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Abstract 

Background 
Recent demonstrations of normal tissue sparing by high dose, high dose rate FLASH radiotherapy have 

driven considerable interest in its application to improve clinical outcomes. However, there remains 

significant uncertainty about the underlying mechanisms of FLASH sparing, and how deliveries can be 

optimised to maximize benefit from this effect. Rapid oxygen depletion has been suggested as a 

potential mechanism by which these effects occur, but has yet to be quantitatively tested against 

experimental data. 

Methods 
Models of oxygen kinetics during irradiation were used to develop a time-dependent model of the 

Oxygen Enhancement Ratio (OER) in mammalian cells that incorporates oxygen depletion. The 

characteristics of this model were then explored in terms of the dose- and dose rate dependence of 

the OER. This model was also fit to experimental data from both in vitro and in vivo datasets. 

Results 
In cases of FLASH radiotherapy, this model suggests that oxygen levels can be depleted by amounts 

which are sufficient to impact on radiosensitivity only in conditions of intermediate oxygen tension, 

with no effect seen at high or very low oxygen levels. The model also effectively reproduced the dose, 

dose rate and oxygen tension dependence of responses to FLASH radiotherapy in a range of systems, 

with model parameters compatible with published data. 

Conclusions 
Oxygen depletion provides a credible quantitative model to understand the biological effects of FLASH 

radiotherapy and is compatible with a range of experimental observations of FLASH sparing. These 

results highlight the need for more detailed quantification of oxygen depletion under high dose rate 

radiation exposures in relevant systems, and the importance of oxygen tension in target tissues for 

FLASH sparing to be observed. 
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Introduction 
The tissue-sparing effects of FLASH radiotherapy – large doses of radiation delivered at extremely high 

dose rates (tens of Gray per second or more) – have been the subject of considerable interest following 

recent experimental data showing that it can effectively preserve normal tissues while retaining anti-

tumour efficacy (1, 2). The exact mechanism of the FLASH effect is subject to debate, as the dose rates 

where the effect is observed are significantly faster than those associated with radiobiological 

processes such as repair and repopulation, but still orders of magnitude slower than those where 

inter-track physical interactions may have an impact. 

As a result, a major topic of interest has been the impact of FLASH exposures on radiation chemistry, 

in particular involving the depletion of oxygen. Oxygen plays a significant role in determining radio-

sensitivity, through the Oxygen Enhancement Ratio (OER) (3–8), where well-oxygenated cells are more 

sensitive to ionising radiation than fully hypoxic cells, by approximately a factor of three. Under normal 

circumstances, oxygen tension does not vary significantly during radiotherapy as the rate of oxygen 

degradation is significantly slower than that of oxygen replenishment from the surrounding 

environment.  

However, significant research over the past fifty years in bacteria, mammalian cell lines, and small 

animal models has demonstrated that, at very high dose rates, depletion of oxygen can lead to 

significant sparing (9–17). Despite these early results, ultra-high dose rate irradiation was not 

translated into a clinical treatment technique. However, greater availability of ultra-high dose rate 

irradiation systems together with a number of published studies demonstrating FLASH effects have 

renewed interest in this field (18–23), with several groups suggesting radiation-induced oxygen 

depletion as a potential mechanism.  

Significant questions remain regarding the implications of this model on the underlying features of the 

FLASH effect. These include if it has thresholds for dose, dose rate or total delivery time, and how it 

delivers a differential toxicity between normal and tumour tissues.  

In this work, we update models of time-varying OER from previous literature to describe how they can 

be applied in mammalian cells, and fit them to both in vitro and in vivo datasets. The predictive power 

of the model was evaluated to provide initial estimates of key radiation response parameters including 

the oxygen depletion and recovery rates in biological systems. Finally, we discuss the implications of 

this model for potential clinical exploitation of the FLASH effect. 

Methods 

Oxygen Kinetics 
The kinetics of oxygen under high-dose and high dose rate irradiation have previously been studied in 

a number of systems, and are used as the basis of a simplified model of O2 availability. A number of 

models of oxygen kinetics in irradiated systems have been proposed, including depletion which is 

linear in dose, or through first- or second-order reactions with radiation products (12, 14, 16, 24). For 

exposures carried out in pure water or dilute solutions, experimental measurements and 

computational models of dissolved oxygen suggest oxygen depletion is independent of O2 

concentration down to very low concentrations (14, 25). However, within cells and tissues, a large 

number of other molecules are present which can interact with radiolysis products, potentially altering 

these kinetics by introducing competition for reactions with dissolved oxygen.   

For this analysis, we investigated both first-order and concentration independent interaction rates 

between radiation and dissolved oxygen. The first-order model is presented below, with the 

concentration independent model presented in the Supplementary Information. The first-order 
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interaction rate is defined in terms of oxygen depletion scaling with the dose rate and current oxygen 

concentration. That is:  

𝑑𝑂

𝑑𝑡
= −𝑔�̇�𝑂 1 

Where 𝑂 is the current oxygen concentration, �̇� is the dose rate, and 𝑔 is the depletion rate constant 

which takes units of Gy-1.  

This oxygen depletion is in competition with reoxygenation (from the surrounding atmosphere in cell 

culture, or nearby blood vessels in vivo). In the in vitro case, cells are contained in media which can be 

reoxygenated through gas exchange with the surrounding air, which can be approximated as a first-

order diffusion process depending on the difference in oxygen concentrations (14), that is:  

𝑑𝑂

𝑑𝑡
= 𝜆(𝑂𝑒𝑛𝑣 − 𝑂) 2 

Where 𝑂𝑒𝑛𝑣 is the (micro-) environmental oxygen tension in the absence of irradiation and 𝜆 is the 

oxygen recovery rate. A fully detailed model of in vivo oxygen diffusion would necessarily be very 

complex, having to account for parameters such as blood flow, haemoglobin level, diffusion of oxygen, 

and any potential damage to blood vessels by irradiation. As a first approximation, we have considered 

applying the same first-order kinetics to determine how well this simplest model can reproduce in vivo 

observations.  

Equations 2 and 3 can be combined into a single expression describing the behaviour of oxygen under 

irradiation, as: 

𝑑𝑂

𝑑𝑡
= −𝑔�̇�𝑂 + 𝜆(𝑂𝑒𝑛𝑣 − 𝑂) = −(𝑔�̇� + 𝜆)𝑂 + 𝜆𝑂𝑒𝑛𝑣 = −𝛾𝑂 + 𝜆𝑂𝑒𝑛𝑣 3 

Here, 𝛾 = 𝑔�̇� + 𝜆 has been introduced as a simplifying term to represent the rate of change in 𝑂2 

concentration when exposed at a particular dose rate. This expression can be solved to give: 

𝑂(𝑡) = 𝑂𝑒𝑛𝑣 (
𝜆

𝛾
+ (1 −

𝜆

𝛾
) 𝑒−𝛾𝑡) 4 

That is, the oxygen level begins at the environmental concentration 𝑂𝑒𝑛𝑣, but falls exponentially with 

radiation exposure until it has been reduced by a factor of 𝜆/𝛾. Note this ratio is approximately 1 when 

the dose rate is small, but falls to zero as the dose rate increases.  

These parameters can be related to the delivered dose and dose rate in a number of ways. For 

example, a ‘characteristic dose’ can be defined as the dose which reduces the oxygen concentration 

to 1/𝑒  of its initial value in the absence of recovery, that is: 𝐷𝑐 =
1

𝑔
, where 𝐷𝑐 is the characteristic 

dose. Similarly, a ‘characteristic dose rate’ of a system can be defined as that needed to give a 

significant reduction in the oxygen concentration at equilibrium. If a threshold of 50% is set, then this 

can be shown to be 𝐷�̇� =
𝜆

𝑔
, where �̇�𝑐 is the characteristic dose rate. As will be seen below, for 

significant FLASH effects to be seen, both the delivered dose and delivered dose rate should be greater 

than 𝐷𝑐 and �̇�𝑐, respectively. 

Oxygen tensions are reported in a number of ways, including as O2 concentration as a fraction of 

atmospheric pressure, or partial pressures in terms of mm of mercury (mmHg). In this work, oxygen 

concentrations have been reported in these units based on a pressure of 1 atmosphere and 

temperature of 37 C. In principle, these values can also be converted into molar concentrations of 
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oxygen (i.e. Moles/L), but this requires knowledge of the solubility of oxygen in these systems, which 

remains poorly determined (26). 

Oxygen Enhancement Ratio 
OERs are typically specified as a simple sigmoid function of the environmental oxygen level. A number 

of parameterisations are used, with among the most common being (4, 27): 

𝑂𝐸𝑅 =
𝐾 + 𝑚𝑂𝑒𝑛𝑣

𝐾 + 𝑂𝑒𝑛𝑣
5 

Where 𝑚 is the maximum OER (typically ≈ 3) and 𝐾 is the oxygen tension at the midpoint of the OER 

curve. However, this assumes that the oxygen level does not vary significantly throughout the 

exposure. If it does, we must instead consider how the OER varies as a function of time, and integrate 

this throughout the irradiation to generate an averaged OER. Specifically, the averaged OER for a dose 

delivered at a constant rate of �̇� for a time 𝑇 can be expressed as:  

𝑂𝐸𝑅̅̅ ̅̅ ̅̅ =
1

𝑇
 ∫

𝐾 + 𝑚𝑂(𝑡)

𝐾 + 𝑂(𝑡)
 𝑑𝑡

𝑇

0

6 

Where T is the total time of the irradiation, and 𝑂(𝑡) is the time-varying oxygen concentration as 

defined above. This approach assumes that damage caused by irradiation is determined by the oxygen 

concentration at the moment it is delivered. In reality, experiments investigating the impact of 

reoxygenation showed that damage is fixed by reaction with O2 over a very short period immediately 

following irradiation (28). Fixing of damage was seen to occur with a half-life of around 500 μs in 

bacteria (29), and was seen to be largely complete within 5 ms in mammalian cells (30).  In practice, 

this would act to slightly modify the OER for the most rapid exposures, but this effect is typically small 

as reoxygenation kinetics are believed to happen over much longer timescales. 

Equation 6 can be integrated to give a (somewhat unwieldly) analytic expression for the averaged 

time-varying OER of: 

𝑂𝐸𝑅̅̅ ̅̅ ̅̅ = 3 −
2𝐾

𝑇(𝛾𝐾 + 𝜆𝑂𝑒𝑛𝑣)
log (

(𝛾 − 𝜆)𝑂𝑒𝑛𝑣 + (𝛾𝐾 + 𝜆𝑂𝑒𝑛𝑣)e𝛾𝑇

𝛾(𝐾 + 𝑂𝑒𝑛𝑣)
) 7 

Here, we have fixed the maximum OER of 𝑚 = 3 for simplicity. It can be seen that when 𝑇 is small or 

the rate of change parameter 𝛾 ≈ 𝜆 (that is, the depletion rate 𝑔�̇� is much smaller than 𝜆), the average 

OER approaches the constant OER for environmental oxygen levels. At high dose rates and times, it 

instead approaches the OER for an oxygen level of 𝑂𝑒𝑛𝑣𝜆/𝛾, the equilibrium concentration under 

irradiation. The exact value of 𝑂𝐸𝑅̅̅ ̅̅ ̅̅  is a complex function depending on the interplay between the 

initial oxygen level, the dose rate, and the total dose delivered (via the exposure time 𝑇).  

In vitro analysis 
To test this model’s predictive power, it was fit to a dataset investigating the clonogenic sensitivity of 

DU-145 prostate cancer cells to either conventional (14 Gy/min) or FLASH (600 Gy/s) 10 MeV electron 

irradiation using a modified Elekta Precise Linac (31) at a range of oxygen tensions (32). This includes 

full dose-response curves under oxic conditions (20% atmospheric content, equivalent to 150 mmHg) 

and hypoxia (1.6% O2, 12 mmHg) and a series of exposures to 18 Gy at different oxygen tensions. All 

of the data was included in a weighted nonlinear regression fit, using the standard LQ model of cellular 

response to predict survival under each condition, and accounting for varying OER through oxygen 

depletion using equation 7 above.  
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A total of four parameters were fit to this data set: the LQ parameters 𝛼 and 𝛽 for response under 

oxic conditions at conventional dose rates, the oxygen depletion rate 𝑔 and the mid-point of the OER 

curve, 𝐾. Due to limitations in the dataset it was not possible to fit the recovery rate of oxygen 

explicitly, so 𝜆 has been fixed at a constant value of 1 s-1.  

In vivo analysis 
To investigate the model’s predictive power in an in vivo model, the time-varying OER was applied to 

published data on neuroprotective effects following FLASH whole-brain irradiation (2). In this study, 

mice were irradiated to a dose of 10 Gy at a range of different dose rates using customised 4.5 or 6 

MeV electron Linacs. After two months, their neural function was evaluated in the Novel Object 

Recognition test, testing their preference for investigating novel objects. 

Effective delivered doses were calculated using the time-varying OER above, varying the oxygen 

recovery rate 𝜆. As corresponding dose response curves were not available, OER parameters were 

matched to the in vitro analysis (𝐾 = 1.0% O2, 𝑚 = 3), and the magnitude of response was modelled 

as a simple linear function of dose, that is Δ𝑅𝑅 = 1 −
𝑂𝐸𝑅̅̅ ̅̅ ̅̅ ×𝐷

𝐷0
, where Δ𝑅𝑅 is the change in recognition 

ratio, 𝐷 is the physical dose delivered which is scaled by the average oxygen enhancement ratio  𝑂𝐸𝑅̅̅ ̅̅ ̅̅ , 

and 𝐷0 is a rate defining the dose response of this test. For this analysis, it was assumed that the 

oxygen concentration in the brain tissue was 3.4% (26 mmHg), as reported in previous studies (33).  

Alternative Oxygen Kinetics Models 
As noted above, the exact kinetics of oxygen depletion and recovery remain somewhat uncertain. To 

test if alternative oxygen depletion models qualitatively impacted on these predictions, 𝑂𝐸𝑅̅̅ ̅̅ ̅̅  was also 

simulated under the assumption that the depletion of O2 is directly proportional to the delivered dose, 

independent of oxygen concentration. Results on this analysis are presented in the Supplementary 

Information. 

Results 

Oxygen Kinetics 
The variation of oxygen under different irradiation conditions can be simulated by applying this oxygen 

kinetic model. These rates are illustrated in Figure 1, for a region initially containing O2 at 5% of 

atmospheric concentration (38 mmHg), exposed to dose rates ranging from 0.1 to 100 Gy/s. Here, the 

critical dose has been set to 10 Gy and the dose rate to 30 Gy/s, corresponding to 𝑔 = 0.1 Gy-1 and 

𝜆 = 3 s-1.  

Irradiation at low dose rates (where 𝑔�̇� is much smaller than 𝜆) shows negligible impacts on oxygen 

levels, but more rapid deliveries are associated with more significant depletion of oxygen. At very high 

dose rates, this can lead to the removal of the majority of free oxygen in less than a second, potentially 

resulting in significant changes in the average oxygen levels seen during FLASH exposures. 

Figure 1b presents how these effects depend on the delivered dose. For all dose rates, the initial slope 

of oxygen depletion with dose is identical (proportional to the delivered dose times 𝑔), but the curves 

plateau at different levels as oxygen recovery becomes significant. Thus, combinations of both high 

doses and high dose rates are needed to significantly deplete oxygen in a way which will impact on 

OER. 

Average Oxygen Enhancement Ratio 
Figure 2 shows the relationship between environmental oxygen levels and  𝑂𝐸𝑅̅̅ ̅̅ ̅̅  for different 

irradiation conditions. At low doses and dose rates, the model predicts that 𝑂𝐸𝑅̅̅ ̅̅ ̅̅  is equal to 



A quantitative analysis of the role of oxygen tension in FLASH radiotherapy 7 

conventional OER with an oxygen concentration of 𝑂𝑒𝑛𝑣. Similarly, at high oxygen concentrations, 

even relatively large doses do not substantially deplete the available oxygen and there is no significant 

impact on  𝑂𝐸𝑅̅̅ ̅̅ ̅̅ . 

However, as oxygen levels are reduced (to 1-5% of an atmosphere, 5-40 mmHg) oxygen depletion can 

become a significant factor, leading to a lower  𝑂𝐸𝑅̅̅ ̅̅ ̅̅  than predicted from the initial O2 concentration. 

This is potentially biologically relevant as many cells in normal tissues are at this intermediate oxygen 

level, termed ‘physoxia’ (33). Significantly, at these intermediate oxygen levels the effect depends on 

the dose rate (Figure 2a) and the total dose (Figure 2b), which both have to be sufficiently large to 

deliver significant FLASH-related sparing. Finally, at lower oxygen concentrations, these curves begin 

to converge once again as the depletion of oxygen in cells beginning at extremely level of O2 does not 

substantially impact on overall sensitivity (7).  

These overall trends are shared between any oxygen depletion and recovery parameters, with the 

values determining the thresholds at which FLASH effects are observed, and the degree of protection 

they offer. While these curves qualitatively agree with experimental observations of FLASH 

radiotherapy, fitting to experimental data is required to quantitatively characterise model parameters 

In vitro analysis 
Figure 3 presents an analysis of FLASH radioprotection in DU145 cells. As previously reported, these 

results show no statistically significant difference is seen between FLASH and conventional exposures 

at high oxygen levels (extra sum-of-squares F-test, p=0.16), while significant differences are seen 

between dose rates under hypoxia (extra sum-of-squares F-test, p=0.013). Moreover, this figure 

shows that the oxygen depletion model (lines) can effectively reproduce observed trends with dose, 

dose rate and oxygen tension. 

In particular, the model accurately reflects the fact that there is negligible difference between the 

responses to both modalities in oxic conditions, while showing that they begin to separate at higher 

doses in hypoxic conditions due to oxygen depletion (Figure 3a). It also reproduces the experimental 

OER curves as a function of oxygen concentration for conventional and FLASH dose rates (Figure 3b). 

The best-fitting parameters were 𝛼 = 0.12 ± 0.03 Gy-1, 𝛽 = 0.027 ± 0.002 Gy-2, 𝑔 = 0.053 ± 0.01 

Gy-1 and 𝐾 = 1 ± 0.1 %O2 (7.6 mmHg) for fixed parameters of 𝜆 = 1 s-1 and 𝑚 = 3.  

These results correspond to a characteristic dose of approximately 18 Gy, and a characteristic dose 

rate of 18 Gy/s. However, as only very low and high dose rates are represented in this dataset, these 

fits do not depend strongly on the value for 𝜆, with recovery rates from 0.1 to 20 s-1 giving 

approximately the same fitting results (corresponding to characteristic dose rates between 2 and 400 

Gy/s).  

In vivo analysis 

Figure 4 compares the variation in the Novel Object Recognition ratio to the variation in  𝑂𝐸𝑅 ̅̅ ̅̅ ̅̅ ̅at a 

range of dose rates, providing an estimation of the dose rate response in this system. Once again, the 

oxygen depletion model is able to effectively reproduce the dose rate dependence of these effects, 

with a best-fitting oxygen recovery rate of 𝜆 = 7.9 ± 4 𝑠−1. This data clearly shows the onset of the 

FLASH effect as the dose rate becomes similar in magnitude to the recovery rate, and saturation at 

higher dose rates when the dose is delivered in times much shorter than the oxygen recovery rate, as 

observed experimentally.  

As reference dose-response curves are not available for this system, it is not possible in this analysis 

to explicitly determine the oxygen depletion rate 𝑔. As a result, the modelled dose is currently plotted 

in arbitrary units. However, as it can be seen that 10 Gy delivers a significant FLASH effect in this 
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system, it suggests that the oxygen depletion rate is somewhat higher than that observed in the in 

vitro system, potentially indicating the influence of chain reactions which amplify the depletion of 

oxygen in the system, or the involvement of other tissue-specific effects (18). Possible implications for 

𝑔 in vivo are discussed in more detail below. 

Discussion 
The ability of radiation delivered at high dose rates to deplete available oxygen and induce sparing is 

not a new concept, with results from past decades providing substantial evidence of these effects in 

bacterial (12, 14) and small animal models (15). Here, we have revisited these models in the context 

of recent reports of FLASH radiotherapy sparing, and demonstrated that they are able to effectively 

reproduce many of the observed trends seen in experimental investigations of this effect.  

This model is deliberately simplified, implementing the minimal possible mechanisms of oxygen 

depletion and recovery, together with an OER-dependent protection mechanism. In reality, neither 

oxygen depletion nor recovery are likely to be driven through single mechanisms as presented here. 

Higher-order contributions from processes such as the dismutation of superoxides or radical-radical 

recombinations in lipids may alter the overall kinetics of oxygen in irradiated systems (18). Similarly, 

there may be other, currently unaccounted-for, differences in the types of genetic damage caused at 

ultra-high dose rates, which cannot be definitively ruled out in the current analysis. However, the fact 

that the model reproduces observed trends in a range of systems suggests that these higher-order 

processes are not a major contribution to the FLASH effect, and may be difficult to distinguish from 

dose and dose rate studies alone. 

From this model, we can make the following observations about the effects of oxygen depletion in 

FLASH: 

i) The FLASH effect depends on a combination of both high dose and dose rate. Even in the absence 

of oxygen recovery, sufficient dose is needed to deplete available oxygen, as highlighted by the 

gradual separation of the hypoxic curves in Figure 3a at higher doses. Alongside this, sufficiently high 

dose rates are necessary to deplete available oxygen more rapidly than it can be recovered. The exact 

dose- and dose rate thresholds depend on the kinetics of oxygen within the system. 

ii) It is the total dose rate across the entire exposure, rather than the instantaneous dose rate, which 

is of particular relevance in driving oxygen depletion relevant to FLASH effects. No significant 

difference is seen in response between high doses rates delivered continuously and in a series of 

pulses (see Supplementary Information). In cases with a high instantaneous dose rate but low total 

dose rate (such as delivery of radiation in pulses from a conventional Linac), recovery between pulses 

will mitigate any oxygen depletion within pulses and prevent FLASH sparing. This may pose a challenge 

for modern, modulated radiotherapy approaches, where treatments comprising multiple fields whose 

delivery is separated by even a second may completely abrogate the benefits of high dose rates. 

iii) FLASH effects are not expected to be observed at atmospheric O2 levels. Even for instantaneous 

deliveries, the doses needed to deplete 20% oxygen to hypoxic conditions are on the order of tens to 

hundreds of Gray, This is far outside a practical radiobiological or therapeutic range, and may explain 

the absence of effect seen in some in vitro tests at high dose rates (34). In vivo sparing is observed 

because most tissues are at an intermediate oxygen tension, termed ‘physoxia’, with median 

oxygenation levels ranging from 3-7% O2 (20-50 mmHg) (33). At this level, oxygen depletion becomes 

practical and contributes to radioresistance. This is supported by recent data which show that 

artificially increasing the oxygen tension in tissues mitigates FLASH sparing (20). 
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iv) Preservation of anti-tumour efficacy in vivo may be driven by the hypoxic core commonly seen in 

xenograft tumour models. Many tumours have a median oxygen tension less than 1% (7.6 mmHg), 

and almost all xenograft tumours have a significant fraction of fully hypoxic cells with negligible 

remaining oxygen (33, 35). These resistant hypoxic cells are believed to represent the majority of cells 

which survive irradiation and lead to tumour recurrence. As a result, even though FLASH sparing can 

be observed in cancer cells (as shown in Figure 3 (32)), depletion of any remaining oxygen in this highly 

hypoxic core does not significantly impact on observed tumour sensitivity.  

These results provide potential guidance for the use of FLASH radiotherapy in the clinic. This model 

supports current experimental observations that FLASH is an effect of both high doses and high dose 

rates, centrally driven by oxygen depletion. In addition, it can be seen that these overall trends do not 

strongly depend on the chosen model of oxygen depletion, with similar effects seen when alternative 

models are considered (see Supplementary Information). Further data is needed to statistically 

distinguish between different oxygen depletion models, and this analysis raises a number of questions 

critical for optimising FLASH delivery.  

Many of the key response parameters remain quite uncertain, particularly oxygen depletion and 

recovery rates, which makes it difficult to distinguish between possible models. At present, there are 

insufficient datasets available to directly experimentally determine or robustly fit all of these values 

for a single well-defined condition. It is known that the rate of oxygen depletion with radiation can 

strongly depend on the medium and cellular conditions (14). A broad range of estimates have been 

proposed for potential oxygen depletion rates, ranging from 0.04 /Gy in simple media (14) to more 

than 0.5 /Gy in cells when accounting for more complex radiochemical processes (18). These depletion 

rates would correspond to a broad range of predicted degrees of FLASH sparing. For example, for 10 

Gy delivered to the brain, this could range from approximately 10% sparing predicted by the oxygen 

depletion rate obtained in our fit to in vitro data, to a reduction in effective dose by nearly a factor of 

2 for the highest rates of depletion proposed in the literature (18).  

While reported FLASH sparing effects fall within this range (36, 37) the exact magnitude of the effect 

remains uncertain, and is potentially strongly condition-dependent. Early work suggested potential 

sparing effects equivalent to almost a four-fold reduction in dose, which could not be easily explained 

by hypoxia alone (1), while more recent studies have suggested protection factors on the order of 1.4-

1.8, which are more compatible with hypoxia as a driving mechanism (36). Further experiments 

designed and powered to accurately determine both dose- and dose rate dependence alongside any 

potential tissue-type specificity will be an important step in better understanding the role of oxygen 

depletion FLASH radiotherapy.  

Experiments specifically targeting particular aspects of radical biology in cells, such as through altering 

scavenging and processing of superoxides, would also prove valuable in quantifying precisely which 

processes are the key drivers of FLASH radiobiology. Similarly, a better understanding of the kinetics 

of reoxygenation in tissues following high dose rate radiotherapy would be necessary to fully 

understand FLASH effects in tissues. While a first-order approximation appears to capture the majority 

of the variation in in vivo observations (Figure 4), the true behaviour is likely significantly more 

complex, and there may be significant benefit in mapping out how these effects depend on local tissue 

and vasculature architecture (38–40). 

Finally, this model strongly suggests that the local oxygen availability is a key factor in the magnitude 

of the effect of FLASH radiotherapy, with significant sparing seen at intermediate oxygen tensions, but 

little at either very high or very low oxygen levels. While this effectively preserves efficacy in xenograft 

tumours which have substantial hypoxic fractions, it is possible that some better-oxygenated tumours 
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which are encountered clinically may see some unexpected sparing. As a result, careful consideration 

of tumour oxygenation may be important factor in early clinical applications of FLASH.  

Conclusions 
Models of radiation-induced oxygen depletion effectively reproduce the kinetics of FLASH 

radiotherapy observed in in vitro and in vivo endpoints. This provides an explanation for many of the 

observed trends in the FLASH effect, but also highlights significant uncertainties which remain in 

quantifying its benefit for clinical applications.  
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Figures 

 

Figure 1: High dose rate irradiation can significantly deplete the available oxygen in an irradiated 

system. a) Oxygen variation as a function of irradiation time. While low dose rates have only a minor 

effect on oxygen levels, higher dose rates can rapidly lead to significant depletion of oxygen in these 

systems. b) Oxygen concentration as a function of dose. Irradiations at different dose rates tend to 

see initially similar reductions in O2 levels, but plateau at different points based on the relationship 

between oxygen depletion and recovery. For instantaneous dose-delivery this becomes a simple 

exponential function of dose.   
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Figure 2: Variations in oxygen depletion can significantly alter OER curves. a) Variation in OER for a 

dose of 15 Gy delivered at different dose rates, for different initial oxygen levels. At 0.1 Gy/s, a 

standard OER curve is observed, but as the dose rate is increased reductions in OER are seen. b) 

Variation in OER at a dose rate of 15 Gy/s for different delivered doses. Again, at low doses a 

conventional OER curve is observed, but at higher doses the OER curves are shifted to the right as 

more oxygen is depleted during the exposure. In both scenarios, sparing is greatest at intermediate 

oxygen levels. 
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Figure 3: Oxygen depletion can effectively model FLASH effects in vitro. a) Survival of cells as a function 

of dose, at Conventional (14 Gy/min) and FLASH (600 Gy/s) dose rates, in oxic and hypoxic (1.6% O2, 

12 mmHg) conditions. Under oxic conditions there is no significant impact of irradiation at FLASH dose 

rates, while under hypoxia significant sparing begins to be seen as dose increases above 10 Gy. b) 

Observed OER as a function of environmental oxygen levels, for cells exposed to 18 Gy at normal and 

FLASH dose rates. Points are experimental data, while lines are model fits as described in the text.  
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Figure 4: Oxygen depletion can also describe response kinetics in vivo. Here, data describing changes 

in recognition ratio in the novel object recognition test (points (2)) following exposure to 10 Gy were 

compared to the change in modelled effect size predicted by scaling the delivered dose by the time-

varying 𝑂𝐸𝑅̅̅ ̅̅ ̅̅  (lines), which accurately reproduced the overall trend in response. The best-fitting 

oxygen recovery rate was found to be 𝜆 = 7.9 ± 4 s-1. 
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Supplementary Information 

Alternative OER Model 
In the main text, we have simulated FLASH oxygen depletion assuming that oxygen is removed at a 

rate proportional to both the current oxygen level and the delivered dose rate. However, alternative 

models are also possible. For example, some experimental data suggests that in isolated aqueous 

solutions, oxygen is depleted at a roughly constant rate with delivered dose, that is:  

𝑑𝑂

𝑑𝑡
= −𝑔�̇� S1 

Here, 𝑔 takes units of the form Moles/L/Gy or ( equivalently %/Gy or mmHg/Gy, depending on chosen 

units). If we assume the same model of oxygen recovery as used in the main text, then we can describe 

the total oxygen kinetics as: 

𝑑𝑂

𝑑𝑡
= −𝑔�̇� + 𝜆(𝑂𝑒𝑛𝑣 − 𝑂) S2 

Which can be solved to give a time-varying concentration of:  

𝑂 = 𝑂𝑒𝑛𝑣 −
𝑔�̇�

𝜆
(e−𝜆𝑡 − 1) S3 

As before, this assumes an initial concentration of 𝑂𝑒𝑛𝑣, which is depleted during the radiation 

exposure, to a minimum concentration of 𝑂𝑒𝑛𝑣 − 𝑔�̇�/𝜆 . Notably, in this model it is possible that this 

minimum concentration is less than 0% (that is, 𝑂𝑒𝑛𝑣 < 𝑔�̇�/𝜆). This is obviously unphysical, so oxygen 

concentration is floored at 0% when carrying out these simulations. 

This oxygen concentration prediction can be combined with the OER model as in the main text to 

provide an expression for the corresponding time-evolution of the OER, that is:  

𝑂𝐸𝑅̅̅ ̅̅ ̅̅ = 3 −
2𝐾

𝑇(𝜆(𝐾 + 𝑂𝑒𝑛𝑣) − �̇�𝑔)
(𝜆𝑇 + log (1 +

�̇�𝑔(1 − 𝑒−𝜆𝑇)

𝜆(𝐾 + 𝑂𝑒𝑛𝑣)
)) S4 

As for the linear oxygen depletion model, this reduces to the standard OER expression in the case of 

either low doses or dose rates (�̇�𝑔 or 𝑇 small), but falls with increasing dose delivery as oxygen is 

depleted. As above, a significant difference compared to the model in the main text is that the oxygen 

concentration can reach zero, at which point the OER becomes a constant value of 1. To take this into 

account, if the oxygen value reaches zero during an exposure, the total OER should be calculated as: 

𝑂𝐸𝑅̅̅ ̅̅ ̅̅ =
𝑇𝑐𝑟𝑜𝑠𝑠𝑂𝐸𝑅̅̅ ̅̅ ̅̅ (𝑇𝑐𝑟𝑜𝑠𝑠) + (𝑇 − 𝑇𝑐𝑟𝑜𝑠𝑠)

𝑇
S5 

Where 𝑂𝐸𝑅̅̅ ̅̅ ̅̅ (𝑇𝑐𝑟𝑜𝑠𝑠) is the average OER to the time when the oxygen concentration reaches 0% 

(𝑇𝑐𝑟𝑜𝑠𝑠), and 𝑇 the total exposure time. 𝑇𝑐𝑟𝑜𝑠𝑠 can be calculated as: 

𝑇𝑐𝑟𝑜𝑠𝑠 = − log (1 −
𝑂𝑒𝑛𝑣𝜆

�̇�𝑔
) /𝜆 S6 
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Alternative OER model results 
Figures S1 to S4 present results corresponding to figures in the main text, showing the kinetics of 

oxygen and OER under irradiation in this model. Overall, it can be seen that similar trends are 

predicted, although there are some quantitative differences between different model assumptions. 

As in the main text, Figure S1 begins from an oxygen level of 5% of atmospheric concentration (38 

mmHg), exposed to dose rates ranging from 0.1 to 100 Gy/s, with 𝑔 = 0.05 %/Gy (0.38 mmHg/Gy) 

and 𝜆 = 1 s-1. It shows that in this model the onset of oxygen depletion is relatively sharper with 

increasing dose rate, with low to moderate dose rates not impacting on oxygen availability to any 

measurable degree, but rapidly shifting to complete depletion between 10 and 100 Gy/s. However, 

based on this depletion rate from experimental data, this model suggests that the absolute rate of 

oxygen depletion as a function of dose is slower, requiring nearly 100 Gy to fully deplete O2. 

Figure S2 shows the dependence of 𝑂𝐸𝑅̅̅ ̅̅ ̅̅  on O2 concentration, dose- and dose rate. As in the main 

text, it predicts no effect at the highest or lowest O2 concentrations, but the kinetics at intermediate 

concentrations are quite different. In particular, rather than having a roughly equal separation for a 

given dose and dose rate at intermediate O2 concentrations, this model of oxygen depletion suggests 

curves increase in separation until quite low O2 concentrations, which would suggest the greatest 

effects are seen in highly hypoxic cells, which may not be compatible with some experimental 

observations. However, the exact degree of this sensitisation remains dependent on assumed model 

parameters.  

Once again, fitting to experimental data provides some insight into these parameters, as shown in 

Figure S3. Here, the alternative model also effectively reproduces dose response curves for a range of 

conditions, showing the onset of the FLASH effect in hypoxic conditions. The best-fitting oxygen 

depletion rate to this data is 𝑔 = 0.052 ± 0.008 % /Gy (0.4 mmHg/Gy). Interestingly, this depletion 

rate is in agreement with previous studies of irradiation in media, where rates between 0.043 and 

0.055 % /Gy (0.33 to 0.42 mmHg/Gy) have been reported (14, 16). However, this model does seem to 

under-estimate the observed degree of separation between the normal and FLASH irradiations at 

higher oxygen tensions (Figure S3b), but due to statistical uncertainties in the data this is not sufficient 

to clearly distinguish between the two models. 

Finally, Figure S4 shows that, although this oxygen depletion model predicts a somewhat steeper 

onset of the FLASH effect with increasing dose rate, this is still broadly compatible with the observed 

response in in vivo models of brain function, although the best-fitting oxygen recovery rate is similar 

to that in the other model (𝜆 = 7 ± 4 s-1). 

Together, these results indicate that while there are quantitative differences between these different 

oxygen depletion models, the key observations about the dependence of the FLASH effect on dose, 

dose rate and oxygenation status remain unchanged. Within the uncertainties in the available 

datasets, it is not possible to statistically distinguish between these models at present. Further 

experimental data, mapping out this parameter space in more detail, is needed to distinguish between 

these and other possible models of oxygen depletion in FLASH radiotherapy. 
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Pulsed vs continuous exposure 
In the applications presented in the main text, we have focused on exposures to continuous dose 

rates, as this facilitates the efficient analytic solution of the oxygen depletion and radiation protection 

equations presented in the main text. 

However, in practice, most FLASH exposures are delivered in a series of pulses (often lasting only a 

few μs), separated by relatively long inter-pulse spacing (often many ms). This will lead to some 

differences in the temporal structure of the oxygen depletion by radiation, but is not expected to 

significantly impact on the overall kinetics, assuming the pulse spacing is short compared to the 

kinetics of oxygen recovery. 

To demonstrate this, we numerically simulated oxygen kinetics following a series of pulsed exposures 

at 100 Gy/s, 30 Gy/s and 10 Gy/s. In each case, 1 μs radiation pulses were simulated, with 10 ms inter-

pulse spacing. The dose per pulse was set to 1, 0.3 and 0.1 Gy to achieve the desired dose rate. This 

simulation made use of the first-order oxygen depletion model presented in the main text, with model 

parameters fixed to the same values as used in Figure 1.  

As can be seen in Figure S5, the move to pulsed irradiation introduces some temporal structure at the 

very beginning of the exposure, where the irradiation time and pulse spacing are similar. However 

these differences rapidly diminish as the exposure time increases. In particular, when comparing 

exposures to a given total dose, there is no clear temporal structure, and the total degree of oxygen 

depletion is almost indistinguishable from that predicted by the continuous exposure model.  

This shows that the average dose rate is a good surrogate for oxygen depletion, provided the pulse 

spacing is not similar in size compared to the total irradiation time e.g. when delivering only one or 

two pulses.  
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Supplementary Figures 

 

Figure S1: Oxygen depletion kinetics with constant depletion rate. As in the main text, high dose rate 

radiation exposures can deplete available oxygen levels. In this case, the dependence on dose rate is 

stronger than when depletion is proportional to oxygen concentration, potentially depleting all oxygen 

at sufficiently high doses and dose rates.  
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Figure S2: Alternative oxygen depletion models also suggest significant OER alterations. However, 

while overall trends are again qualitatively similar to the main text, with no effect at very high or very 

low oxygen tensions, the behaviour at intermediate concentrations is different, showing potentially 

greatest separation at lower oxygen levels (at <1% O2, 7 mmHg).  
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Figure S3: Alternative oxygen depletion models can also effectively reproduce experimental 

observations. Dose dependence is well-reproduced as in main text (top). Fit as a function of varying 

oxygen concentration shows somewhat reduced separation compared to experimental data (bottom), 

however this deviation is not statistically significant.  
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Figure S4: Kinetics of oxygen depletion can also be similarly reproduced by this model. Here, a similar 

oxygen recovery rate provides the best fit (𝜆 = 7 ± 4 s-1), with a slightly steeper dose rate 

dependence, but the overall trends remain similar. 
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Figure S5: Oxygen depletion kinetics for pulsed and continuous exposure. Oxygen depletion was 

modelled using either continuous exposures or pulsed exposures (1 μs pulses, 10 ms spacing) at a 

range of dose rates. While some differences are observed at initial timepoints when the inter-pulse 

spacing is similar to the total exposure time, it can be seen that for any given delivered dose (bottom), 

the continuous exposure model very closely approximates the degree of oxygen depletion in the 

pulsed exposure.  

 


