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Abstract
There has been a recent revival of interest in the FLASH effect, after experiments have shownnormal
tissue sparing capabilities of ultra-high-dose-rate radiationwith no compromise on tumour growth
restraint. Amodel has been developed to investigate the relative importance of a number of
fundamental parameters considered to be involved in the oxygen depletion paradigmof induced
radioresistance. An example eight-dimensional parameter space demonstrates the conditions under
which radiationmay induce sufficient depletion of oxygen for a diffusion-limited hypoxic cellular
response. Initial results support experimental evidence that FLASH sparing is only achieved for dose
rates on the order of tens of Gy s−1 or higher, for a sufficiently high dose, and only for tissue that is
slightly hypoxic at the time of radiation.We show that the FLASH effect is the result of a number of
biological, radiochemical and delivery parameters. Also, the threshold dose for a FLASH effect
occurringwould bemore prominent when the parameterisationwas optimised to produce the
maximumeffect. Themodel provides a framework for further FLASH-related investigation and
experimental design. An understanding of themechanistic interactions producing an optimised
FLASH effect is essential for its translation into clinical practice.

1. Introduction

Radiotherapy is one of themost successful and cost-effective forms of cancer treatment (Cullen et al 2014), but is
limited by the damage caused to healthy tissue surrounding the target tumour. Dose fractionation is routinely
used to exploit the ability of healthy cells to recover better than cancerous cells. A typical treatment consists of
several weeks of∼1.8–3Gy fractions, delivered 5 days aweek in∼10min each. Recent interest in FLASH
radiotherapy has led to the proposal of a new paradigm; the use of few or single fractions of ultra-high-dose-rate
(>40–150+Gy s−1) radiation (Favaudon et al 2014). It is suggested that FLASHmay offer normal-tissue-sparing
advantages which could reduce side effects for patients, shorten treatment times, eliminate need formotion
control and facilitate dose-escalation strategies.

Ultra-high-dose-rate radiationwasfirst explored in the 1960s–70s (Vozenin et al 2019,Hendry 2020), but
was largely dismissed for radiotherapy because of uncertainty in knowing howbest to deliver doses to tumours
versus normal tissues (Berry 1973,Hendry 1979). Favaudon et al (2014) reawakened interest by demonstrating
reduced pulmonaryfibrosis in electron-FLASH irradiatedmice compared to conventionally irradiatedmice,
while showing FLASH to be no less efficient in suppressing tumour growth. Follow-up studies demonstrated
sparing of pig skin (Vozenin et al 2018), and of neurocognitive functions inmice after whole-brain irradiation
(Montay-Gruel et al 2017, 2019).With growing interest in the clinical translation of FLASH, Bourhis et al (2019)
recently treated a patient’s skin lesion using electron-FLASH radiation therapy.
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Despite this, the completemechanisms behind the FLASH effect are not yet fully understood (Durante et al
2018,Harrington 2018, Al-Hallaq et al 2019). Themost prevalent explanation is that at ultra-high dose rates,
oxygen is depleted by radiation-induced chemical interactions in cells already at low physiological oxygen
tensions, at a rate that is too fast for re-oxygenation via diffusion fromnearby blood vessels (Spitz et al 2019,
Vozenin et al 2019). The induced state of transient severe hypoxia, and therefore radioresistance, thus becomes
responsible for the observed sparing effect (Alper 1979). Early studies provided evidence for oxygen depletion in
the formof characteristic ‘breakpoint’ survival curves which showed induced radioresistance at anoxic-like
levels above a certain dose of ultra-high-dose-rate irradiation (Epp et al 1968,Nias et al 1969, Berry and
Stedeford 1972,Weiss et al 1974). Similar decreases in radiosensitivity were observed formouse intestine
response, skin reactions in rat feet, and late lung injury inmice (Hendry 2020). It is also hypothesised that the
normal tissue protection observed in vivo can be attributed to the sparing of naturally hypoxic stem cell niches
(Pratx andKapp 2019b).More recently, it was shown that an increase in local oxygen concentration in the brains
ofmice using carbogen breathing during irradiation reversed the neurocognitive sparing effects of FLASH,with
further evidence demonstrating reduced levels of hydrogen peroxide (a reactive oxygen species) in FLASH
irradiated aqueous solutions compared to conventionally irradiated solutions (Montay-Gruel et al 2019).

There is a lack of understanding of the potential sparing effects of oxygen depletion in tumour tissue
(Hendry 2020). Hypoxia in tumours is induced as a diffusion-limited chronic effect caused by oxygen
metabolism (consumption) producing oxygen gradients around isolated perfused vessels (Hall and
Giaccia 2012). Hypoxia is also produced as a perfusion-limited acute effect, caused by changes in blood
perfusion including complete vessel occlusion, resulting in changes in oxygenation in large numbers of cells
(Hill and Bristow 2013). This present work uses amodel based on the fundamental principles behind oxygen
diffusion and depletion in tissue to explore how these processes in the diffusion-limited hypoxia scenario should
be affected under FLASH irradiation.

Similarmodels have been used extensively for the investigation of oxygen kinetics within biological systems
(Gerlee andAnderson 2010, Grimes et al 2014, Aleksandrova et al 2016). However, few have done sowith the
application of ultra-high-dose-rate irradiation.Work by Pratx andKapp (2019a) has related simulated FLASH-
induced oxygen depletion to oxygen enhancement of radiation damage. A key findingwas that only cells
somewhat hypoxic at the time of irradiationwould exhibit the FLASH effect, which is consistent with previous
in vitro and in vivo results (Vozenin et al 2019). This present work aims to expand upon some of the
simplifications in theirmodel, and explore additional variation of the parameters involved. Conversely, a study
byZhou et al (2020) used a dimensional analysis approach to determine that a clinically-observable change in
radiosensitivity fromFLASH-induced oxygen depletionwould be possible for normal tissue given aminimum
dose rate of∼60Gy s−1. It is clear then that, while oxygen depletion remains awidely-accepted explanation for
FLASH, there is a lack of understanding of the parameters at play which influence the possibility of a sparing
effect. The aimof this study is to provide amore comprehensive overview of these physical, chemical and
biological parameters involved, and to demonstrate themodel framework built to explore their impact on a
potential FLASH effect.

2.Methods

2.1. The reaction-diffusionmodel
A typical reaction-diffusionmodel in a one-dimensional slab geometry is used. Fickian diffusion is combined
with terms formetabolic and radiation-induced oxygen consumption tomodel the flux of oxygen through a
systemof cells normal to a source (or capillary). Use of a Krogh cylinder geometry is common in othermodels to
approximate the shape of a capillary (Grimes et al 2014), however the radial-diffusion assumption adopted is
equivalent to the approach used here. Assuming an isothermal systemwith a constant diffusivity (Crank 1975),
themodel is:

( )¶
¶

=
¶
¶

-
C

t
D

C

x
r, 1eff

2

2

where x is position (inmetres), t is time (in seconds),C is oxygen concentration (inmol m−3),Deff is the effective
diffusivity (in m2 s−1) and r is the overall rate of reaction (inmol m−3 s−1), defined as positive for destruction of
oxygen (see table 1).

For a systemof length L, the boundary conditions are:

(i) At t= 0, for all x> 0,C= 0.

(ii) At x= 0, for all t� 0,C= C0 (whereC0 is the boundary concentration).
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(iii) At x= L, =¶
¶

0C

x
(symmetry condition).

We assume a constant supply of oxygen from the capillary at x= 0, thereby ignoring the perfusion-limited
hypoxia scenario. The symmetry condition accounts for the existence of an adjacent capillary, where the length
of the system, L, is half the capillary separation. In contrast to themodel by Pratx andKapp (2019a), the impact
of varying this separation can be investigated using thismodel.

Numericalmethodsmust be employed to solve equation (1). This present work has used a cellular
automaton—a solution technique used to reduce complex processes within continuous systems into a sequence
of iterative time-steps applied to a discrete number of nodes (representations of small units of space) (Alarcón
et al 2003, Richard et al 2009). Nodes are arranged in a grid and exist within a neighbourhood of surrounding
nodes. For each time-step, the state of each node changes according to given rules or functionswhich depend on
the current state of the node and its neighbours. A number of studies have used this technique tomodel oxygen
diffusion in cells (Alarcón et al 2003, Gerlee andAnderson 2010, Paul-Gilloteaux et al 2017).

Table 1.Parameters used in themodel with their definitions and symbols.

Symbol Units Definition

Dmol m2 s−1 Molecular diffusivity of oxygen

τ None Tortuosity (nonlinearity of the path
traversed by diffusingmolecules)

ò None Cellular voidage (fraction of volume

not occupied by cells)

Deff m2 s−1 Effective diffusivity of oxygen

p0 mmHg Partial pressure of oxygen at x = 0 in

model (at oxygen supply/
capillary)

C0 mol m−3 Concentration of oxygen at x = 0 in

model (at oxygen supply/
capillary)

C(x, t) mol m−3 Concentration of oxygen as a func-

tion of position and time

L m Length of the system (half the dis-
tance between adjacent capillaries)

r mol m−3 s−1 Overall rate of oxygen consumption

k mol m−3 s−1 Metabolic rate constant

ks mol m−3 Metabolic saturation (Michaelis–

Menten) constant

k1 mol m−3 Gy−1 Reaction rate constant for radiolytic

species production

k2 mol m−3 s−1 Oxygen depletion rate constant for

two-stage radiolyticmodel

kd
0 mol m−3 Gy−1 Oxygen depletion rate constant for

zero-order radiolyticmodel

kd
1 Gy−1 Oxygen depletion rate constant for

first-order radiolyticmodel

D Gy Dose

D Gy s−1 Dose rate

Δx m Nodewidth

Δt s Time-step
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Here a one-dimensional grid of nodes was used, eachwith a neighbourhood of two nodes and in a state
characterised by its oxygen concentration. A schematic diagram is shown infigure 1. Alternating calculation
steps of diffusion and reactionwere applied at each time-step, as detailed below. Capillaries aremodelled as
‘supply nodes’which are reset after each set of time-steps to a specified concentration to simulate the continuous
receiving of oxygen from the blood. In this present work, a single supply node at x= 0was used to demonstrate
the simplest case of diffusion from a single capillary. Checks within themodel ensure the oxygen in the nodes has
first built up to a steady state, where concentration remains approximately constant, before dose is applied.
Nodes can then be irradiated for a duration specified by the dose and dose rate, and allowed to recover.

2.1.1.Modelling diffusion
Contrary to previous oxygen depletionmodels (Pratx andKapp 2019a), the effective diffusivity,Deff, is used in
this present work to account for the porous nature of space between cellsfilledwith an extracellularmatrix. It is
related to themolecular diffusivity,Dmol, via the voidage, ò, which gives the fraction of volume not occupied by
cells (i.e. accessible to diffusing oxygen) over the total volume, and the tortuosity, τ, which describes the non-
linearity of the path traversed by diffusingmolecules relative to an obstacle-freemedium (Hrabe et al 2004):

( )
t

=


D
D

. 2eff
mol

Generally as voidage reduces, tortuosity increases and soDeff can easily be an order ofmagnitude smaller than
Dmol.Models which do not account for thismay therefore overestimate oxygen tensions in their cellular systems.

Diffusion ismodelled by the transfer of oxygen along the line of nodes. The relationship between the
effective diffusivity and the fractional amount of oxygen, f, exchanged between adjacent nodes during each time-
stepwas arrived at through equating the oxygen fluxwith Fick’sfirst law of diffusion to give:

( ) ( )=
D
D

D
f x

t2
, 3eff

2

whereΔt is the time-step (s) andΔx is the node size (m). Thesemust be chosen such that 0< f� 1, to prevent
the solution becoming unstable. Checks in themodel ensure this is the case before simulations are run.

2.1.2.Modellingmetabolic consumption
Themodel given in equation (1) becomesmore complexwith the incorporation of specific reaction processes.
Themetabolic reaction accounts for the continual oxygen consumption by the cells.Many similar diffusion and
reactionmodels assume a constantmetabolic reaction rate (Gerlee andAnderson 2010, Pratx andKapp 2019a).
However, there is awide range ofmetabolic rates reported in the literature, with dependencies on cell type,
function and biological status (Wagner et al 2011). Furthermore, additional checksmust be in place to ensure the

Figure 1. Schematic diagramof themodel showing radial diffusion from a capillary along an orthogonal grid of nodes. An adjacent
capillary is shown, where the distance between two capillaries is 2L.
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oxygen concentration does not becomenegative. This present work adopts amore complex approach using
Michaelis–Menten-style kinetics to approximate themetabolic dependency on the oxygen concentration
available:

( )=
+

r
kC

k C
, 4

s
metabolic

where k is themaximum reaction rate (metabolic rate constant) and ks is the concentration at which the reaction
rate saturates (saturation constant). It is assumed here that when oxygen is abundant, cells consume it at afixed
rate, andwhen oxygen is deficient, the consumption rate is proportional to the concentration available, as
observed in various tissue oxygen consumption studies (Tang 1933, Secomb et al 1993). Thismeans the
concentrationwill never fall below zero for an exact solution. If ks= C, the rate tends towards themaximum
rate of consumption (r→ k, zero-order kinetics), andwhen ks? C, the rate becomes linearwith concentration
( r Ck

ks
,first-order kinetics). These assumptions are often used as justification for an analytically solvable

metabolic consumptionmodel (Grimes et al 2014, Aleksandrova et al 2016). Some studies suggest that a zero-
order approach is in fact suitable down to very low oxygen tensions (Place et al 2017), however it is these low
oxygen regionswhichwe are interested in for hypoxia-related studies. This present work aims to provide amore
generalmodel, but at the expense of analytical tractability.

2.1.3.Modelling radiolytic depletion
The other contribution to the overall reaction rate is the radiation-induced consumption of oxygen. Similar to
the approach taken byZhou et al (2020), thismodel uses a two-stage lumped reaction:

(i) During thefirst stage, radiation interacts with the cells to produce radiolytic speciesA:

⟶+ AH O radiation .2

The cell here ismodelled as awater-like system, where speciesA accounts for the lumped products of the
physico-chemical stage of the radiolysis of water (Draganic andDraganic 1971, Ling 1975, Zhou et al 2020).
It is assumed that the concentration ofA produced is proportional to the radiation dose (inGy), such that

µr D,A

where rA is the rate of production ofA (inmol m−3 s−1) and D is the dose rate (in Gy s−1).

(ii) During the second stage, species A reacts with intracellular oxygen to produce species B via the 2nd-order
chemical reaction (Ling 1975, Zhou et al 2020):

⟶+A BO ,2

where speciesB is likely a very reactive peroxide-type compound (Draganic andDraganic 1971).

The overall rate of production ofA and rate of consumption of oxygen are given by:

[ ] ( )= -r k D k A C a5A 1 2

[ ] ( )= -r k A C b, 5O 22

where k1 and k2 are the reaction rate constants for each stage inmol m−3 Gy−1 and m3mol−1 s−1 respectively.
This two-stage approach reflects results from literature which show that the amount of oxygen consumed

during a single irradiation increases with dose (Weiss et al 1974,Whillans andRauth 1980,Michaels 1986). A
radiolytic depletion rate that is zero (Pratx andKapp 2019a) orfirst (Petersson et al 2020) orderwith oxygen
concentration could also reflect thesefindings. Some studies have shown that the slope of oxygen depletion yield
is independent of initial oxygen concentration (Weiss et al 1974). However, these experiments are limited and
may not hold at low oxygen tensions (Weiss et al 1975). The zero- and first-ordermodels are respectively given
as:

( )=r k D a6radiolytic d
0 0

( )=r k DC b, 6radiolytic d
1 1

where the respective radiolytic depletion constants, kd
0 and kd

1, provide the constants of proportionality in each
case (in units ofmol m−3 Gy−1 andGy−1 respectively). In the zero-order case, checks in themodel were used to
fix the concentration at zero if it became negative. All three of these approaches were investigated using this
model.
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2.1.4.Modelling change in radiosensitivity
Themodel solution can determine key parameters for radiation-induced oxygen depletion. The impact of this
on cellular radiosensitivity can also be investigated. Like othermodels (Pratx andKapp 2019a, Petersson et al
2020), this present work has used the relationship between oxygen level and subsequent radiosensitivity from
oxygen enhancement. The oxygen enhancement ratio (OER) is defined as the ratio of doses under hypoxic and
aerated conditions required to achieve the same biological effect—its value typically varies between 2.5 and 3.5
for various biological endpoints (Hall andGiaccia 2012). To characterise the oxygen concentration dependence
on the basis of the oxygen fixation hypothesis, Grimes and Partridge (2015) used the ratio of cell kill in oxic
conditions to that under anoxia at a given dose. This ratio is called here the oxygen kill ratio (OKR). They showed
that this algorithm could be expressed in terms ofOER, as confirmed by others using relative radiosensitivity,
with radiosensitivity defined as the log-fraction of cells killed perGy of radiation (Pratx andKapp 2019a) (see the
supplementarymaterial (available online at stacks.iop.org/PMB/66/055020/mmedia)). The relationship
betweenOER and oxygen tensionwhich fits well with experimental data (at 10Gy) is given by:

( ) ( ) ( )
f
f

= + - y-p eOER 1 1 , 7O

D

p

where p is the oxygen partial pressure (inmmHg), f
f

O

D

is the ratio of cells killed under by oxygen fixation to those

killed directly, andψ is a rate constant derived from first principles. Values of 1.6 and 0.26mmHg−1 have been

established for
f
f

O

D

andψ respectively (Grimes andPartridge 2015). This produces a typical radiosensitivity curve

which increases with oxygen partial pressure up to∼20mmHg, before saturating at amaximumOERof∼2.6
(Hall andGiaccia 2012). Other FLASHmodels have used the similar parameterisation byAlper andHoward-
Flanders (1956) (e.g. Zhou et al 2020). TheGrimes and Partridgemodel and its parameters are well-validated by
more recent experimental data.While the traditional definition ofOER as a ratio of doses is a function of cell
survival endpoint, themodel derived byGrimes is based on a ratio of cell kill for a given dose, verified byOER
data calculated from slope ratios from the exponential regions of cell survival curves (Grimes and
Partridge 2015). Herewe assume the relationship betweenOER and oxygen partial pressure holds for the tested
range of doses. Although theOKR version is unsuitable for use at high doses where it has a limiting value of unity
(see supplementary details), in itsOER form themodel is applicable here and can hence be used to evaluate the
decrease in radiosensitivity as a result of irradiation at varying dose rates.

The shift inOER (ΔOER) from steady-state during irradiation could be calculated for each node in the
simulation. Various quantifiers, such as the average ormaximumΔOER across the nodes, can be specified and
calculated by themodel to indicate changes in radiosensitivity. The effect of afixed amount of oxygen depletion
onOER is considerably greater at partial pressures of∼20mmHg than at higher pressures, so the steady-state
oxygen concentrations are important to consider. Using themaximumOER (under aerated conditions) of 2.6
andminimumOER (under anoxic conditions) of 1, themaximumΔOERusing thismodel is 1.6 (Grimes and
Partridge 2015).

The differential effect observed experimentally between tumour and normal tissue irradiated at ultra-high
dose rates is suggested to be attributed to initial tensions in severely hypoxic tumour tissue residing in the region
where little or no further change in radiosensitivity is achievable, whereasmildly hypoxic normal tissue tensions
have the potential to undergo a relatively large shift in radiosensitivity (Wilson et al 2020). Themodel could be
used to investigate this hypothesis by simulating radiolytic-depletion for both tumour- and normal-tissue-
specific input parameters.

2.2.Model parameters
A literature searchwas performed to determine biologically-relevant ranges to test for each parameter. Values of
each parameter testedwith references to their respective literature sources are summarised in table 2. Both dose
and dose rate were varied, with values based onfindings from recent in vivo FLASH studies (Favaudon et al 2014,
Montay-Gruel et al 2017, Vozenin et al 2018) and comparable FLASHmodels (Pratx andKapp 2019a). Doses
between 2 and 50 Gy, and dose rates between 0.1 and 150 Gy s−1, were used to both capture conventional
treatments and test up to and beyond possible FLASHdose and dose rate thresholds (Montay-Gruel et al 2017,
Vozenin et al 2018, Bourhis et al 2019).

The parameters which determine the steady-state oxygen concentration (and impact the recovery of oxygen
after depletion) are the diffusivity, capillary oxygen tension and themetabolic parameters. Literature oxygen
diffusivity values are generallymolecular diffusion coefficients of∼1–2× 10−9 m2 s−1 (Kirkpatrick et al 2003,
Curcio et al 2007)which neglect the voidage and tortuosity of their systems.Hrabe et al (2004) determined values
of 1.4 and 0.2 for tortuosity and voidage respectively in the brain. Although these valuesmay vary for different
tissues, theywere used as an initial estimate to convertmolecular diffusion coefficients into effective diffusivity
values. The impact of overestimating the extent of oxygen diffusion fromusing themolecular diffusion
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coefficient instead of the effective diffusivity was also investigated by omitting these conversion termsThe
capillary oxygen tension, p0, was approximated fromvenous (∼40mmHg,McKeown 2014) and arterial (∼80
mmHg, Shapiro 1995) oxygen tensions, with lower values tested to approximatemore hypoxic conditions.
Values of oxygen partial pressure (in units ofmmHgor%O2)were converted into concentrations of dissolved
oxygen (inmol m−3) usingHenry’s Law, with a constant of 0.0299 atm litre permg (730 mmHgm3mol−1) for
oxygen dissolved inwater at 35 °C (Blanch andClark 1997). Although the solubility of oxygen can be
significantly lower than this in aqueous solutions, this represents a safeworst-case scenario for a FLASH effect.
Reportedmetabolic rates vary significantly (Wagner et al 2011), particularly given additional variation in use of
zero-order (Alarcón et al 2003, Gerlee andAnderson 2010, Pratx andKapp 2019a) orMichaelis–Menten
(Goldman and Popel 2000, Curcio et al 2007, Aleksandrova et al 2016) formsMaximummetabolic rate

Table 2.Parameter values used in simulations.

Parameter Values tested References

Dose rate 0.1, 50, 150 Gy s−1 Favaudon et al (2014)
Montay-Gruel et al (2017)
Montay-Gruel et al (2019)

Dose 2, 15, 50 Gy Vozenin et al (2018)
Montay-Gruel et al (2017)
Montay-Gruel et al (2019)

Dmol 1, 2, 16 × 10−9 m2 s−1 Gerlee andAnderson (2010)
Pratx andKapp (2019a)
Curcio et al (2007)
Kirkpatrick et al (2003)

ò 0.2 Hrabe et al (2004)
Curcio et al (2007)

τ 1.4 Hrabe et al (2004)
Curcio et al (2007)

p0 20, 40, 80 mmHg Pratx andKapp (2019a)
McKeown (2014)
Skeldon et al (2012)
Curcio et al (2007)
Goldman and Popel (2000)
Kirkpatrick et al (2003)

k 0.001, 0.01, 0.1 mol m−3 s−1 Aleksandrova et al (2016)
Skeldon et al (2012)
Curcio et al (2007)
Goldman and Popel (2000)

ks 0.0001, 0.001, 0.01 mol m−3 Aleksandrova et al (2016)
Skeldon et al (2012)
Curcio et al (2007)
Goldman and Popel (2000)

k1 (and kd
0) 0.0001, 0.0005, 0.001 mol m−3 Gy−1 Weiss et al (1974)

Pratx andKapp (2019a)
Michaels (1986)
Whillans andRauth (1980)

k2 106, 107, 108mol m−3 s−1 Draganic andDraganic (1971)
Ling (1975)

kd
1 0.001, 0.01, 0.1Gy−1 Weiss et al (1974)

Pratx andKapp (2019a)
Michaels (1986)
Whillans andRauth (1980)

L 20, 30, 50, 100 μm Freitas (1999)
Hall andGiaccia (2012)
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constants are generally of the order∼10−2mol m−3 s−1 while saturation constants are∼103mol m−3. Orders of
magnitude above and below each casewere explored.

The rate constant for the productionof radiolytic speciesAhas beenmeasured as 0.0001–0.001mol m−3 Gy−1

(depending on themediumorbacteria systememployed) (Weiss et al1974, 1975,Michaels 1986). This rangewas
used to approximate values for k1 and, in the zero-ordermodel case, kd

0. For thefirst-order radiolyticmodel, a
range of 0.001–0.1Gy−1was used to account for the dependencyonoxygen concentration (of theorder
0.01 molm−3) and the additional uncertainty this contributes.

Literature values for the rate of the reaction betweenmolecular oxygen andA, k2, also show a large degree of
uncertainty. The very short timescale over which the depletion of oxygen occurs (106 s, Zhou et al 2020)
suggests very large rates, however the order can vary between 106 and 109mol m−3 s−1 (Draganic and
Draganic 1971, Ling 1975). The short timescale of this reaction also determines themaximum time-step size,Δt,
for numerical stability. The tenfold increase in simulation time asΔt is reduced by an order ofmagnitudemeans
there is a trade-off between accuracy and computational expense. Tests were performed to ensure that for each
value of k2, the largest value ofΔtwhich gave numerical stability and produced results whichmatched those
produced by the next smallest order (to a significant degree)was used. For k2= 109mol m−3 s−1, the resulting
run time became unfeasibly long to performmultiple simulations; the initial parameter searchwas hence only
performed for k2 up to 10

8mol m−3 s−1. The nodewidth remained fixed for all simulations at 1 μm.
The number of nodes is used to approximate half the distance between adjacent capillaries. Although this

can vary significantly in tissue, themean separation of 40 μm (20 nodes)was used for the simulations in the
example parameter space (Freitas 1999). Tests were also performed using 50 and 100 nodes to compare with
othermodels (Pratx andKapp 2019a), and tomodel the approximation that oxygen concentration becomes
effectively zero in a space of∼100 μmfroma source (Hall andGiaccia 2012).

To demonstrate the impact of some of themodel parameters, an example parameter space was produced
using three values each of the diffusivity, capillary tension,metabolic constants, radiolytic constants, dose and
dose rate (6561 simulations in total). This is shown using a parallel coordinates plot, which represents
relationships between highlymulti-variate data (Watts andCrow 2019). The average shift inOER across the
nodes for each parameter combinationwas calculated. Interactive plots allowed variable axes to be rearranged
(tomore easily derive patterns between different variables) and constraint ranges to be drawn (to isolate sections
of data) to aid in analysis.

3. Results

3.1. Steady states
The variation in steady-state oxygen concentrations calculated fromparameter values fromdifferent literature
sources (see table 2) is demonstrated infigure 2. Since the steady-state parameters determine the initial oxygen
levels before dose is applied (aswell as the speed of recovery during and after dose), they have a strong impact on
the change in radiosensitivity available for a given level depletion.

Figure 2(a) shows the impact of changing the diffusivity parameter (while keeping L, p0, k and ks constant at
20 μm, 40 mmHg, 0.01 mol m−3 s−1 and 0.001 mol m−3 respectively), where values ofDmol were converted to
effective diffusivities as detailed above. Literature values ofmolecular diffusivity range between
1–2× 10−9 m2 s−1 (Kirkpatrick et al 2003, Curcio et al 2007); although this variation is relatively small, the
impact of the difference on the oxygen concentration is apparent. Amolecular diffusivity of 1.6× 10−8 m2 s−1

corresponds to an effective diffusivity of 2× 10−9 m2 s−1, so reflects the case when themolecular diffusivity is
treated as the effective diffusivity in tissue (Pratx andKapp 2019a). As shown, this can result in a significant
overestimation of the amount of oxygen available.

Figures 2(b) and (c) show the impact of varying the capillary tension and themetabolic parameters
respectively (while keepingDmolfixed at 2× 10−9 m2 s−1). The combination ofmetabolic parameters, k and ks,
were variedwithin the literature ranges to provide extreme and average cases of oxygen consumption. These
parameters can have significant variation for different cells in the body (Wagner et al 2011), so it is important to
consider this impact when attempting tomodel where and underwhat circumstances a FLASH sparing effect
may occur. The system length is varied infigure 2(d), demonstrating the significance of the boundary condition
at x= L outlined above.

3.2. Comparing radiolyticmodels
Simulationswere runusing each radiolyticmodel discussed, using various values of the depletion constants for
each case. Thedose anddose ratewere kept constant at 15 Gy and 50 Gy s−1 respectively (demonstrating a ‘FLASH’

case), and the same steady-state parameters (Dmol= 2× 10−9 m2 s−1, p0= 40mmHg, k= 0.01 mol m−3 s−1 and
ks= 0.001mol m−3)wereused for each run. Plots showing oxygen concentration as a functionof time for the two-
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stage, zero-order, andfirst-ordermodels are given infigure 3. An additional simulationusing a very low value for k2
(10−2 m3mol−1 s−1)was added tofigure 3(a) to showhowresults vary as the order ofmagnitude of k2 approaches
that of k1 (in their respective units).

Figure 2.Example simulations showing steady-state oxygen concentration as a function of position for (a) different values of
diffusivity; (b) different capillary tensions; (c) different values ofmetabolic parameters; and (d) different system lengths. Non-variable
parameters in each case remained fixed atDmol = 2 × 10−9 m2 s−1, p0 = 40 mmHg, k = 0.01 mol m−3 s−1, ks = 0.001 mol m−3 and
L = 20 μmwhere necessary.

Figure 3.Example simulations showing oxygen concentration as a function of time for node 10, using (a) the two-stage radiolytic
depletionmodel, with different values of k1 and k2; (b) thefirst-ordermodel with different values of kd

1; (c) the zero-ordermodel with
different values of kd

0. Dose and dose rate remained fixed at 15 Gy and 50 Gy s−1 respectively for each simulation. Steady-state
parameters remained atfixed values specified previously.
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From figures 3(a) and (c), it is clear that the two-stage and zero-ordermodels are comparable for equal values
of k1 and kd

0 respectively (for k2� 106 m3 mol−1 s−1). Although a zero-order approachmay not be appropriate at
very lowoxygen concentrations, the results for this example generally agreewith literature claims that rate of
depletion appears independent of the initial oxygen concentration (Weiss et al 1974). Thefirst-order approach
in 3(b)may significantly overestimate the level of oxygen depletion for comparable values of the depletion
parameter (Petersson et al 2020). The overlap of lines infigure 3(a) for equal values of k1 shows that, for the
feasible range of k2 values tested (based on the variation in literature), there is almost no difference, as k1 is the
driving parameter.When k2? k1, the second stage of the radiolytic depletion effectively becomes
instantaneous, causing the two-stagemodel to be reduced to the zero-order case where oxygen depletes
proportionally to the dose rate. This was tested for smaller k2 values and a divergencewas only apparent at
k2 102 m3 mol−1 s−1, significantly below the literature range (table 2). For this value, the second stage of the
radiolytic depletion can no longer be approximated as instantaneous compared to the first, and the zero-order
model is no longer a reasonable assumption.

3.3. Comparing dose rates
Figure 4 shows example simulations for dose rates from conventional up to and beyond FLASHvalues
(0.1–1000 Gy s−1), to demonstrate some of themeasurements that can bemadewith themodel and how these
changewith dose rate. Oxygen concentration is shown as a function of position (at both steady-state and the
point at which the total dose has been applied) and time (for node 10) infigures 4(a) and (b) respectively. Values
ofOER calculated at steady-state and dose-point (when the full dosewas applied) are shown as a function of

Figure 4.Example simulation showing for, different dose rates, (a) oxygen concentration as a function of position at steady-state and
when the full dose has been applied; (b) concentration as a function of time for node 10; (c)OER at steady-state and dose-point as a
function of position; (d) the difference betweenOER at steady-state and dose-point at each position, and (e) theOER shift from steady
state averaged across the nodes as a function of dose rate. A dose of 10 Gy and depletion constants of k1 = 0.0005 mol m−3 Gy and
k2 = 1 × 107 m3 mol−1 s−1 were used for each simulation.
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node position infigure 4(c), with the shift between these two timepoints given infigure 4(d) for each dose rate.
TheOER shift from steady state was averaged across the nodes and plotted infigure 4(e) as a function of
dose rate. Further dose rates weremeasured here to investigate the smaller interval around the supposed
FLASH threshold. These examples were run usingD= 10 Gy,Dmol= 2× 10−9 m2 s−1, p0= 40 mmHg,
k= 0.01 mol m−3 s−1, ks= 0.001 mol m−3, k1= 0.0005 mol m−3 Gy−1, k2= 1× 107 m3 mol−1 s−1 and 50
nodes for each dose rate.

From this combination of parameters, there is a significant increase inΔOER as the dose rate increases up to
100 Gy s−1, while almost no gain inΔOER is achieved from increasing dose rate up to 1000 Gy s−1, as shown in
figure 4(d). This is corroborated byfigure 4(e), where the averageΔOER across the nodes begins to saturate at a
dose rate of∼50Gy s−1, with only small further increases up to 150 Gy s−1. Thismay support claims from recent
FLASH studies that a supposed dose rate threshold lies within this range (Vozenin et al 2018, Zhou et al 2020). At
a dose rate of 0.1 Gy s−1, there is almost no change in oxygen concentration orOER from steady state,
supporting the lack of sparing effect observed at conventional dose rates. Example calculation results for the
average andmaximumOER shifts across the nodes for each dose rate are given in table 3. Zhou et al (2020)
predicted aminimum relative change in radiosensitivity of 3% for a clinically observable effect; from this
example, this is obtained at dose rates10 Gy s−1.

3.4. Example parameter space
An example parameter spacewas constructed using parameter values from literature, summarised in table 2
with references for each parameter. Three values of each parameter were tested in combination giving a total of
6561 simulations. The results are given infigure 5 as a parallel coordinates plot. Data points aremapped across
multiple vertical axes with a line (Watts andCrow 2019). Here, an eight-dimensional space represents the eight
variable parameters (p0,Dmol, k, ks, k1, k2, dose and dose rate,). Each is assigned a y-axis, with its respective tested
values forming the scale. Each line across the axes represents a single simulation run using a specific combination
of tested values. The colour scale of the lines indicates themagnitude of the dependent variable—in this case, the
averageOER shift across the nodes, with amaximumvalue (from fully oxygenated to anoxic) of 1.6. Greater
shifts indicate a greater decrease in radiosensitivity and are shownby darker lines.

The greatest OER shifts were∼1.3 (close to themaximumpossible shift of 1.6). ThemaximumΔOERwas
measured for the lowest tested values of diffusivity and capillary tension (Dmol= 1× 10−9 m2 s−1, p0= 20
mmHg), lowestmetabolic consumption rate (k= 10−3mol m−3 s−1, ks= 10−2mol m−3), highest radiolytic
reaction constants (k1= 110−3mol m−3 Gy−1, k2= 108 m3 mol−1 s−1) and highest dose and dose rate (50 Gy,
150 Gy s−1). All three tested values of k2made up the three highestmeasuredOER shifts, and all values of ks
appeared in the highest nine shifts, with no change in the remaining parameters. This gives an indication of the
parameters with the least impact on thismeasured outcome.

Figure 5 shows that in this parameter space,ΔOERgenerally increasedwith increasing dose and dose rate, as
expected.No significant shifts were observed for the lowest tested dose rate of 0.1 Gy s−1, or the lowest dose of
2 Gy. Even for themaximumdose rate of 150 Gy s−1 a dose of15 Gywas required forΔOER1.0. For the
maximumdose of 50 Gy a dose rate of50 Gy s−1 was required. This suggests both dose and dose rate are
important in achieving a sparing effect.

It is also clear from the stark difference in colour scale along the k1 axis that this parameter has a strong
impact onΔOER.No significant shift wasmeasured for k1= 1× 10−4mol m−3 Gy−1

—even atmaximumdose
and dose rate values,ΔOERdid not exceed 0.4. Conversely for k2, the spread of darker lines along this axis shows
that large shifts weremeasured at all tested values, indicating the relative insignificance of this parameter in the
range of tested values.

Table 3.ExampleOER shift calculations for different dose rates.

Dose rate

(Gy s−1) AvgΔOER MaxΔOER

MaxΔOER

position (μm)

0.1 0.0033 (0.2%) 0.0087 (0.6%) 33

1 0.033 (2.2%) 0.086 (5.7%) 33

10 0.16 (9.5%) 0.50 (30%) 31

50 0.21 (12.2%) 0.77 (42%) 30

100 0.22 (13%) 0.83 (44%) 29

1000 0.22 (13%) 0.82 (44%) 29

11

Phys.Med. Biol. 66 (2021) 055020 BCRothwell et al



Thefirst four parameters infigure 5 determine the initial oxygen concentration in the system, as well as the
speed of recovery after radiation. The greatest shifts herewere generally observed for low values of p0 andDmol,
indicating greater sparing for cells that aremore hypoxic at the time of radiation.However, significant shifts also
demanded low values of k (i.e. a lowermetabolic consumption rate). It could therefore be interpreted that no
further sparing is available once the cells become too hypoxic, which could be the case for tumour tissue.

To investigate this hypoxic limit further andmodel amore tumour-like case, the system length, L, was
increased from20 to 100 μmto reflect an increased inter-capillary distance (from40 to 200 μm) and reduced
bloodflow in a hypoxic tumour core (Secomb et al 1993). Simulations were run using the steady state and
radiolytic parameters which gave the largestΔOER (∼1.3) in the parameter space infigure 5. It was found for
even the highest dose and dose rate values tested,ΔOERdid not exceed 0.2 for L= 100 μm, and so no significant
shift was observed.

As large shifts were observed for all tested values of ks, it is likely this is relatively insignificant for this
parameter space, whichwould suggest a zero-order approximation formetabolic ratemay be a reasonable
assumption.However, if we constrain the parallel coordinates plot to the lowest values of p0 andDmol and high
values of k (� 10−2mol m−3 s−1), significant shifts are only observed for the highest value of ks. This suggests ks
becomesmore important at low concentrations.

To compare with Zhou et al’s (2020) prediction that a clinical effect is observed for a 3% relative change in
radiosensitivity, themaximummeasured values ofΔOER correspond to relative shifts of∼50%. Shifts of�3%
weremeasured for approximately 1/6 of the total parameter space. This included only dose rates�50 Gy s−1,
but all values of other parameters.

4.Discussion

Aproof-of-conceptmodel of oxygen diffusion and reaction in cells has been presented. This provides a tool to
aid in the investigation of radiolytic oxygen depletion, which arises fromultra-high-dose-rate irradiation of cells
and is hypothesised to result in normal tissue sparing. Themodel is based on underlying principles of oxygen
kinetics, using Fick’s laws of diffusion to describe oxygen transfer from the blood supply into cells, and of
Michaelis–Menten-style kinetics tomodelmetabolic oxygen consumption in cells—an approach that is
generalised for any cellular oxygen concentration, but not often adopted in similarmodels due to the
complexities involved in obtaining a solution.Here, a numerical solutionwas obtained using a cellular
automaton. Similar reaction-diffusionmodels have been solved using variousmethods offinite difference (Pratx
andKapp 2019a). However, due to the nature of error propagation in this approach this type of solution can
often lead to instabilities and cannot as easily be partitioned into individual processes (Crank 1975). Themodel
can be expanded into two or three dimensions to account for the geometrical divergence of the oxygen flux
diffusing from the capillary, but at the expense of increased computational effort.

Figure 5.Parallel coordinates plots showing results from the parameter search. Vertical axes represent each parameter, with tested
values shown of the scale. Each line represents a simulation run using the combination of parameter values at each axis at which it
crosses. The colour scale shows themagnitude of inducedOER shift across the nodes.
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Anumber of assumptions have beenmade in the development of thismodel. Firstly, byfixing the boundary
condition at x= 0, we ignore the possibility that blood is affected by radiation. Although this limits investigation
into the perfusion-limited hypoxia scenario, themain focus of this present work is regarding howdiffusion-
limited hypoxia could be subject to the FLASH effect. Secondly, it was assumed that theHenry’s Law constant
used to convert dissolved oxygen concentrations into partial pressures was that of pure water (Blanch and
Clark 1997). If the salt solution concentration is increased, theHenry’s Law constant could differ by a factor of 2.
However, by overestimating the amount of dissolved oxygen thismakes the FLASH effect less likely, and so
provides aworst-case scenario. Thirdly, it is assumed that the relationship betweenOER and oxygen tension
applies to both tumour and normal tissue in the sameway (Grimes and Partridge 2015), and that this relative
change in radiosensitivity can be used as an indicator for potential tissue sparing.

We have also assumed lumped reactions for the radiation-induced consumption of oxygen. Although there
is a vast literature on the chemistry of radiolysis (Wardman 2020), this concentrates on individual reactions
which contribute to the consumption ofmolecular oxygen, while rarely considering the total consumption.
Sincewe are interested in the total consumption in this present work, we have not sought tomodel individual
reactions at this stage. Investigations into the dependence of the radiolyticmodel on oxygen concentrationwere
done, as there has been variation in similarmodels either using a zero-order (Pratx andKapp 2019a),first-order
(Petersson et al 2020), or two-stage approach (Zhou et al 2020). Similar results were obtained for the two-stage
and zero-order cases using various literature values for the radiolytic rate constants. The dose-dependent
production of radiolytic species in the two-stagemodel drives the depletion of oxygen in the second stage,
thereby tending towards the zero-order case where the rate of depletion is independent of initial oxygen
concentration (Weiss et al 1974). However, a zero-order reaction is unrealistic, and checks in the codewere
necessary to ensure the concentration did not become negative. Further investigations can determinewhether
this assumptionmay hold at very lowoxygen levels. Values for the depletion constant in the first-order case are
even less well-established, and large variation in the depletion levels was found for the range tested. This
thereforemay not be themost appropriatemodel to use untilmore conclusive radiolytic depletion
measurements aremade. In any case, the choice of radiolyticmodel remains aflexible featurewithin themodel
allowing for further investigation.

Themodel has been built using a number of parameters involved in the oxygen depletion process, including
those to dowith dose delivery, radiochemical depletion kinetics and inherent biological features of the tissue.
Herewe have assessed the impact of some of these parameters and used ranges of values from literature to
demonstrate the extent of possible outcomes. It was found just from the biological parameters that there is large
variation in possible steady-state conditions from literature, even before radiation is considered, with nodes
10 μmfrom the capillary being in a state ranging fromhypoxia to physoxia depending on themetabolic
consumption (figure 2) (McKeown 2014). These parameters are important to establish the initial oxygen
conditionswhich determine the potential for sparing. Precisemeasurements of the oxygen diffusion and
metabolic parameters are therefore essential to accuratelymodel oxygen depletion.

Further variation in outcome is obtainedwhenwe consider the dose depletion kinetics. For the two-stage
depletionmodel, the range in values for the radiolytic species production constant, k1, resulted in depletion
levels of between∼3%and∼30% for the same dose and dose rate (figure 3). This emphasises the importance of
an increased understanding of the radiochemistry underlying the FLASH effect—specifically, the leading
chemical reactions which drive the total rate of radiolytic oxygen depletion. From the example parameter space
given in figure 5, significant values ofΔOERwere onlymeasured for k1� 0.0005 mol m−3 Gy−1, but for all
tested values of k2, further corroborating this idea that oxygen depletion is driven by the production of radiation-
induced species in thefirst stage (Weiss et al 1974). Establishing accurate values for the radiolytic depletion rate
should be a focus for future experimental work.

Arguably themost important parameter in the context of FLASH radiotherapy, the impact of the dose rate
onΔOERwas assessed using themodel (figure 4). Significant increase inΔOERwas observed for increasing
dose rates up to∼100Gy s−1, but with no further increase at 1000 Gy s−1. The saturation of averageΔOERwith
dose rate supports the suggestion that a FLASH thresholdmay exist within 50–150 Gy s−1 (Vozenin et al 2018,
Spitz et al 2019, Zhou et al 2020), as well as the increase in FLASH effect between 30 and 100 Gy s−1 observed by
Montay-Gruel et al (2017). However, the results from the parameter search infigure 5 show that even at these
high dose rates, no significant shift was observedwithout a sufficiently high dose (∼15Gy). The results from
these investigations suggest that the 3%minimumchange in radiosensitivity to observe a clinical effect, used by
Zhou et al (2020), may be an underestimate. Although dose rates of50 Gy s−1 were required tomeet this
threshold, all values of the remaining parameters, including a dose of 2 Gy, were also sufficient. The largest
relative shiftsmeasured here reached up to∼50% (ΔOERof∼1.3). Compared to themaximumvalue of 61.5%
(ΔOERof 1.6) at which fully oxygenated cells become anoxic, these large shiftsmay further demonstrate the
feasibility of FLASH-induced oxygen depletion for a biologically-relevant range of parameter values.
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Fromboth early and recent literature there exists a threshold in initial oxygen tension for a FLASH effect
wherewe can achieve nearly full depletion of oxygen from a given radiation dose (Vozenin et al 2019).
Breakpoint survival curves have shown that a sparing effect only occurs when there is sufficiently high dose, or
sufficiently low initial oxygen tension (Nias et al 1969, Berry and Stedeford 1972). The saturating curve of relative
radiosensitivity plotted as a function of oxygen tension shows that a given level of depletionwill produce a
greater change in radiosensitivity if the initial oxygen level is on the edge of the shoulder of the curve
(at∼20mmHg) (Hall andGiaccia 2012). For cells that are toowell-oxygenated, the radiosensitivity is too
saturated to result in any shift, and for cells that are initially too hypoxic, there is less potential for a shift in
radiosensitivity before complete anoxia is achieved (it is assumed that the latter is the reason for a lack of FLASH
effect in already-hypoxic tumour tissue). It was found here that low values of capillary tension and diffusivity,
resulting in low oxygen tensions, produced greaterOER shifts. However, for the highestmetabolic consumption
rates considered, leading to further lowering of the initial oxygen tension, no significant shifts were observed.
Thismay indicate the limiting case for sparing availability, thus supporting this concept.

To further investigate this, and a potential differential effect in tumours compared to normal tissue, the
inter-capillary distancewas increased from40 to 200 μmto reflect the condition in a particularly hypoxic
tumour corewith reduced blood flow and thus oxygenation (Secomb et al 1993,Muz et al 2015). The parameter
combination from figure 5which gave the greatest OER shift (for an inter-capillary distance of 40 μm)was tested
again using a distance of 200 μm, resulting in a 85%decrease inΔOER from1.3 to 0.2. Increased inter-capillary
density in hypoxic tumoursmay therefore contribute to their differential response to FLASH irradiation
observed in literature (Favaudon et al 2014).

It is of interest in future studies to compare specific parameters for tumour and normal tissue to explore a
differential FLASH effect. However, there is a lack of well-defined and validated data for each case. For example,
reported values of oxygen consumption rates and diffusion constants in tumours and normal tissue span a
similar range (Vaupel et al 1989, Pogue et al 2001, Patzer 2004). Tumour heterogeneity (both for different types
of tumour andwithin a tumour), complex vasculature, and a lack of datamean that themodel parameters are
notwell-defined. Themodel therefore drives the need for validated tissue-specific data to verify specific cases
where a FLASH effect is or is not apparent. Regardless, it is generally established that tumours are usuallymore
hypoxic than normal tissue (Muz et al 2015). The results here predict enhanced sparing for tissue at relatively low
oxygen levels (such as the skin) but not for severely hypoxic regions (such as inmany tumours), particularly
thosewith highmetabolic rates or intercapillary distance.

AMichaelis–Menten-style approachwasused tomodelmetabolic oxygen consumption, due to the generality in
describingmetabolic effects fromarangeofoxygen tensions,with themetabolic saturationpoint being consistentwith
the conceptof hypoxia. Forks?C, the kinetics becomefirst-order in concentration, and for ks=C, becomezero-
order.Results here showed thatkhas a significantly greater impactonΔOERthanks, indicating that a zero-order
approachmaybeanappropriate assumption inmost cases (Place et al2017).However, as the resultswere constrained
to lowoxygenconcentrations, the importanceof ksbecameapparent. Several recent reaction-diffusionmodels assume
zero-ordermetabolic consumption (Gerlee andAnderson2010,Grimes et al2014,Aleksandrova et al2016,Pratx and
Kapp2019a), and so caution shouldbe taken indescribingmetabolic consumptionat lowoxygen levels (particularly for
FLASH-related investigationswhere the concept ofhypoxia becomes important).

A further point inwhich this present work deviates from recentmodels is the use of an effective oxygen
diffusivity. Themolecular diffusivity often adopted does not consider the porous nature of tissue, and assumes
oxygen diffuses freely. Usingfirst-approximation values of tortuosity and voidage, it was found here that the
effective diffusivity varies from themolecular diffusivity by up to an order ofmagnitude, and results in steady-
state oxygen levels reduced bymore than 50%at 20 μmfrom the capillary (figure 2).Models which use the
molecular diffusivitymay therefore assume the oxygen tension in cells to be closer to the capillary tension,
perhaps overestimating physiological oxygen levels in normal tissue or determining a lower capillary tension
than necessary to result in FLASH sparing. For example, Pratx andKapp (2019a) proposed that only cells which
are sufficiently far from a capillary (75 μm)would experience a sparing effect fromFLASH radiation, thereby
hypothesising FLASH sparing to be driven by stem cells in particularly hypoxic niches (Pratx andKapp 2019b).
While our initial results agree that low initial tensions are necessary for a significant sparing effect, it is likely that
incorporating tortuosity and voidage into thismodel of oxygen depletionwould decrease predicted rarity of a
sparing effect in typical normal tissue.

One of the biggest limitations inmodels such as this in determining accurate quantitative results for oxygen
depletion is the uncertainty ofmeasured parameter values, both from the range of literature values reported and
from the uncertainties ofmeasurements themselves. One of themain aims of this studywas to demonstrate
some extent of this variation and how itmay impact predicted results. Themodel can be used to identify key
experimental data whichmust be acquired to validate FLASH-related hypotheses. For example, radiolytic
measurements of oxygen depletion from cellmedia or serumat different dose rates could determine the
radiolytic depletionmodel and associated rate constants. Oxygen consumption ratemeasurements at different
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oxygen concentrations for the tumour or normal tissue cell line of interest could verify theMichaelis–Menten
metabolic parameters. Generalmeasurements of tumour or normal tissue oxygenation levels in situwould be
useful to verify the steady state parameters for the specific tissue of interest. Continued FLASH in vitro and in vivo
studies using varied dose rate and dose are required to determine optimal delivery conditions to achieve a
FLASH effect. As pre-clinical data develops, these can be fed back to improve themodel further and verify
results.Well-established, tissue-specific parameters would be ideal to identify areas in the bodymore or less
likely to exhibit FLASH sparing, and to further explore a differential effect between tumour and normal tissue.

Further work using themodelmay involve further variation of existing parameters to create amore
comprehensive parameter space (requiring increased computational effort)with other parameters, such as the
nodewidth, tortuosity, voidage etc, included. Additional parameters can also be introduced to explore any
volume effects, different vasculature systems or bloodflow scenarios, the effect of different radiation pulse sizes,
fractionation regimes, or other deliverymodalities with variable spatial and timing characteristics. Themodel
has been designedwith scope for these kinds of development inmind, andwith flexibility to incorporate
additionalmechanisms if oxygen depletion is found to not provide a full explanation for the FLASH effect.

5. Conclusion

Wehave presented amodelling tool for FLASH-related investigations into radiolytic oxygen depletion. The
results from this study recommend that the FLASH effect should not be considered as having a threshold solely
in dose rate. For a significant shift in radiosensitivity, it was found here that the dose and radiolytic depletion
ratesmust also be sufficiently high, and a number of biological parametersmust combine to give an initial
oxygen concentration that is sufficiently (but not excessively) low. A sparing effect is therefore the result of a
multi-parameter situation.While FLASH studies have demonstrated the requirement for a low initial oxygen
concentration and high dose, we have presented a quantitative tool to determinemore precise values for
different scenarios. By establishing a clinically-relevant parameter space for FLASH radiotherapy, themodel can
be used to answermore complex questions surrounding themechanismunderlying the effect, and provide a
pathway to patient benefit via biologically-informed,model-based treatment planning.
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