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Outline

• The Promises: What is FLASH? Historical background

• The Mystery: Radiobiological mechanism    Does it really 
work? And how?

• The Challenges: 
– Dosimetry                 If it work, can we control  it?
– Dose Delivery          If It work and we can control it can we
– ( and  Planning ?)                      give it to patients?
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• What is FLASH?
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FLASH: an exploding topic
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“FLASH Radiotherapy” 
OR “Ultra-high dose rate” in Pubmed

• Dewey an Boag’59



The last 2 year boom
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FRPT 2021 – FLASH Radiotherapy and 
Particle Therapy Conference
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700 Participants!



Main Scope of Radiotherapy 
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Balance between desired effects (tumour control) 
and harmful effects (normal tissue damage) 
induced by radiation dose

TCPWC=
TCP(1-NTCP)

TCP NTCP

Battestini et al. subm. Front Oncol. 2021 

The Therapeutic
Window



FLASH RT: what’s that

• FLASH Radiotherapy, is a novel approach of 
radiotherapy using ultra-high dose rate 

(>40 Gy/s overall dose rate, for a total irradiation time <100 ms , 
but much higher rates (up to 109 Gy/s) during each pulse)

aiming to get unchanged tumor control and 
protection in the normal tissue.
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Potential for widening the therapeutic window 

TCPWC=TCP(1-NTCP)



The FLASH Effect
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Irradiation with ultra-high dose rate

Vozenin et al. 2019, 
Clin. Canc. Res. 

‣ Decreasing of the normal tissue response

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

‣ Preservation of the tumor responses

CONV FLASH



Radiobiology

Does it really work? And how?
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Dose Rate effect
in conventional Radiobiology 

1 rad= 1cGy
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Chromosome Aberrations

It is observed a sparing effect at decreasing dose rate (at very low dose rate – “protracted” 
irradiation) 
Mechanistic Explanation easy: Potentially Letal Damage allowed to be repaired



Ultrahigh Dose Rate Response and 
FLASH
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Durante et al. Br J Radiol 2019
𝐷𝑅𝐸𝐹 = &

𝐷(𝐷̇)
𝐷(𝐷̇!"#) $%&" "##"'(

Dose-Rate Effectiveness Factor

This we presently  
DON’T understand

This we understand
(sublethal damage 
repair etc..)



FLASH Basic questions:

• WHY this happens?
• How is it possible to justify  an “inverse” protective 

effect with increasing  dose rate?
• How is it possible to justify having it selectively for 

NT while maintaining unchanged  tumor control?

• WHEN (for which irradiation parameters) this 
happens?
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Dose Delivery time structure
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Esplen et al. PMB 2020
𝑛̇ =

𝑛)
𝑡*

Pulse frequency



Employed facilites
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Esplen et al. PMB 2020



Parameters for observing 
FLASH/noFLASH
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From: Montay-Gruel et al. Clin Cancer Res 2020
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Impact of Fractionation
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Montay-Gruel et al. Clin Cancer Res 2020
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Impact of Fractionation



Dose modifying factor: NT
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Wilson `Front Oncol 2020
Let’s be quantitative

DMF

𝐷𝑀𝐹𝑁𝑇 =
𝑇𝐷#"$%&'(

𝑇𝐷#")*+,

NTCP
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Wilson `Front Oncol 2020

Dose modifying factor: Tumor
Let’s be quantitative

𝐷𝑀𝐹𝑇 =
𝑇𝐷#")*+,

𝑇𝐷#"$%&'(

DMF
TCP



The first clinical result
• multiresistant CD30+ T-cell cutaneous lymphoma 

disseminated throughout the whole skin surface. 
• Localized skin RT previously used over 110 times for 

various ulcerative and/or painful cutaneous lesions 
progressing despite systemic treatments.

• Treatment  given to a 3.5-cm diameter skin tumor
with a 5.6-MeV linac specifically designed for 
FLASH-RT.

• Prescribed dose to the PTV = 15 Gy, in 90 ms. 

• Results: At 3 weeks, i.e. at the peak of the reactions, 
a grade 1 epithelitis (CTCAE v 5.0) along with a 
transient grade 1 oedema (CTCAE v5.0) in soft 
tissues surrounding the tumor were observed. 

• Clinical examination was consistent with the optical 
coherence tomography showing no decrease of the 
thickness of the epidermis and no disruption at the 
basal membrane with limited increase of the 
vascularization.

• In parallel, the tumor response was rapid, complete, 
and durable with a short follow-up of 5 months
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The first Clinical trial
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Breneman et al.
(with protons)



FLASH - depends on oxygen concentration
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2
3

Pierre Montay-Gruel,  et al. PNAS (2019)

Adrian et al.,
Br. J. Radiol. (2019)

Normoxia

Hypoxia

HeLa,
Weiss et al. 74 CHO,

Michaels et al. 78 

Known from the early FLASH experiments in the 60ies
confirmed in cell cultures, tail clamp exp., hyperbaric breathing …

In vitro In vivo



Immune system
driven

• the differential responses to ionizing radiation between normal and tumor tissues. Radiation Medicine 
and Protection, 1(1), 35-40.

• Jin J. Y., et al. FLASH Dose Rate Effect on Circulating Immune Cells: A Potential Mechanism for FLASH-
RT?. International Journal of Radiation Oncology, Biology, Physics, 2020, 108.3: S7.

• Jin, Jian-Yue, et al. "Ultra-high dose rate effect on circulating immune cells: A potential mechanism for 
FLASH effect?." Radiotherapy and Oncology 149 (2020): 55-62

Transient Hypoxia 
(O2 Depletion)

• G. Pratx, D. S. Kapp, A computational model of radiolytic oxygen depletion during FLASH 
irradiation and its effect on the oxygen enhancement ratio, PMB (2019)

• K. Petersson, et al. A quantitative analysis of the role of oxygen tension in FLASH 
radiotherapy, IJROBP (2020)

• G. Adrian, et al., The FLASH effect depends on oxygen concentration, Brit. J. Radiol. (2020)
• R. Abolfath, et al, "Oxygen depletion in FLASH ultra-high-dose-rate radiotherapy: A 

molecular dynamics simulation." Med. Phys. (2020).
• S. Zhou, et al. "Minimum dose rate estimation for pulsed FLASH radiotherapy: A 

dimensional analysis." Med. Phys. (2020).
• A. Hu, et al. "Oxygen depletion hypothesis remains controversial: a mathematical model of 

oxygen depletion during FLASH radiation."" subm.arXiv (2021)
• Zakaria, A. et al.. (2021). Transient hypoxia in water irradiated by swift carbon ions at ultra-

high dose rates: implication for FLASH carbon-ion therapy. Canadian Journal of Chemistry,
• Zhu, H, et al. "Modeling of cellular response after FLASH irradiation: a quantitative analysis 

based on the radiolytic oxygen depletion hypothesis." arXiv subm.(2021).

Main FLASH mechanistic hypothesis

2
4

Intertrack Effects

• A.M. Zakaria, et al. "Ultra-High Dose-Rate, Pulsed (FLASH) Radiotherapy with Carbon Ions: 
Generation of Early, Transient, Highly Oxygenated Conditions in the Tumor Environment." 
Rad. Res. (2020).

• J. Ramos-Méndez, et al. "LET-Dependent Intertrack Yields in Proton Irradiation at Ultra-High 
Dose Rates Relevant for FLASH Therapy." Rad. Res. (2020).

• Alanazi, A., et al.. (2021). A computer modeling study of water radiolysis at high dose rates. 
Relevance to FLASH radiotherapy. Radiation research, 195(2), 149-162.

Organic radical-radical
recombination

• R. Labarbe, et al. "A physicochemical model of reaction kinetics supports peroxyl radical recombination as 
the main determinant of the FLASH effect." Radiother. Oncol. (2020

• D. R. Spitz, et. al., An integrated physico-chemical approach for explaining the differential impact of 
FLASH versus conventional dose rate irradiation on cancer and normal tissue responses, Radiother. 
Oncol. (2019)

• C. Koch, Re: Differential impact of FLASH versus conventional dose rate irradiation, Radiother. Oncol. 
(2020

• D. R. Spitz, et al, Response to Ling et al. regarding, Radiother. Oncol. (2020).
• D. Boscolo et al.. (2020). Impact of target oxygenation on the chemical track evolution of ion and electron 

radiation. International Journal of Molecular Sciences, 21(2), 424.
• D. Boscolo,  et al. May oxygen depletion explain the FLASH effect? A chemical track structure 

analysis. Radiother Oncol, 162:68-75.
• Y. Lai et al “Modeling the effect of oxygen on the chemical stage of water radiolysis using GPU-based 

microscopic Monte Carlo simulations, with an application in FLASH radiotherapy” Phys Med Biol 2020

2019-2021 (!)

Wilson et al 2020
Labarbe et al 
2020

Zhou et al 
2020

Ramos  et al 
2020



Prague Oct 20, 2011

even for ions, 2/3 of resulting biodamage carried by
electrons: LOW LET/HIGH LET regimes

Different STAGES:

Spatiotemporal Scales of Radiation Damage

•I. ~10-22s •II. ~10-17s

•III. ~ 10-15 -10-6

•IV. ~10-15s

•V. ~103 s

I. Propagation of ions
II. Primary ionization in the medium
III. Propagation of secondary
• electrons and radicals
IV. Electron degradation of DNA
V. Radiobiological scale effects

•Local heating

Surdutovich ,Scifoni, Solov’yov et al. PRE (2009), Eur.Phys News (2009), Mut.Res.Rev. (2010)

Multiscale phenomena



The picture can't be displayed.

Time to deliver 10 Gy CONV

Time to deliver 10 Gy FLASH

Primary 
ionization, 
excitation, 
transport of 
secondary 
electrons

Dissociation of 
excited/ionized 
molecules

Diffusion and reaction  of 
generated radical species

Further chemical reactions
(no memory of initial track)

Enzimatic
repair 
processes

Cellular 
&tissue 
response

a FLASH pulse

px e
C
?

Spatio-temporal Scales of Radiation Damage

Weber, Scifoni, Durante 2021



Monte Carlo Methods for 
Radiation Research

• MC radiation transport codes
=Condensed history codes. 

(GEANT4(*), FLUKA, PHITS, SHIELD-HIT, EGS4, MCNPX, ..)
+ possibility to describe entire irradiation geometry
- Imposition of thresholds (i.e. G4: e->~900eV)
• MC Track Structure codes

=Event by Event. Stochastic (physics+chemistry)
(PARTRAC, TRAX, GEANT4DNA, TOPASnBIO, RITRACKS…)
+ no, or negligible (~1eV) energy/space threshold
- Limited portion of track describable (normally “track segment”)

(*) with its wrappers TOPAS, GATE, MCHIT
E. Scifoni  - iNFN Pisa Seminars14/12/2021
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Water
Radiolysis

(2-fold) Oxygen and radiation interplay

§ irradiation generates free radicals which
react with the dissolved molecular
oxygen in the target:

eaq
- + O2 → O2

•-

H• + O2 → HO2
•

§ high doses of radiation gradually remove
the O2 to produce toxic superoxide or
perhydroxyl

§ shown already in historical experiments
(Weiss et al. 1974)

Nanoscale 



pO2LET

O
ER
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Radiobiological oxygen enhancement

§ oxygen is a strong
sensitizer towards
indirect radiation effects

§ increase in sensitivity of
oxygenated tissues (or cells) 
compared to hypoxic ones
is described by OER

OER 𝑝𝑂2 =
𝐷anoxia
𝐷𝑝𝑂2

⃒same effect

Scifoni et al. 2013

Water
Radiolysis

(2-fold) Oxygen and radiation interplay

log(      )

§ irradiation generates free radicals which
react with the dissolved molecular
oxygen in the target:

eaq
- + O2 → O2

•-

H• + O2 → HO2
•

§ high doses of radiation gradually remove
the O2 to produce toxic superoxide or
perhydroxyl

§ shown already in historical experiments
(Weiss et al. 1974)

Nanoscale Macroscale 



The Oxygen Depletion Hypothesis (ROD)
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Wilson J. Et al. (2020) Front. Oncol
redrawn from Pratx et al.2019.

• Ultrahigh  dose rate:
Oxygen consuption too quick for 

redifussion to restore initial levels

• Transient hypoxia generated -> 
induced radioresistance

• Already suggested in Hall&Brenner 1991

Zhou Med Phys 2020



Boscolo et al. CPL 2018
Boscolo et al. IJMS 2020,
Boscolo et al Radiother Oncol 2021

Methods: the TRAX-CHEM code
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A Pisan story..



Boscolo et al. RO 2021 

A radiation chemical approach

Monte Carlo Track structure code for physical and 
chemical interactions
• Ion / electron scattering processes

• Radical production
• Step-by-step diffusion and reactions in water
• Dissolved oxygen

diffusion as random jump acc. Einstein-
Smoluchowski, 𝜆 = 6𝐷Δ𝑡
reactions via reaction radius

Output: Time-dependent radical yields (G-values) 
and species localization, O2 consumption yield

+
• Assumption of short irradiation pulse without

rediffusion of O2 (~ms), represents upper limit
• Instantaneous [O2] and OER used to compute

𝐷*-.,01+ = &OER [𝑂2](𝐷) 𝑑𝐷

TRAX-CHEM code + analytical model
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TRAX-CHEM predicted oxygen depletion
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low-LET electrons

O2
consumption

+
3.28 mol./ 
100eV =

0.33 µM/Gy

14/12/2021

Boscolo et al. IJMS 2020 Boscolo et al. Radiother Oncol 2021



Is ROD realistic?
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Boscolo et al Radiother Oncol 2021

NT oxygenations

afford less sparing!tumor oxygenations: 

small effectConsistent with Measurements with p @ TIFPA 



Analyis on the exp data
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Boscolo et al Radiother Oncol 2021 



O depletion Measurements
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Jansen et al. Med Phys 2021 See J.Jansen TalkM.Fuss ,  RRS 2020, in prep.

Impact of Medium

Impact of Dose Rate

FLASH appears depleting 
LESS then CONV… 
(eaq+eaq?)_

Cao et al. 
IROBP 2021

Cao et al. IJROBP 2021

Within a +50% effect

Different Oxygen sensors tested: 
OXYLITE, OXYPHORE, PRESENS, TROXSP5



Some facts/hypothesis

• Lower production of H2O2/contribution of O2
– (Montay-Gruel et al, PNAS, 2019; Adrian et al, BJR, 2019)

• Lower level of persistent DNA damage and senescent 
cells
– (Fouillade et al, CCR, 2019)

• Metabolism including redox 
– (Spitz et al, RO, 2019)

• Inflammation/Immune system (increasing popularity)
– (Favaudon et al, STM 2014; Montay-Gruel et al, PNAS, 2019)

• Signaling pathways/Stem cells protection
– (Montay-Gruel et al, RO, 2017)
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Tools -Codes for exploring FLASH 
Chemistry

• TRAX-CHEM (Boscolo et al. 2020)

• TOPASnBIO (Ramos et al. 2020)

• gMicroMC (Lai et al. 2021)

• Geant4-DNA (Tran et al. 2021)

• IONLYS-IRT (Alanazi et al. 2021)

• NASIC (Zhou et al.2021) 
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Heterogeneous stage (and slightly beyond…)

Ramos et al. RR 2020
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Radical recombination hypothesis
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Labarbe et al. Radiother. Oncol. 2020



Impact of LET?
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Weber, Scifoni, Durante 2021
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O depletion at different LET

Boscolo et al. Int J. Mol. Sci  2020

→ LET

→
 O

ER

log(pO 2)

Scifoniet al. 2013

Sensitivity on hypoxia even 
Smaller at high LET

Low LET
→ primary radicals sparsely dispersed
→ prominent reaction with O2

High LET
→ track recombination of radicals 
(track density effect)
→ less reactions with O2

12C  10MeV/u (160 keV/μm)



LET impact on Radical yeld and depletion

Weber, Scifoni, Durante 2021Boscolo et al. 2020
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Track structure effects at different LET

No Intertrack effect possible in the timescale of 
the given dose ranges, 
i.e. for 1MeV electrons (300Gy/s in 1μs) in 
“cellular dimensions”

See also Watanabe 2001 Radiat Phys Chem

Prel. calcs courtesy of M.Fuss and D. Boscolo

For protons 10 MeV,  (4.5 keV/μm) even 
more difficult intertrack, considering 1 
traversal/25 cells. Denser but not 
broader tracks

For Carbon  10 MeV, 1/1000 traversal
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For several mechanisms is 
expectable a strongly reduced  
FLASH effect

Less intertrack  probability

Less  Oxygen  depletion

Track structure effects at different LET

Scifoni et al. PTCOG 2021



Further Mechanistic routes
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TD-DNA damage modeling in FLASH 
conditions 

• Time dependent implementation 
of GSM2 a Microdosimetry based 
model to generalize the DNA 
damage repair kinetics (DDRK)) 
including the dependence on the 
dose-rate time structure, and 
chemical yields  (Cordoni et al FRPT 2021)
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TD-DNA damage modeling in FLASH 
conditions 

Reaction table from 
Labarbe 2020 

F.Cordoni PRPT 2021
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Summary 1- Radiobiology
• FLASH radiotherapy proposes the use of ultrafast dose rate (>40 Gy/s) to achieve differential sparing

of NT as well as maintaining effectiveness on the Tumor

• Increasing preclinical evidence of both NT sparing and unchanged tumor control has been collected

• The parameters for getting the effect include intrapulse dose rate, overall dose rate, absolute dose,
with a minimum and maximum value for the latter

• Radiobiological mechanism is far to be understood: It is clear that oxygenation should play a role, but
chemical-physical stage arguments alone are unable to now to explain the effect

• Implementation of FLASH conditions on literature examples doesn’t support the hypothesis of a
possible differential effect of Local Oxygen Depletion between target and normal tissue, at the doses
used, rather pointing eventually to a possible inverse effect. The accounting of more complex
mechanisms like Fenton pathway and ROO., redox Chemistry appears essential

• High LET radiation should imply even larger doses, thus is expected to be less efficient.

• OK, we don’t understand why it works but it really seems to work:
Thus, anyway, can this  go to the clinic? 



Dosimetry
If it work, can we control  it?

(…and btw, can we trust experiments?)
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The dosimetric challenge

• Using ultra fast dose rate, implies a 2 fold
need to control and measure the dose at
unconventional levels:
– In order to assure the correctness of experiment

results (accuracy <5%)

– In order to potentially translate to the clinic <1%
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Multilevel Dose time structure
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Ashraf Front Oncol 2020



Charge based dosimeters
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Ashraf Front Oncol 2020



Different types of dosimeters
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Ashraf Front Oncol 2020



Dose Delivery
(and Planning?)

If It work and we can control it can we
give it to patients?
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Many slldes courtesy from  Marco Schwarz



FLASH dose delivery?
• Main task  of radiotherapy

– > dose  delivery and dose shaping,
Exploiting the available degrees of freedom

• Are 40 Gy/s achievable with current machines?
• If yes, are there still  any  degrees of freedom available for 

treatment planning?

• Different solutions for different Radiation types
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X-rays
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Electrons (6-20 MeV)
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(Very) High Energy Electrons ?
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VHEE
Multiple high energy 
electron beams
can generate dose 
distributions
seemingly competitive 
with VMAT



Protons and heavier  ions?
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Courtesy of Marco Schwarz



First order answer: Yes we can!
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BUT….



Not all Proton systems are “flashable”..
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not all energies can be delivered
at flash rate
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Pencil Beam Scanning Dead Times..
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So, Game over, or…

..2 Options:



1st Option:  Shoot-through
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Forget about energy modulation and use 
protons as “expensive” photons in the Plateau



1st Option:  Shoot-through
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ALL Preclinical studies, ( and Clinical) Used this Option



So Forget about the nice Bragg Peak 
that everybody know and make protons so powerful?
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J Clin Oncol. 2014

X



But it seems it work…
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For the shoot-through plan, it’s assumed
a hypothetical FLASH protective factor
(DREF) for normal tissues of 2…. (!)

“I had the idea that if we could do FLASH 
protons, we could get rid of the ‘tyranny’ 
of the Bragg peak,”   - F. Verhaegen



Option 2: Range Modulators
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Or Hedgehog: treat with one energy and use hardware to create an SOBP

Simenov et al. 
2017

Weber, Scifoni, 
Durante 2021



Transmission beams vs “hedgehog”: 
pros and cons
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Pro:
Transmission beam: We use the highest energy thus mazimizing the flash potential

Hedgehog: We take advantage of energy modulation and create conformal dose 
distributions

Con:
Transmission beam: protons delivered like this are just very expensive photons. 
Some beam directions may be forbidden because the Bragg peak is in the patient.

Hedgehog: we need (non trivial) field specific hardware. Some dose conformation
possible, but how good is the lateral penumbra?
Both techniques: we are likely creating inferior dose distributions to full IMPT, i.e. 
there’s no flash for free. At least part of the flash benefit will be needed to 
compensate for that.



Adapting the definition of Dose rate

14/12/2021 E. Scifoni  - iNFN Pisa Seminars

Folkerts 2020
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In analogy to DVH 
(and LVH)
a
DRVH is needed

Folkerts 2020



Dose rate per voxel
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Weber, Scifoni, 
Durante 2021



Dose Averaged Dose Rate
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Dose Rate optimization
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FRPT 2021



Summary II – Dose delivery
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• All this assume Dosimetry perfectly working (see previous section)

• All things considered, the residual degrees of freedom available for planning seem limited
with current equipment.

• To better identify the room for Flash in the clinic, it is needed:
- Voxelwise time structure of the dose deposition available for plan evaluation. 
This requires tighter coupling between planning and delivery than we have now.

• Open questions:
• How multiple flash “segments” within a single fraction combine with each other.
• Can we use multiple fields?
• What is the volume effect for Flash?

• A minimum dose threshold at 5-10Gy may be very problematic for flash in the clinic. 
• How accurate are current threshold values? Is it a binary threshold?

• Time structure + realistic biological models are needed for  Flash to be an optimisation
parameter



In conclusion:
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• FLASH is a Biological effect, with Clinical
applications

• But is fundamentally depending on Physics, on 
different scales, sides and flavours 

• New avenues for Physics research, in different 
fields,  are opened  through it
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J. Breneman @FRPT



Physics (T. Lomax) won!  

…simply telling that: X XX
Balloon Debate
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Thanks for your Attention!

…and Merry 
Christmas


