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Abstract
Purpose.To introduce amethodology to predict tissue sparing effects in pulsed ultra-high dose rate
radiation exposures which could be included in a dose-effect prediction systemor treatment planning
system and to illustrate it by using three published experiments.Methods andmaterials.The proposed
system formalises the variability of oxygen levels as an oxygen dose histogram (ODH), which provides
an instantaneous oxygen level at a delivered dose. The histogram concept alleviates the need for a
mechanistic approach. At each given oxygen level the oxygen fixation concept is used to calculate the
change inDNA-damage induction compared to the fully hypoxic case. Using theODHconcept it is
possible to estimate the effect even in the case ofmultiple pulses, partial oxygen depletion, and spatial
oxygen depletion. The system is illustrated by applying it to the seminal results by Town (Nat. 1967)
on cell cultures and the pre-clinical experiment on cognitive effects byMontay-Gruel et al (2017
Radiother. Oncol. 124 365–9).Results.The proposed systempredicts that a possible FLASH-effect
depends on the initial oxygenation level in tissue, the total dose delivered, pulse length and pulse
repetition rate. Themagnitude of the FLASH-effect is the result of a redundant system, in that it will
have the same specific value for a different combination of these dependencies. The cell culture data
arewell represented, while a correlation between the pre-clinical experiments and the calculated
values is highly significant (p<0.01).Conclusions. A systembased only on oxygen related effects is
able to quantifymost of the effects currently observed in FLASH-radiation.

Introduction

In ultra-high dose rate radiation, also known as FLASH radiation, the dose is delivered using pulsed radiation at
rates which are of the order of 40Gy s−1 or higher. The FLASH effect is generally associatedwith a reduction in
the expected biological effectiveness compared to conventional dose rates andmore specifically a reduction of
normal tissue toxicities whilemaintaining local tumour control (Esplen et al 2020). There is ample evidence
available that a FLASH effect exists and ismeasurable in-vitro. This comes from cell experimentsmainly carried
out in the late 1960s and early 1970s. In the latter experiment, ultra-high dose rate pulses (lasting a few nano-
seconds)were used, delivered by either electrons or photons. Indeed, already in 1967Townpublished results on
high dose rate electron radiations (Town 1967), while Berry was able to use photons (Berry et al 1969)with very
short pulses (of the order of nano-seconds), obtaining comparable results using the same cell types.More recent
applications provide pre-clinical and even clinical applications (Bourhis et al 2019, Chabi et al 2020).

In addition, there are indications that tumour tissue is affected differently compared to normal tissue,
showing a smaller or non-existent change in radiation effectiveness.
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Apossiblemechanism for FLASH effects is the depletion of oxygen in the irradiated tissue, leading to a
transient hypoxic environment, which provides a protective environment for part of the dose deposition, a
possibility whichwas proposed by Ling (1975) as early as 1975 and again byAdrian et al (2019).More recently,
Ling’s approachwas taken up again by Petersson et al usingmore current knowledge on the impact of oxygen
(Petersson et al 2020). However, this approach relies on oxygen depletion during the radiation pulse and does
not take into account the protracted nature of oxygen depletion in combinationwith the dose deposition
mechanism. Indeed the initial event takes place in a very short time frame.However, the time scale forDNA
damage induction (and that of othermacromolecules) via the indirect effect will be of the order of nanoseconds.
IR damage tomacromolecules, in general, is likely to play amuch larger role in reactions with and subsequent
depletion of oxygen than just DNA. It, therefore, relies on intricate knowledge of a very complex interacting
systemof events. In addition, the approach proposed by Petersson implies that the concept of oxygen
enhancement (OER) is applicable in these very short time frames, which is amacroscopic concept which is being
debated (see below). In addition, the extension to othermodalities like protons and heavier charged particles is
not straightforward from first principles.

The oxygen depletionmechanismhas recently come under scrutiny. The criticism is based on a re-visitation
of the possible rates withwhich oxygen can be depleted via themechanism of radiolitic oxygen consumption.
More specifically, Boscolo et al (2021) and Labarbe et al (2020) buildmodels based on the radiolysis of water
using different strategies. A common factor in these strategies is the attribution of oxygen depletion due to the
irradiation events directly. Following these assumptions to their logical conclusion, they show that oxygen
depletion is too slow and incomplete to account for the FLASH effect and themodels worked out show that the
experiments as generated byAdrian et al (2019) cannot be reproduced by amodel based on radiolytic oxygen
depletionmodel. Abolfath et al (2020), go a step further and uses amulti-stage simulation tomodel theDNA
damage in FLASH conditions. Calculating the ionisation yields using track codes (Geant4-DNA) and
subsequently amolecular dynamics simulation to identify the reactive oxygen species (ROS). Finally, the ROS
canmerge into non-reactive oxygen species (NROS). This simulation shows amore subtle dependency on
oxygenation level by saturation of theNROSproduction inwell-oxygenated environments.

Alternatively, biological processes are proposed, including changes in repairmechanisms, immune changes
in the blood and others (Jin et al 2020). However, biological effects act on a time scale of the order ofminutes to
days andweeks, whichwould necessitate that differences in repair characteristics are already present in the
various tissues. Or alternatively, the repair process is somehow impacted in a differential way in tumour cells
compared to normal tissue by immune effects which alsowork on a different timescale.While these are
interesting hypotheses, there are, to our knowledge, no quantifyingmodels in the literature that could help
predict the events. Finally, the data provided by Town in cells indicate that immune effects are likely not the
primarymechanism, as cell cultures do not formpart of an immune system and FLASH effects have been
observed. These are therefore not addressed in this paper and usingOccam’s razorwe investigate the
implications of an oxygen-based approach alone.

In this paper, we provide an ‘inducedDNA-damage’ framework to estimate the impact of oxygen on
FLASH-radiation, which incorporates the possibility of fullmodelling but does not rely on it. The proposed
system is based on a previously developed algorithmically simplemethodology (Van denHeuvel et al 2021) such
that it can be readily incorporated into a planning system and/or inform experimenters to reduce confounding
factors in experimental designs. It is constructed in such away that it is readily expandable to othermodalities
like protons, alpha-particles and carbon ions.

The goal of this paper is therefore not to provide an explanation of themechanism responsible for the
FLASH-effect, but rather to provide away to incorporate the effect into treatment planning based on our current
experimental knowledge. For this, we use observations stemming from the in-vitro experiments. Specifically, in
Town’s paper:

(i) A clear dependency on oxygenation is shown by comparing the survival curves in oxygenated and hypoxic
cell cultures. Showing a dose threshold behaviour at about 10Gy of delivered dose.

(ii) Adifference in dose-dependency between doses delivered in a single pulse and those using two pulses.

It should be noted that Town’s paper is not without its problems. There seems to be a discrepancy in the
results of the two experiments.Where one shows a very strong FLASH effect such that flat response is exhibited.
The other experiment still shows a FLASH effect but the data seems to bemore realistic, it is issues like these that
provide a rationale for amodel-based approach.
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Methods andmaterials

Damagemodel
In thismodel, we quantify the impact of radiation on living cells in terms ofDNA-damage induced.More
specifically, complexDNA-damage clusters are defined as at least as complex as double-strand breaks. This
process, which has been supported extensively by cell data, predicts the differences in treatmentmodalities well
and has been used to incorporate some biological properties into treatment planning (Sato et al 2009, Stewart
et al 2011, Van denHeuvel 2014). Thismethodology has been shown to be linearwith respect to dose to at least a
few 100Gy (Stewart et al 2015).We define a damagemap as the quantification of the number of damage clusters
generated per cell, per Giga base-pair (Gbp) and perGy in a given dose voxel M .d Indications exist that cell
survival is related to the yield of clustered lesions, these lesions includeDSBwith additional strand breaks and/or
base damagewithin 10 base pairs (Hall andGiaccia 2019). Figure 1(a) illustrates the dependency of Md as a
function of particle energy for electrons.

Impact of oxygen onDNA-damage
The impact of oxygen in radiation biology has been studied extensively in the past and themechanism iswell
established.More specifically themechanismof oxygen fixation ofDNA-damage is the current canonical
mechanism. In thismodel, the presence of highly reactive oxygen fixates damage introduced by ionising
radiation. This process offixation competes with chemical repair processes affected by, among others, thiols.
Empirically, the amount of oxygen available governs the efficacy of thefixation process as shown
overwhelmingly inmany publications (Gray et al 1953, Brown 2007,Wardman 2015). It is therefore reasonable
tomodel oxygen as a limited resource, which allows quantifying the effect (Kepner 2010).

In a separate paper, we showed that oxygenation effects, during irradiation by charged particles, can be
described in terms of a linear transformation of themicroscopic saturation equation (Van denHeuvel et al
2021), whichwe present here in a shortened version.

An oxygen fixationmechanism ismodelled as a Ligand-Receptor systemwhere the dependence of the
concentration of available Ligands (i.e. oxygen concentration) follows an expression of the form:
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where KD is the dissociation constant and MT themaximal amount of oxygen fixation sites. The dissociation
constant is effective due to the competitive nature of oxygen fixationwith thiol repair. This can be re-written as a
function of oxygen concentration, quantifying the impact of oxygen on the number of repaired damage sites:
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where the parameters /=q K MD T1 and /=q M1 T2 are respectively unitless and an inverse concentration of
fixation sites.

In an environment where there is a variety of complex damage, the expression in equation (2) only describes
a relative change. If, for example, a large amount of irreparable damage is present then the impact of oxygen

Figure 1. Figures illustrating the energy dependence of DNA-damage induction (left), and the oxygenation level dependence (right).
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fixationwill be small as oxygen is used tofixate damage that is already irreparable. Van denHeuvel et al (2021)
argued that this can be described as a linear transformation of Formula 2.

With ( )a y a damage factor and ( )b y aminimal level of damage (i.e. damage present without the availability
of oxygen)whose units are a number of double-strand breaks perGy, perGiga base pair (Gbp), per cell and
which depend on the kinetic energy (y) of the interacting particle. The linear transformdetermines the changed
damage impact ( ( [ ])M y, Od 2 )which has the formof:

( [ ]) ( ) ([ ]) ( ) ( )= +M y a y F b y, O O , 3d 2 2

where b(y) can be determined by amodel,micro dosimetricMonte Carlo simulations, ormeasured data
providing damage levels ( ( )M y, 0d ) in fully hypoxic conditions (VandenHeuvel 2014). In amono-energetic
environment this can be reduced to the following expression:
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where thefitting parameters C ,1 C ,2 and C3 are nowdefined for convenient curve fitting rather than physical
meaning. Equation (4)’s simplicitymakes it very suitable to incorporate in a standardMonte Carlo engine to
include oxygen effect information in a dose deposition run.

In the special case of a standard photon (100 kVp—20MV) and (100 keV—20MeV) electron based
irradiations, the oxygen effect is veryweakly dependent on the energy (seefigure 1(a)) and single energy can be
chosen to calculate the oxygen dependence in a poly-energetic electron or photon beam5.

Below, parameters for oxygenation (in Torr) dependence of 2MeV electrons are provided and are the fit
parameters used in figure 1(b). Thesewill be used in the example section applying equation (5)
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(a) Energy dependence of induction of double-strand breaks (or more complex) as a function of electron
energies at different oxygen levels (0, 7.6, 76, and 152Torr pO2) as calculated byMCDS, the full lines are
modelfits as proposed byVan denHeuvel (2014) and Stewart (Stewart et al 2015).

(b) Applying equation (5) for electrons with a kinetic energy of 2 MeV. Lines are this work. Points are from
MCDS simulations. Note that the largest variation of damage induction occurs in the clinically relevant
region of 0–20Torr pO2.

In radiobiology, the quantification of partial oxygen pressure is frequently reported as a percentage. In
clinical practice tissue oxygenation levels are reported inmillimetres ofmercury pressure (mmHg).Which in
this case is a bettermeasure as levels in human tissue are of the order of 20mmHg (pO2) inwell-oxygenated tissue
and 100mmHg (pO2) in arterial blood. In the remainder of the article, wewill be using themore precise unit of
Torr (1Torr 1mmHg).

Oxygen depletion
Whillans andRauth havemeasured oxygen depletion as a function of delivered dose and proposed a linear
model for depletion (Whillans andRauth 1980):

[ ] [ ] [ ] ( )= - dRO O O . 62 2 0 2

The initial partial pressure [ ]O2 0 is expressed in terms of [pO2 Torr], dose d in [Gy], whichmakes the
depletion rate R in terms of [pO2 Torr/Gy]. Rates between 0.21 and 0.42 Torr Gy

−1 have been observed, it
should also be noted that this result stems from standard 60Co radiation at about 1 Gymin−1. It is difficult to
transpose the latter results to an ultra-high dose rate regimen where we would apply this depletion within
the fine pico-second structure of a pulse. This is because oxygen depletion is not instantaneous, but rather
the result of a cascading process initiated by the generation of radicals in a complex process taking several
nanoseconds (ns).

5
In this paper we consider electron and photon-based irradiation to be equivalent, as photon therapy can be viewed as dose deposition by

secondary electrons. This is because ionisations due to electrons (inMegavoltage photon beams) outperform photon ionisations by a factor
of 105.
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Indeed, CliftonChing Ling (1975) proposed a theoretical analysis of oxygen depletion in an ultra-high dose
rate regimen by positing a depletion by the interaction of the available oxygenwith any radiation-induced lesion
(includingDNA-lesions). Interestingly, he decoupled the direct ionisation process from the oxygen depletion
process, considering the first as a trigger of a cascade process (which includes the generation of indirect damage).
The interaction of the available oxygen, with any induced species, ismodelled as a second order reaction. The
time dependent concentration, starting froman initial concentration [ ]O2 0 then becomes:
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The quantity denoted by l is the binding rate of the oxygen to any lesion. The delivered dose D impacts the
mediumby generating a concentration of radiation induced species with a rate of G per dose unit.

Pulsed dose delivery
In standardmedical linear accelerators, pulse lengths are typically of the order of a few s and consist of closely
spaced pico-second pulses. Due to these orders ofmagnitude it is convenient to define a newquantity, the
instantaneous dose rate D, expressed in cGy/ns. The area under a pulse represented in a dose rate versus time
graph is the total dose delivered in a single pulse. In short total dose = ´D L D,with L being the pulse length.
In the case where the dose rate is not constant (i.e. the pulse shape is not rectangular):

( ) ( )ò=D D t dt. 8
L

0

This approachworkswell when the pulse lengths are of the order of the oxygen depletion times, but seems to
beflawedwhen very short pulses are used (as in the case of the experiments by Berry (Berry et al 1969) and Ling
(1975)). But alsowhen other pulse sequences are used for instance in quasi-continuous exposure where nano-
second pulses a fewnano-seconds apart are delivered (Darafsheh et al 2020). It seems therefore that the notion of
oxygen depletion during a pulse is not a usefulmodel in all cases.

Oxygenation dose histogram
Rather than trying tomodel the complete process in a time-dependentmanner, an abstraction ismade.We
observe that there is a range of oxygenation levels present during the dose deposition process, which is a
protracted process in itself. Both oxygen depletion and the dose deposition process take place in a time
resolution in the range of a fewnanoseconds.

It stands to reason that we can subdivide the process into delivered dose quanta, each at a given oxygenation
level. It follows thatwe can abstract this by creating a histogram,wherewe set out the delivered dose as a function
of the oxygenation levels present throughout the dose delivery. As it is a histogramwe also lose positional
information as well as synthesising the effect of the pulsed delivery. The only information is the instantaneous
dose deposition under given oxygenation conditions wherever andwhenever (within the pulse) this occurs. This
subtle difference resolves the problem that the oxygenation fixation deals with oxygen removal in the immediate
vicinity of theDNA-strand (i.e. a fewnanometers)while oxygen depletion takes place over thewhole of the
irradiated volume.Not only that but both geometric heterogeneous oxygen depletion and incomplete depletion
can bemodelled. The surface under thisOxygenationDoseHistogram (ODH) is the total delivered dose.

The generation of these histograms can be informed either byMonte Carlo simulations of the oxygen
depletionmodel, an analytical expression, or by experimental results. All of which can generate the inverseODH
whichwe coin, inHomerian fashion, DOH (dose oxygen histogram). An examplewherewe propose a linear
dose depletion of 0.6 Torr Gy−1 while delivering 15Gy is shown in figure 2. It is important to note that the latter
is a specific way of generating theODH, but not the only one, nor the correct one. In thisODHa substantial part
of the dose is delivered in complete hypoxia.

Themodel presented in equations (3) and (5) can be used to quantify the impact of the oxygen environment
in conditionswhich are related to the FLASH-effect. TheODH is converted to total complex damage count MD

which can readily be compared to a damage count in a case where no change in oxygenation takes place (MD0
).

The ratio /M MD D0
then provides a quantification of the FLASH effect which is always lower than 1, and

therefore is a sparing effect.
An interesting property ofODHs, in contrast with themore intuitiveDOH, is that they are additive,

facilitating the implementation of pulsed treatmentswith partial depletion and/or incomplete re-oxygenation.
Indeed, if a subsequent pulsewith a different oxygenation signature is deliveredwe can simply add bothODH
together and perform the calculation. A special case is when complete (local) re-oxygenation occurs between
pulses: the histogramof a single pulse can be added to itself and therefore ismultiplied by the number of pulses.
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Damage implications of FLASH experiments
Next, we illustrate the effect of ourmodel on the generation ofDNA-damage in the presence of different initial
levels of oxygen andwith variable pulse lengths (i.e. different total doses). Themodality chosen here is an
electron beamwith amedian depositing energy of 2MeV. This is commensurate withmost experiments found
in the literature. Due to theflat response ofDNA-damage with respect to energy, the use of amono-energetic
approximation is reasonable as can be observed from figure 1(b). Indeed, we repeated our calculations at
different energy levels varying from100 keV to 10MeV,which yielded identical results (data not shown).

As an examplewe deliver ultra-high dose rate irradiation of 15Gy using a single pulsewith awidth of 3.4 s. In
afirst approximation, we use a linear inverseODH. Starting at the initial oxygenation level and descending
linearly to full hypoxia.We elect to use the steepest depletion rate reported byWhillams (e.g. 0.42 TorrGy−1).
Using equation (5)we calculate the expected number of complex damage clusters per cell and per giga-base
pair (Gbp).

Results

General observations
Amajormechanism for the FLASH effect
Figure 3 illustrates themajor effect offlash therapy. Due to differences in initial oxygenation in cells, the induced
damage differs depending on howmuch dose is delivered. The grey surface shows the amount of damage
generated if the oxygenation is constant throughout the irradiation. Themagenta surface area is always smaller
than the grey one. The ratio ofmagenta versus grey is defined as the sparing effect.

Initial oxygenation
For simplicity’s sake, we keep to a single-pulse application using a pulse length of 3.4 s, delivering 15Gy an
applicationwhich is known to exhibit the FLASH-effect and is illustrated infigure 3. It calculates theDNA-
damage induced before biological repair takes place.We allow the initial oxygenation to vary between 0Torr
pO2 and 20Torr pO2. Infigure 5we show the sparing effect by comparing the damage inflicted in aflash regimen
to that generated in normal conditions.

Figure 4 shows how the FLASH effect depends on the dose delivered inflashmode for two different initial
oxygenation levels.We vary the delivered dose by varying the beamon timewithin the pulse. Thefigure shows
that there is a dose level where the FLASH effect is larger for the lower oxygenation level. At about 10Gy there is a
crossover and thewell-oxygenated tissue exhibits a larger amount of sparing. In addition, the limit inmaximal
sparing is different for both cases.

Experiments inwell-oxygenated environments
In the case of cell experiments, the initial oxygenation level is not always reported accurately. In amajority of the
experiments, it is reasonable to assume an atmospheric oxygenation level which, in normal circumstances, is
about 20% availability of oxygen in the air.

Figure 2. Left: An example of aDOHwherewe assume the oxygen depletion occurs in a linear fashionwithin a single pulse with an
initial oxygenation level of 7 Torr (pO2). Right, theODHrepresentation, where the axes are switched. In this particular example of a
linear depletion (i.e. a constant depletion rate) all bins have the same height (the depletion rate/binwidth) except thefinal one.
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In figure 5 we show the relativemaximal sparing effect for different doses delivered in 3.4 s, normalised
to the condition where no oxygen depletion takes place.We show the effect of the extremes in the reported
oxygen depletion rates (i.e. 0.22 Torr Gy−1 and 0.42 Torr Gy−1).

Figure 3.The difference in expected effects depends on the amount of initial oxygenation. Both 2Torr pO2 (left) and 20Torr pO2

(right) show a reduction in effectiveness. But thefirst less so than the latter. Also note that if one decreases the dose (i.e. the pulse
length), the difference becomes smaller and can even reverse (see figure 4). This shows a clear non-linear effect due to the co-variance
of dose and initial pressure variables. The generated lesions are per cell, Gbp, andGy.

Figure 4.Estimating the flash effect at 2 different initial oxygenation levels. To illustrate the difference between fully oxygenated tissue
andmoderately hypoxic values, which could be present in tumour tissue. Depending on the dose delivered the sparing occurs to a
larger extent in one tissue over the other.
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From the results of the cell culture, we find that the initial oxygenation level (i.e. the oxygenation level at the
beginning of the pulse), plays an important role in determiningwhether a FLASHprotective effect takes place
and also how large this effect is. Using our standard 3.4 s pulse delivering 15Gy,we vary the initial oxygenation
level. Figure 6 shows that there is a relatively narrowwindow inwhich the FLASH effect can take place. In
addition, the response as a function of partial pressure can be quite steep leading to large uncertainties.

Flash applications
In this section, we describe the application of thismodel to experiments in anUltraHighDose Rated (UHDR)
environment.Most published data use electrons as amodality. The experiments were chosen because they had
an adequate description of the environmental conditions and consisted of data points exhibiting both FLASH
and non-FLASHoutcomes. Thesewere the original experiment by (Town 1967), and the animal experiments by
Montay-Gruel (Montay-Gruel et al 2017).

Re-creation of a cell based experiment
In 1967 a seminal paper on high dose electron radiation described a protective effect in cells by (Town 1967). In
this paper, an effect was shownwhenusing pulses of 1.2μs. The dosewas varied from0.5 to 45Gy. In the
experiment, the dosewas delivered toHeLa cell cultures in single- and double-pulses. The single-pulse
experiments exhibited a FLASH effect, showing a hockey stick response as a function of the dose delivered. In
this paper, the data from the experiment was digitised. AnODHwas calculated starting from a linear depletion
model (i.o.w a linearDOH). Themethodology outlined above yielded FLASH sparing values at each dose. Using

Figure 5.At oxygenation levels comparable to atmospheric conditions, the doses needed for cells to exhibit theflash effect are
exceedingly high.We present the extremes in oxygen depletion rates.

Figure 6.Graph showing the dependency of initial oxygenation and level of sparing effect. This is for a 15Gy dose delivery in a pulse of
3.4μs. It is clear that in some cases small variations in oxygenation can have amajor impact on the sparing effect.
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the additivity of theODHs the samewas done for the double-pulsed deliveries. The survival fraction (SF) for the
double pulsed datawas correctedwith the FLASH sparing value (F) by decreasing the number of cells killed.

( ) ( )= - - ´SF SF F1 1 . 9corr meas

Thefigure 7 shows the best agreementwhen choosing 15.0 Torr pO2/Gy as the depletion rate starting at 152
Torr (20%pO2) oxygenation, s depletion ratemuch steeper compared to the 0.42 TorrGy−1 asmeasured by
Whillans (Whillans andRauth 1980). Somethingwhichwas also noted by Town.

Re-creation of a pre-clinical experiment
In this sectionwe apply ourmodel to the results from the paper: ‘Irradiation in a FLASH: unique sparing of
memory inmice after whole brain irradiationwith dose rates above 100Gy s−1

’ byMontay-Gruel et al (2017).
In this paper, the authors subjected a cohort ofmice to brain irradiationswith different dose rates and tested

themental capacities by estimating the Recognition Ratio in an object recognition test.We quote:

Evaluation of the RecognitionRatio (RR) twomonths post-irradiation [was performed] for
groups ofmice that received sham irradiation (control) and 10Gy (Whole Beam Irradiation)
with a dose rate of 0.1, 1.0, 3, 10, 20, 30, 60, 100, or 500Gy s−1, or with a single 1.8 s electron pulse
(1 Pulse).

Wemake the assumption that full re-oxygenation between pulses occurs which, in this case, are 10ms apart.
So only the dosewithin a single pulse is of interest. This is a reasonable assumption as the original cell-based
experiments showed that the effect wasminimal when delivering the treatment in 2 pulses 2.5ms apart. In the
ODH formalism, this is the special case where theODHs of all pulses are identical. In order to apply ourmodel,
we need to convert from theGy/s notation to amore refined cGy/nswithin a single pulse. This is done as
follows:

(i) Divide theGy/s expression by the pulse repetition frequency to get the dose per pulse (DPP): so here
-xGy s

100

1

(ii) Calculate the relative sparing effect using effective depletion rates as gleaned from the in-vitro experiments
(Town 1967) and initial oxygenation rates which should be of the order of 20Torr pO2 for healthy tissue or
lower.

We then calculate the sparing factor in the samemanner as before and invert it, yielding figure 8, showing a
correlationwhen choosing an initial oxygenation level of 20Torr pO2. The inversion is needed as we expect the
RecognitionRate to increase with increased sparing.

Figure 7. (a)Digitised data fromTown (Town 1967), Sparing ratio, comparing single-pulse (x) to double-pulse (o), Double-pulsed
corrected points (*) (i.e. surviving fractions are correctedwith a FLASHSparing Ratio) show the same behaviour as the single pulsed
points.
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The correlation, quantified using Spearman ranking, provides a r=0.881which evenwith the limited
number of points (10) is significant at p<0.01, the latter correlates with a critical SpearmanRanking
correlation coefficient rc=0.794 as provided by (Zar 1972). The correlation is robust for a range of
combinations of oxygen depletion rates and initial oxygenation levels.

Recreation of other cell experiments
Recently, other cell experiments withmodern accelerators and protonmachines and new cell lines were
published. The analysis of whichwouldmake this paper too large. In addition,many of the experiments are
aimed at showing that a FLASH effect either exists or does not but do not investigate the parameters that show
the transition region orwhich have an ill-defined approach to dose rates delivered (mix of single andmultiple
pulses). For illustration purposes, we have reviewed such an experiment and compared it to ourmethodology.
The paper reviewed is a proton experiment using high-intensity Laser generated proton beams byDoria et al
(2012)which in turn is a result of the PhD thesis by (Fiorini 2012), this can be found in an addendum. In
addition, we reviewed an investigation on the impact of oxygen byAdrian et al (). Unfortunately, the data
provided in the paper alone did not allow us to perform an in-depth analysis, specifically the fact that every dose
point consisted of irradiation using a different number of pulses.

Discussion

Ourwork provides some interesting corollaries, which impact the applicability of FLASH therapy in clinical
practice.

(i) The level of initial oxygenation in a given tissue is critical to themagnitude of the FLASH effect.

(ii) There is a dose-dependency of the FLASH-effect. If the dose is too low, no FLASH effect exists.

(iii) Mathematically, the FLASH-effect is considered redundant in its modelling parameters. This means that a
single result can be obtained by different combinations of specific parameters (oxygenation level, Dose rate,
total dose delivered).

Indeed the existence of a threshold dose for the FLASH-effect restricts the applicability and alsomakes the
physical implementation difficult, for instancewhen using scanned proton beams orwhen combining beams
fromdifferent angles. In addition, the lower limit to the FLASH effect still exhibits a biological effect
commensurate with about 50%of the original dose. This combinedwith the threshold dosemeans that the
tissuewewant to spare can still receive a significant effective dose. The dependency on the initial oxygenation is
anothermajor issue as it is difficult tomeasure in a clinical situation.Moreover, the dependency can be quite
steep at some levels, giving rise tomajor uncertainties. This will therefore necessitate amethodology that is able

Figure 8.The open circles (o) are recognition rates (leftY-axis) as a function of dose rate. The plus signs (+) are the inverse of the
FLASH effect ratio (rightY-axis). Assumptions are that theODHs for cell cultures are validly generatedwith 15.5 TorrGy−1 and 20
Torr pO2 oxygenation of the brain. The single-pulse data using a 1.8mpulse is indicated as 1000Gy s−1.
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tomore accuratelymeasure the oxygenation levels in-vivo. At the current level of clinical technology, this could
be amajor hurdle. Afirst stepwould be to apply a FLASH technique using standard dose prescriptions and take
any reduction in normal tissue complications as a boon. In a further step, oxygenationwould need to be
measured and adjustments to treatment parameters would take into account the accuracywithwhichwe can
determine oxygen levels. Again, a framework as proposed here is helpful to determine the accuracy needed. A
measurement option to determine in-vivo oxygen levels could be the use ofMR-imaging, which is nowbeing
rolled out usingMR-linacs (Raaijmakers et al 2005,Mutic andDempsey 2014), using diffusionweighting as a
marker or somewhatmore direct blood oxygenation level-dependent (BOLD)-MRI, or, alternativelyOxygen
enhanced (OE)-MRI. The formerwould only serve as an indicator as it is assumed that lower diffusionwould be
associatedwith a decrease in oxygenation and could indicate where to expect a FLASH-effect to be present and
where not. Quantification of the effect would bemore difficult. In the case of BOLD-MRI andOE-MRI
quantification, both rely on the use of pure oxygen or hyperoxic carbogen, complicating issues in a radiation
therapy environment due to logistics and the fact that it is a radiation sensitizer.Many questions remain as the
difference in relaxation rates are not quite linear with the oxygenation in Torr pO2 (O’Connor et al 2019).
Alternatively, positron emission tomography (PET) also claims to be able to determine oxygenation levels and
has, at least theoretically, been proposed for use in radiation therapy (VandenHeuvel et al 2013). Here alsomost
methods of determining the oxygenation levels are indirect and necessitate at least the knowledge of a base line
oxygenation level. Onlywhen using 15O isotopes as an agent is it possible to provide direct quantification.
Finally, the use of electron spin resonance (ESR) seems to have an accuracy comparable towhatwemight need
and can provide direct quantification in terms of Torr pO2.Unfortunately, to our knowledge, this has not been
translated into clinical use in humans but has been investigated in a pre-clinical environment (Hashem et al
2015).

An overview of these techniques can be found in a review byTretter et al (2020).
An approach to include this framework in a planning systemwould then be as follows:

(i) For every voxel, in a 3Ddose depositionmatrix, the dose and the energy spectrum are calculated.

(ii) For each voxel, the dose rate characteristics are calculated, depending on beam characteristics (pulse
architecture, and beam arrangement).

(iii) For each voxel, an estimate of the initial oxygenation conditions needs to be quantified.

(iv) Generate theODH for each voxel.

(v) CalculateDamage levels using the above-developed framework.

This workflowhas been implemented using the free software treatment planning system:matRAD
developed atHeidelberg (Germany) (Wieser et al 2018) andwas presented at the ESTRO conference in 2020
(Van denHeuvel et al 2020a)

The approach outlined in this paper is based on a number of assumptionswith respect to the oxygen
depletion andfixation processes.

(i) Oxygen depletion is a statistical process and is not modelled as a localised phenomenon related to damage
induction. In otherwords, the induction ofDNAdamage is not coupledwith oxygen depletion.However,
given the discrepancy in oxygen depletion rates between experimental data fromFLASH-radiation (Town)
and conventional (Whillams) it is still necessary to consider FLASH effects on oxygenation as a localised
phenomenon giving rise to pockets of relative hypoxia.

(ii) The impact of oxygen on DNA-damage induction is a microscopic process, whereby oxygen is used up in a
very small volumewith a diameter of a fewnanometers.

When estimating theODHs in this paper we assumed an effective linear depletion rate. This is likely not
correct but does give adequate results. In future implementations, we expect thatODHswill be determined
usingmore sophisticatedmeanswhere the various processes, like damage induction and diffusion of radicals in
cells, are simulated. Thesewill result in very heterogeneous oxygen distributions in time and space, which can be
captured using this formalism. Itmight evenwell be that results fromwater radiolysis are not applicable to cells
as the diffusion coefficients can be quite different.

Inmore recent experiments the depletion of oxygen by radiationwas found to be incomplete and a residual
amount of oxygenation remained as the oxygen depletion at very high dose rates showed a limited efficiency.
Jansen et al, have looked at the radiochemistry, noting that at higher dose rates the oxygen consumption seems to
decrease, which they attribute to a large number of radicals reacting with/among themselves rather thanwith
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oxygen (Jansen et al 2021). This observation is not irreconcilable with ourmethodology as can be seen in
figure 1(b), where a substantial response difference still exists between 20 Torr pO2 and some of the lower values.

The results obtained in this paper only consider electrons, photons, and protons. These can be expanded
readily to othermodalities like protons, alpha-particles andCarbon ions. Indeed themathematical damage
model shows that the same approach for different particles is valid andmathematically similar, but at different
energy levels, and the oxygenationmodel is identical. However, the simplification that we can use the
oxygenation characteristics from a single energy is no longer valid. In those cases, part of the energy deposition
nowoccurs in the steep region of the curves shown infigure 5. This can be resolved using aweighted sumof the
spectral contributions to the damage. Together with the oxygen impactmodel (i.e. as in equation (5)), one can
calculate the impact of spectral composition for each type of particle. A short calculation shows that for protons
the single energy approximation is still reasonable, which is illustrated in the addendum. In the formalism
introduced here, we imply a strong connection between the FLASH sparing effect and theOxygen Enhancement
Ratio. A direct corollary is that for particles with a small OER the FLASH effect is diminished. This is because in
thismodel the FLASH effect is generated by a difference in damage induction at different oxygen levels. If the
OER is small then the difference in damage induction is diminished. In a previous paper, we show that there is
almost no difference inOERbetween the spread-out Bragg peak (SOBP) region and the upstream region in a
clinical proton beam (VandenHeuvel et al 2021).We, therefore, predict that therewill be nomeasurable
difference with regard to the FLASH effect.

For a-particles and carbon particles this is likely not the case. There the oxygen effect is lower in the SOBP
and thismodel predicts a lack of FLASH effect in thismodality.However, it is not clear whether the oxygen
depletionmodel in othermodalities is valid, or even has different characteristics.

Finally, the physico-chemical approach taken here is inherently flawed in that it does not take into account
any of the biological processes.More specifically it does not acknowledge the possibility of differences in
genomicmakeup of tumour cells which are expressed due to long exposure to hypoxic conditions, diminishing
the effect of FLASH-radiation. This could be important, as it would also providemicroscopic disease, which
does not reside in hypoxic volumes, with different susceptibility to FLASH-radiation.

It is important to stress that this paper does not aim to explain the FLASH-effect but rather provides a tool to
include some of the effects in a treatment planning system such that the effects can be taken into account when
devising a treatment or a laboratory experiment, avoiding the confusion inherent whenworkingwith degenerate
systems.
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