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Overview

• Introduction to FLASH
• Potential mechanisms

• Modelling oxygen depletion 
• The importance of timescales

• Determining the FLASH parameter space

• Application to proton spot scanning
• Mechanism focus: modelling oxygen depletion in PBS

• Dose rate focus: defining dose rate and achieving FLASH dose rates.



Control
(0 Gy)

CONV
(17 Gy, 0.03 Gy/s)

FLASH
(17 Gy, 60 Gy/s)

Favaudon et al. 2014. Sci. Transl. Med.

• Ultra-high dose rate irradiation

FLASH: > 40 Gy/s

CONV: ~0.03 Gy/s

• Shown to have normal-tissue 

sparing capabilities

FLASH Radiotherapy: Introduction



• Ultra-high dose rate irradiation

FLASH: > 40 Gy/s

CONV: ~0.03 Gy/s

• Shown to have normal-tissue 

sparing capabilities

• No compromise on tumour 

control

FLASH Radiotherapy: Introduction

Favaudon et al. 2014. Sci. Transl. Med.



Potential Benefits:

• Normal tissue sparing capability 
• Studies suggest dose modifying 

factor of 1.2-1.5

• No compromise on tumour 
control
• Dose modifying factor of 1

• Full treatments/fractions in < 0.1s 

• Minimises motion during 
treatment
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Potential Benefits:

• Normal tissue sparing capability 
• Studies suggest dose modifying 

factor of 1.2-1.5

• No compromise on tumour 
control
• Dose modifying factor of 1

• Full treatments/fractions in < 0.1s 

• Minimises motion during 
treatment

Current Challenges:

• Technology/accurate dosimetry

• Clinical translation
• Protons?

• Multiple beams? Fractions? 

• Scanning/scattering to cover full target?

• …

• What causes FLASH? 

FLASH Radiotherapy: Introduction
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Day 0

Before radiotherapy

3 weeks 5 months



• FAST-01 Trial

• Feasibility study of 

FLASH for treatment 

of bone metastases 

• Protons

• Cincinnati 

Children’s/UC Health 

Proton Therapy Center
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• Impulse Trial

• Dose-escalation 

FLASH study for skin 

metastases from 

melanoma

• Electrons 

• Lausanne University 

Hospital (CHUV, 

Switzerland)

FLASH Radiotherapy: Introduction



What mechanisms are 

on offer?
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A lot of unknowns…

→ What can in silico modelling tell us?
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1. Diffusion of oxygen from a capillary

 Oxygen diffuses from nodes with high concentration to 

nodes with low concentration

 Rate of diffusion depends on concentration gradient and  

diffusivity 

Model: Reaction and Diffusion of O2



1. Diffusion of oxygen from a capillary

 Oxygen diffuses from nodes with high concentration to 

nodes with low concentration

 Rate of diffusion depends on concentration gradient and  

diffusivity 

2.1 Metabolic consumption of oxygen
 Reaction happening all the time within each node

 At high O2, consumption is constant

 At low O2, consumption ∝ amount available

2.2 Radiation-induced consumption of oxygen
 Reaction happening when radiation is ‘on’ 

 Radiolytic species are produced ∝ dose 

 Species react with O2 ∝ availability of each
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Model: Reaction and Diffusion of O2
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Conway’s Game of Life
For a space that is 'populated':

• Each cell with 1 or 0 neighbours 

dies, as if by solitude.

• Each cell with 4 or more 

neighbours dies, as if by 

overpopulation.

• Each cell with 2 or 3 neighbours 

survives.

For a space that is 'unpopulated'

• Each cell with 3 neighbours 

becomes populated.

Solution: Cellular Automaton



These simple sets of rules 
can lead to complex 
interactions…



Game of Life 

• 2D grid of cells

• State of cell changes at every 

timestep

• State of each cell:

• Characterised by ‘dead’ or ‘alive’

• Rules:

• Any live cell with 1 or 0 neighbours dies

• Any live cell with 4 or more neighbours dies

• Any live cell with 2 or 3 neighbours survives

• Any dead cell with 3 neighbours becomes 

live

Solution: Cellular automaton

Our model

• 1D grid of cells (‘nodes’)

• State of cell changes at every 

timestep

• State of each cell:

• Characterised concentration of oxygen, [O2]

• Rules:

• Any cell with [O2] greater than its neighbour 

exchanges O2 (diffusion)

• Every cell consumes O2 via metabolic equation.

• If radiation is ‘on’, radiolytic species are produced. 

If O2 is available, species react with O2. 



Hypoxia

Oxygen depletion



Conventional 
radiotherapy 
(0.03 Gy/s)

FLASH (40 Gy/s)
Distance from 
capillary (μm)

Oxygen depletion



∆𝑂𝐸𝑅𝑚𝑎𝑥 2.6 → 1 = 1.6

∆𝑂𝐸𝑅~ 0∆𝑂𝐸𝑅~0.5

∆𝑝~ 10 mmHg∆𝑝~ 10 mmHg

Grimes et al. Br J Radiol. 2017; 
90:20160939

Partial Pressure (mmHg)
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𝑂𝐸𝑅 =
𝐶𝑒𝑙𝑙 𝑘𝑖𝑙𝑙 𝑖𝑛 𝑜𝑥𝑖𝑐 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

𝐶𝑒𝑙𝑙 𝑘𝑖𝑙𝑙 𝑢𝑛𝑑𝑒𝑟 𝑎𝑛𝑜𝑥𝑖𝑎

→

Oxygen depletion: change in radiosensitivity
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Delivery Parameters Radiochemical ParametersBiological Parameters

O2 effective diffusivity

Diffusion of O2

𝐷𝑒𝑓𝑓 =
𝐷𝑚𝑜𝑙 𝜀

𝜏

𝜀 = voidage
𝜏 = tortuosity

Oxygen depletion: parameters involved



Delivery Parameters Radiochemical ParametersBiological Parameters

O2 effective diffusivity
Capillary O2 tension

Metabolic O2 consumption rate
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Changing the diffusivity 

Rothwell et al. 2021. Phys. Med. Biol.

Oxygen depletion: biological parameters



Changing the diffusivity 

Changing the capillary tension 

Rothwell et al. 2021. Phys. Med. Biol.

Oxygen depletion: biological parameters



Delivery Parameters

Dose
Dose rate

Radiochemical ParametersBiological Parameters

O2 effective diffusivity
Capillary O2 tension

Metabolic O2 consumption rate

𝑟𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 =
𝑘𝐶

𝑘𝑠 + 𝐶

Oxygen depletion: parameters involved



Dose = 10 Gy

Rothwell et al. 2021. Phys. Med. Biol.

Oxygen depletion: dose rate



Delivery Parameters

Dose
Dose rate

Radiochemical Parameters

Radiolytic depletion rate (k1 and k2) 

Biological Parameters

O2 effective diffusivity
Capillary O2 tension

Metabolic O2 consumption rate (k
and ks)

𝑟𝐴 = 𝑘1  𝐷 − 𝑘2 𝐴 𝐶

𝑟𝑂2 = −𝑘2 𝐴 𝐶
𝑟𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 =

𝑘𝐶

𝑘𝑠 + 𝐶

Oxygen depletion: parameters involved
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Application to proton 

pencil beam scanning
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Passively scattered protons Pencil beam scanning protons

Proton PBS: comparing delivery patterns



Proton PBS: treatment planning for FLASH





Voxel Number



*actual voxels are ~5 

times smaller than this…



Voxel Number
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Voxel Number

We can stretch 

the influence 

matrix knowing 

the time at which 

each spot is 

delivered and 

the length of 

each delivery…



T
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e

Voxel Number

Looking at any 

column we can 

see the time 

characteristics of 

dose delivery for 

a given voxel.



Distance from 
capillary (μm)

Where before a 

single exposure 

was modelled, 

we can now look 

at the effect of a 

time varying 

exposure…
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Proton PBS: modelling oxygen depletion 

Rothwell et al. 2021, Radiation



Beam 2

Beam 4

Beam 1

Beam 3GTV

y 
(m

m
)

Base of skull, 70.2 Gy

x (mm)

Proton PBS: modelling oxygen depletion

Rothwell et al. 2021, Radiation
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Proton PBS: Dose rate



Proton PBS: Dose rate

Folkerts et al.: A framework for defining FLASH dose rate for PBS



Proton PBS: Dose rate



Dose average 
rate

Time average 
dose rate

Dose threshold 
dose rate

Dose

Kang et al. Quantitative Assessment of 3D Dose Rate for Proton Pencil Beam Scanning 

FLASH Radiotherapy and Its Application for Lung Hypofractionation Treatment Planning

Proton PBS: Dose rate



• In this model we haven’t abstracted to dose rate – knowing what 
dose rate is important will depend on mechanism. E.g. what is the 
time for recovery from conditions necessary to observe the FLASH 
effect 

• Can also consider the effect of different energy layers – and can 
understand what we are comparing against clinically.
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Proton PBS: treatment planning for FLASH



VMAT ▲ FLASH PBT ■

Proton PBS: treatment planning for FLASH
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Proton PBS: treatment planning for FLASH
Transmission plans: 

• Single 245 MeV layer

• Optimised spot weights
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Proton PBS: spot reduction



Proton PBS: spot reduction

Van de Water et al. Towards FLASH proton therapy: the impact of 

treatment planning and machine characteristics on achievable dose rates
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Proton PBS: modelling oxygen depletion

Rothwell et al. 2021, Radiation



• Could also look to apply model to investigate:
• Tumour vs normal tissue (incorporate tissue-specific parameters)

• FLASH treatment plans

• Other modalities with variable spatial/timing characteristics, e.g. minibeams

Proton PBS: modelling oxygen depletion



Summary
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