cells [10-12]. Under typical irradi-
ation scenarios using lower LET radiation therapy modalities, ion-
izing radiation-induced DNA damage has long been attributed to
the combination of both indirect and direct effects that contribute
to 67% and 33% of the total damage, respectively [10-12]. Direct
effects of ionizing radiation lead to the formation of organic radi-
cals (R’) on biomolecules; while indirect effects, through the ion-
ization of water, generate the highly reactive hydroxyl radical
(HO") that reacts rapidly (t;;> ~ 1 nanosecond) through hydrogen
atom abstraction and addition reactions to also generate R'. This
results in the accumulation of oxidative damage to critical organic
biomolecules (such as DNA) in living cells. Importantly, the result-
ing radiation chemistry is stochastic and linear with dose, leading

to a plethora of non-linear biological responses involving specific
types of stress responsive signaling pathways in cells that mediate
cell cycle arrest, DNA damage repair, mutations, genomic instabil-
ity, metabolic disruption, and multiple modes of cell kill. Over the
years a variety of approaches have been designed aimed at modu-
lating the contribution of the indirect and direct effects of ionizing
radiation through changes in bound water (phage, dehydrated
spores), oxygen tension (multiple test systems from bacteria, to
yeast, to fish and mammalian cells) and in exo/endogenous free
radical scavengers. Whether implied or not, the practical focus of
these studies was ultimately aimed at determining fundamental
principles of radiobiology that could be useful in sensitizing tumor
tissues while protecting normal tissues exposed to ionizing radia-
tion at conventional dose rates (~0.03 Gy s !).

Oxygen (0,) is known to be a potent radiosensitizer. A wealth of
past work has defined both tumor and normal tissue oxygen levels,
and the doses required to deplete oxygen in those respective target
sites [13-17]. In the current re-analysis of the tissue micro-
environmental factors governing the generation and reactions of
free radicals and ey generated by pulses of low LET ultra-high dose
rate FLASH-RT vs. conventional pulses of fractionated low LET radi-
ation will be considered. Further, the radiochemical yields of free
radicals, organic peroxyl radicals (ROO"), organic hydroperoxides
(ROOH), and their participation in subsequent reaction cascades
in tissues involving labile metal ions that can intensify the deple-
tion of oxygen under ultra-high dose rate delivery will also be con-
sidered. The hypothesis is that differences between the decay rates
of ROO" and ROOH produced in normal tissue vs. tumors, along
with the differences in the labile iron pool may provide a plausible
framework for explaining the beneficial therapeutic ratio of FLASH-
RT compared to conventional dose rate irradiations.

FLASH vs. conventional dose rate radiation chemistry

To initiate our analysis, we begin with a comparison of the
pulse-to-pulse dose rate amplification from FLASH, Fig. 1A. If we
consider the dose rate from a conventional linear accelerator as
described by Karzmark and Morton [18], the photon beam mean
dose rate at 6 MV is 4 Gy min~!; a 6 MeV electron beam corre-
sponds to a dose rate is 5 Gy min~!. Therefore a 6 MV photon beam
has a flattened mean dose rate of 0.07 Gy s~! (0.19 Gy s~! for flat-
tening filter free (FFF) deliveries), and a conventional 6 MeV elec-
tron beam mean dose rate of 0.08 Gy s~'. The resulting dose per
pulse, assuming 300 pulses per second, is 2.2 x 10~* Gy per pulse
for a conventional flattened 6 MV beam (6.3 x 10~* Gy per pulse,
FFF) and 2.8 x 10~ Gy per pulse for a conventional 6 MeV electron
beam. Assuming a conventional pulse width of approximately
3.5 s, this corresponds to an instantaneous 6 MV photon dose rate
of 64 Gy s~ 1 (181 Gy s, FFF), and a 6 MeV electron beam dose rate
of 79 Gys~'. A recent FLASH study published by Montay-Gruel
et al. [19] produced 10 Gy in a single 1.8 ps electron beam pulse
at 4.5-6 MeV, resulting in an instantaneous dose rate of approxi-
mately 5.6 x 10 Gy s~'. Based on the given assumptions, FLASH
deliveries represent a greater than four order of magnitude
increase in instantaneous dose rate over conventional photon
and electron beam deliveries. Although modern accelerators pro-
duce dose rates slightly above the values stated in Karzmark
[18], the general conclusions presented here remain the same.

If we consider the radiolysis of water to be the initiating pro-
cess for the formation of free radicals and subsequent formation
of ROS following the incidence of Low-LET radiation (i.e. photons
and electrons), then we can calculate the number of ions gener-
ated per instantaneous pulse based on the energy being imparted
from each pulse, Fig. 1B. The initial, physio-chemical step in the
radiolysis of water is the separation of an electron from the water
molecule (Eq. (1)):
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Fig. 1. Graphical representation of theoretical results comparing an instantaneous pulse from a conventional and FLASH electron beam. (A) instantaneous dose rate; and (B)

number of ionizations produced following an instantaneous pulse (ionizations kg~ ').
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If we only choose to focus on the release of a single electron
from water in soft tissue as the key initiating step in the generation
of free radicals and ROS, we can compute the number of ions
released from a single pulse of a conventional 6 MV flattened pho-
ton beam and 6 MeV electron beam as compared to a single FLASH
pulse of 10 Gy delivered in 1.8 ps.

Here we assume that all ionizations occurring in a 1 kg mass of
soft tissue following an instantaneous pulse of radiation are the
result of an electron being released from soft tissue with an effec-
tive ionization energy (I, of 66.2 eV per liberated electron [20].
Comparing conventional and FLASH electron beam deliveries,
2.8 x 1074 Gy is delivered in a single conventional beam pulse
and 10Gy is delivered in a single FLASH pulse. Thus,
1.75 x 10" eV and 6.2 x 10'° eV of energy are deposited per kg
of tissue for conventional and FLASH deliveries, respectively.

Using an effective ionization energy, g of 66.2 eV per liberated
electron from soft tissue (I~ 66.0 eV for water), this analysis
indicates that 2.6 x 10'3 electrons kg~! are liberated in a single
conventional pulse, whereas 9.4 x 10'7 electrons kg~ ! are mobi-
lized after a pulse of FLASH. If we further assume that all electron
interactions are elastic collisions (i.e. all of the energy creates ion-
izations), then a single pulse of FLASH leads to ~36,000 more ion-
ization events than a corresponding pulse of conventional electron
beam irradiation. If the same calculations are done comparing a
FLASH pulse and a conventional 6 MV photon beam, the difference
would be on the same order of magnitude, resulting in ~45,000
more ionization events from a FLASH pulse.

After the initial separation of an electron from water by ionizing
radiation, Eq. (1) (ps time-scale), in oxygenated aqueous solution
the two entities will be converted to the species of Eq. (2) (ns
time-scale):

Low LET IR

H,0", e~ +nH,0 '— "H, HO, e}

aq’

H,, H,0,,H;0" (2)

From a radiation chemistry perspective, the expected stoi-
chiometry and yields of the species of Eq. (2) can then be estimated
based on G-values used to convert dose (Gy) to radical concentra-
tion [21]. As an example, an estimation of the chemical yield of
species following a 10 Gy pulse at dose rates from 20 to 200 Gy s~!
in brain tissue is shown in Table 1.

In an oxygenated aqueous solution, both e;q and H' will react
with dioxygen to produce 0.33 uM Gy~ ! superoxide (O3 and its
protonated form HO3). With the aid of superoxide dismutase
(SOD), superoxide will dismute producing O, and H,0, thereby
removing 05, G-value ~—0.2 uM Gy .

If there are organic species present, reactions with HO* will
principally yield carbon-centered radicals that will rapidly react

Table 1
G-values for radiolysis of water.

Primary product G-value G-value (UM/Gy)* UM after 10 Gy pulse
HO 2.8 0.28 28
€aq— 2.7 0.27 2.7
H 0.57 0.057 0.6
H,0, 0.71 0.071 0.7
H, 0.47 0.047 0.5

2 Chemical yield in water; the nominal concentration at the end of a very short
pulse of ionizing radiation.

with oxygen [22] removing additional oxygen. Indeed, radiolysis
of a minimum essential medium (MEM) yields a larger G-value
for the loss of oxygen, —0.44 uM Gy~ ! [23,24]. If cells and medium
are both present, the apparent G-value is —0.68 uM Gy~ ! [25].
Media, such as MEM, are only about 10 mM in small-molecule
organic substances. In the organic dense environment of tissue
(~1000 mM in organics), the G-value for O, uptake would be
expected to be much larger, especially if there are many polyunsat-
urated lipids (PUFA) present. Nerve tissue is second only to adipose
tissue in the amount of lipid: ~73% water, 13% lipids, and 12% pro-
tein [26]. In brain about 30% of fatty acids are PUFA [27] which are
highly prone to oxidation via chain reactions [28].

The ensuing redox reactions of the reactive species following an
“instantaneous” FLASH pulse would propagate in the biological tis-
sues and eventually decay in a series of biochemical and biophys-
ical reactions that would be expected to take a kinetically different
path than similar reactions following a conventional pulse of radi-
ation. After a 10 Gy pulse, HO" will immediately generate ~2.8 pM
of organic radicals (R'), most of which will react rapidly with O,
(k~108M~'s ! to nearly 10'°M~'s!, depending on the nature
of R') resulting in the immediate removal of up to ~2.8 uM O,
[22]. The ROO" formed in lipids (highly prevalent in brain tissue),
and other organic molecules, will lead to abstraction of bis-allylic
hydrogens (H') from other PUFA yielding ROOH + R". This new R*
will continue to consume O, (R + O, — R’'00") in lipid peroxidation
chain reactions until an ROO' encounters a chain-terminating
antioxidant, such as vitamin E (ROO- + Vit-E-OH — ROOH + Vit-E-
0) [29,30]. Since the ratio of PUFA to vitamin E molecules is
~1/3000-1/1000 in lipid bilayers [31], these lipid peroxidation
chain reactions could consume ~5 O, for each initiating reaction
before encountering a termination reaction; the total consumption
of O, could be as much as ~15 pM.

Aqueous electrons (e;q) and H' formed during the FLASH pulse
will react rapidly with O, to generate superoxide (O3 ). After a
10 Gy pulse, there will be about 3.3 uM O . Some of this O3 can
then react with iron-containing proteins (i.e., aconitase, ferritin,
Fe-S proteins) to release labile, redox active iron (Fe?*) that will
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magnify the oxidative damage via Fe?*-0, complexes [32], and
especially by reacting through Fenton reactions with H,0, and
ROOH to form additional HO- and RO". Superoxide will also dismute
via superoxide dismutase (SOD) (k=2 x 10°M~!s™!) to produce
~1.6 uM H,0,. Thus, the immediate loss of O, will be at least
~1.6 M. However, when the H,0, and ROOH encounter a redox
active metal ion such as Fe?" another HO* and RO will be formed
initiating more peroxidation chain reactions; as much as another
8-10 uM O, could be consumed.

If we assume brain tissue has an oxygen tension of 20 mm Hg,
and the partial pressure of oxygen in the atmosphere is about
160 mm Hg, then oxygen availability can be calculated to be [O,]
=(20/160) x 195 uM = 25 uM O,, where 195 UM is the solubility of
0, in water at 37 °C and ionic strength of about 150 mM [33]. The
oxygen tension of 20 mm Hg may be generous as oxygen electrode
measurements had many readings of 6 mm Hg and many were
much less [34]. The 20 mm Hg of O, does not consider oxygen pre-
sent in oxyhemoglobin in the blood stream. However, the unload-
ing of this oxygen occurs on the timescale of ~50 ms, and would be
released long after the immediate free radical chemistry of the
FLASH has occurred [35]. Importantly, and based on the above the-
oretical construct, the total O, that could be consumed by FLASH
can be estimated to be as much as 15+ 1.6 + 10 ~ 25 uM, suggest-
ing that essentially all the tissue O, would be consumed at the
instant of the FLASH in both normal and cancerous brain tissues.
At lower oxygen tensions, the oxygen would also be depleted.

Moreover, based on initial recombination rates, it would be
expected that recombination of HO" and e;q/H" will be negligible;
but, reactions of O3z with Fe-containing proteins would be
expected to release labile iron (Fe?*), and even though these reac-
tions may represent only ~1% of the reactions of O3, essentially all
reactive iron will encounter a O3 . This has potentially important
implications, as reactions of O3 with iron could double or even tri-
ple the size of the intracellular redox active labile iron pools at the
time of the flash. This labile Fe?* would be available to participate
in damaging Fenton type reactions [32,36,37]. Tumor cells, relative
to normal cells, have 2- to 4-fold higher levels of labile iron accom-
panied with increased levels of transferrin receptor to bring Fe into
the cell [9,38-41]. Fenton type chain reactions of Fe** with ROOH
and H,0, could greatly magnify free radical chain reactions in
tumor tissues exposed to FLASH-RT (relative to normal tissues),
leading to significantly higher levels of organic hydroperoxide
and oxidative damage in cancer cells compared to normal cells/tis-
sue. Conversely, normal tissues have less labile iron, lower levels of
transferrin receptor, and can more easily regulate and sequester
labile iron pools. This differential ability of normal tissues to regu-
late labile iron could allow for the more rapid removal of the
FLASH-induced hydroperoxides prior to undergoing Fenton chem-
istry as well as limiting the peroxidation chain reactions, which
could account for the relative normal tissue protection seen with
ultra-high dose rate radiation (Fig. 2).

Flash Pulse
10°

[

10?

10"

Organic hydroperoxides

Normal tissue Tumor tissue

Time

The foregoing arguments have several built in assumptions and
caveats and we are cognizant that this will undoubtedly raise cer-
tain concerns and questions. We have chosen to focus our present
thesis on a single dose of 10 Gy to the brain, since this has been
shown to elicit neurocognitive sparing with FLASH delivery. The
FLASH effect will of course depend on many physiological factors
and will exhibit dose dependency. This will also depend in large
part, on the starting levels of O, in specific tissues and regions of
the tumor, and will result in different threshold doses for sufficient
oxygen depletion. Despite such limitations, we have sought to pro-
vide a framework useful for designing additional experiments to
test the underlying basis of the FLASH effect, and hope that these
radiochemical calculations stimulate additional investigators to
generate the necessary data sets to critically test these hypotheses.

Summary

Based on fundamental radiation chemistry and the theoretical
construct, vide supra, some interesting hypotheses can be derived
to explain the differential biological effects of FLASH irradiation
(vs. conventional dose rates) on normal tissue vs. cancer tissue.

1. FLASH radiation doses that consume all the local tissue O, to
form reactive organic hydroperoxide products will show the
maximal effective differences between normal and tumor
tissues.

2. Since normal tissues can more effectively regulate endogenous
levels of labile Fe, as well as having a greater capacity to seques-
ter available labile Fe, Fenton-type reactions will be limited in
normal vs. cancer tissues.

3. Normal cells also have lower prooxidant burdens during normal
steady-state metabolism and a greater reserve capacity for the
enzymatic reduction in hydroperoxides, relative to cancer cells,
so normal tissues would be expected to be able to remove
organic hydroperoxides more effectively, relative to tumor tis-
sues; and

4. If the dose rate of the FLASH is high enough to convert all of the
locally available O, in tissue to organic hydroperoxides (ROOH)
in both cancer and normal tissues, and if these hydroperoxides
are removed more readily by antioxidant pathways in normal
cells prior to inducing Fenton chemistry or peroxidation chain
reactions, then this theoretical construct could be used to pro-
vide a biochemical rationale for explaining the differential bio-
logical effects of FLASH irradiation in tumor and normal tissues,
Fig. 2.

The model in Fig. 2 proposes that the instantaneous production
of organic hydroperoxides starts at equal levels immediately after
FLASH or conventional pulse in cancer vs. normal tissue. However,
it is the more rapid removal and decay of the organic hydroperox-
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Fig. 2. Proposed mechanism for differential dissipation of organic hydroperoxide levels in FLASH vs. conventional radiation damage to normal versus tumor tissue.
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ides and free radicals derived from peroxidation chain reactions in
normal tissue compared to tumor tissue that defines the beneficial
therapeutic index of the FLASH effect. Importantly, inundating the
system that removes the copious organic hydroperoxides gener-
ated by FLASH irradiation is the means by which the differences
in redox metabolism between cancerous and normal tissues can
be maximized. The much, much lower total yield of free radicals
and organic hydroperoxides (4 orders of magnitude) produced by
the low dose rates of conventional radiation does not appear to
be sufficient to uncover these tumor vs. normal tissue differences
in oxidative metabolism. This coupled with higher levels of
redox-active iron, i.e. labile iron, in tumor tissue, compared to nor-
mal tissue, underpin the differential redox biology leveraged by
FLASH-RT. With this theoretical construct in mind, the field of
radiobiology now has a rationale on which to generate testable
hypotheses that could advance the ability to manipulate radiation
physics, chemistry, and biochemistry for the purpose of developing
novel and more effective FLASH-RT treatment paradigms. It is now
necessary to test these hypotheses experimentally in order to val-
idate the underlying mechanisms of the remarkable biological
effects of FLASH-RT.
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