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What is FLASH radiotherapy?

V Favaudon



FLASH radiotherapy

Irradiation at ultra high dose rate

Very fast delivery of the dose

Shift from minute of exposure to milli- and even micro-second

BUT



What is the interest of FLASH radiotherapy?
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And FLASH-RT is equally able to eradicate
tumors compared to CONV-RT

Normal tissue sparing
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2019 March 2021

At Ohio State University,
President Biden Introduced to the Future 
Potential of FLASH with Electrons



Explored 40 years ago… it was abandonned
Why?
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Tumor and Normal tissue response
should be investigated in parallel

and

in vivo models should be used



How use FLASH-RT in the clinic?

Technology and medical physics’ questions
Impact of fractionation/interval

Impact of the volume/conformality



What are the devices able to operate at Ultra-high dose rate?

Wilson et al., Front in Oncol, 2020

Gao et al., bioRxiv, 2020



Structure d’un faisceau protonStructure pulsée d’un faisceau électron
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Structure d’un faisceau RX synchrotron

Temps écoulé

D
éb

it
de

 d
o

se

0.8 – 30 ms

 1 – 10 pulses
 Microstructure: 5000 bunches
 Pulse repetition frequency 10-250Hz

 1 pulse
 Microstructure: 107 bunches
 Spot scanning (@1000Hz)

 1 pulse = 1 stripe
 Microstructure: 107 bunches
 Stripe scanning (60mm/s)

Technology

3-3.5 cm



FLASH-RT can be fractionated



4 mo post-RT 5 mo post-RT 6 mo post-RT 7 mo post-RT 12 mo post-RT

8X8 cm
31 Gy 1 Fx

20 p-200 ms
150 Gy/s

2.6 cm
28, 31, 34 Gy 
10p-100ms
>280 Gy/s

34Gy      31Gy      28Gy

9 mo post-RT 3 years post-RT

Impact of dose and volume



Development of a monitor chamber
Mandatory for clinical application 

Real-time monitoring system of FLASH irradiation accelerators: 

pilot, check and verify delivered doses.

C Bailat R Moeckli    P Jorge Goncalves

Jorge et al, Validation of an ultra-high dose-rate pulsed beam 
monitoring system using a current transformer for FLASH 
pre-clinical studies, 2021, submitted.



VMAT 10MV VHEE VHEE

Implementing Conformality
R Moeckli        T Boehlen



J Bourhis 

Varian and the Cincinnati Children's/UC 

Health Proton Therapy Center Announce 

Initial Patient Treated in the FAST-01 First 

Human Clinical Trial of FLASH Therapy for 

Cancer

Oncology

November 19, 2020

PALO ALTO, Calif., and CINCINNATI, Ohio, Nov. 19, 2020 /PRNewswire/ --
Varian (NYSE: VAR) and the Cincinnati Children's/UC Health Proton Therapy 
Center today announce the start of the first clinical trial of FLASH therapy as part 
of the recently opened FAST-01 study (FeAsibility Study of FLASH Radiotherapy 
for the Treatment of Symptomatic Bone Metastases). The clinical trial involves 
the investigational use of Varian's ProBeam® particle accelerator modified to 
enable radiation therapy delivery at ultra-high dose rates (dose delivered in less 
than 1 second) and is being conducted at the Cincinnati Children's/UC Health 
Proton Therapy Center with John C. Breneman M.D., Medical Director of the 
center, serving as principal investigator.
The first clinical trial patient was treated this week. The FAST-01 study is expected 
to enroll up to 10 patients with bone metastases to evaluate clinical workflow 
feasibility, treatment-related side effects, and efficacy of treatment as assessed by 
measuring pain relief of trial participants. The clinical trial, informed by years of 
preclinical work, was designed by experts at Varian and multiple centers in the 
FlashForward™ Consortium, including Cincinnati's Children's/UC Health Proton 
Therapy Center and the New York Proton Center.

Impulse Trial is the First to Evaluate the Curative Potential of 

the FLASH Effect

June 2021

https://c212.net/c/link/?t=0&l=en&o=2987399-1&h=332770382&u=https%3A%2F%2Fwww.nyproton.com%2F&a=the+New+York+Proton+Center


Arm 1
External radiotherapy

Accelerated 48 Gy (10X4.8 Gy)

Gasymova et al, BMC Vet Res, 2017

Arm 2
FLASH-RT

30 Gy single Fx
3p- 20 ms

Vozenin et al, CCR, 2019

C Rohrer

FLASH-RT in superficial tumors
In the frame of a phase III clinical trial 

In cats with SCC

after approval of our Ethical Committee, multicentric inclusion of cat-patients with biopsy 
proven squamous cell carcinoma T2/T3 of the nasal planum will be performed. Taking into 
account previous results of our phase I dose escalation trial, a dose of 34 Gy has been chosen 
for the phase III trial to offer an optimal ratio of tolerance vs anti-tumour efficacy. The primary 
endpoint of the study is tumour control rate at 1 year. Cat-cancer patients will be randomized 
between 34 Gy single dose (4.9 MeV) electron beam Flash and standard treatment with 48 Gy 
accelerated fractionated conventional RT (6MV) done with conventional photon irradiation 
(PFS=71%) (1). The secondary endpoints are overall survival, acute and late toxicity as 
described previously (2). The hypothesis that a 95% tumour control rate at 1 year will be 
achieved with Flash RT for doses above 30Gy. With an alpha value of 0.050 and a beta value 
of 0.2, 29 cats need to be included. 



10 Dogs (heterogeneous population, 
sarcoma, BCC, SCC, melanome, MastC)
Dose escalation from 15 to 35 Gy
Short term follow up (3 mo)

Evaluation of Flash Proton RT in Dogs 

with Bone Cancer of the Leg



How it works…

Chronology of post-irradiation events and FLASH irradiation
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Physics



Adapted from Montay-Gruel P et al., CCR, 2020.

JF Germond

The higher the better

The shorter
the better



Chemistry



Doubling brain pO2 reverses FLASH effect P Montay-Gruel

Montay-Gruel P et al., PNAS, 2019

J Ollivier  B Petit 



Testable hypothesis: O2 depletion

Wilson et al., Front in Oncol, 2020

Year Lead author Paper type O2 depletionper 100 Gy

1949 Day M.J. experiment 3.3%

1969 Evans N.T.S. experiment 2.6%

1974 Weiss H. experiment 3.3%

1975 Ling C. modelling 2.6%

1986 Michaels H.B. experiment 3.3%

2019 Pratx Modelling 5.5%

2020 Boscolo D. Modelling 2.4%

2020 Petersson K. Modelling 5% and 10%

2020 Zhou S. Modelling 2.6%

2020 Hu A. Modelling 3.7%

2020 Labarbe R. (IBA) Modelling 2.2%



In situ Oxygen depletion after FLASH and CONV-RT- measured with oxylite
irradiation

Veljko Grilj



Measurements do not support any radiolytic oxygen depletion
at therapeutic doses (10 Gy) delivered FLASH



Particles Chemical system G°(H2O2) (molecules/100eV) Reference

6 MeV Conv electrons [NO2
-] /[NO3

-] 0.81 ± 4.1x10-3

Kacem et al. In prep

CH3OH/[NO3
-] 0.73 ± 8.6x10-2

6 MeV FLASH electrons [NO2
-] /[NO3

-] 0.76 ± 7.06x10-2

CH3OH/[NO3
-] 0.72 ± 1.35x10-2

137Cs γ-rays [NO2
-] /[NO3

-] 0.72 Wasselin-Trupin 2001

60Co γ-rays CH3OH/[NO3
-] 0.69 Laverne 2002

Houda Kacem



Consistently the impact on plasmid DNA is similar with CONV and FLASH-RT 

Nicolas Cherbuin

Cherbuin et al, in prep

GEANT-4 DNA 
S Incerti, L Desorgher



Amplex Red method (fluorometry) DEDP .+ method (Spectroscopy)

Montay-Gruel et al , PNAS, 2019 Froidevaux P, unpublished data

But at Isodose FLASH-RT produces less ROS (H2O2) than CONV-RT

Minutes 
[H2O2] 
measurements
from PNAS 
paper

H2O2 Primary yield is similar FLASH and CONV



Biology



Physico-chemical events

Anti-tumor effect Normal tissue sparing

ROS signaling
(Montay-Gruel et al., 2019; Adrian et al., 2019)

Lower level of persistent DNA damages and senescent cells
(Fouillade et al., 2019) 

Metabolism includingredox
(Spitz et al., 2019; Labarbe et al., 2020)

Inflammation 
(Favaudon et al., 2014; Montay-Gruel et al., 2019; Simmons et al., 2019; Diffenderferet al., 2019 )
FLASH-RT does not induce astrogliosis and reduces DAMPs production (Montay-Gruel et al., 2020)

Signaling pathways
(Montay-Gruel et al., 2017; Fouillade et al., 2019; , Kim et al., 2020, Cunningham et al., 2020 )

FLASH-RT does not induce vessel damages in the brain (Allen et al., 2020)
FLASH-RT does not induce neurocognitive damages in juvenile mice(Alaghband et al., 2020)

All tumor are not equally sensitive to FLASH-RT (Chabi et al., 2020)

FLASH EFFECT



Normal brain

FLASH-RT does not induce astrogliosis and reduces DAMPs production
FLASH-RT does not induce vessel damages in the brain

FLASH-RT does not induce neurocognitive damages in juvenile mice

A B C

FLASHD CONVRaw Image

3D Render

Montay-Gruel et al, Rad Res, 2020 Allen et al, Rad Res, 2020 Alaghband et al, Cancers, 2020
 

Table 1: Irradiation parameters 
 

Single doses 
WBRT 

 (Fig. 1, 3) 

 
Beam parameters 

Mode 

Prescribe

d 
Dose (Gy) 

Frequency 
(Hz) 

SSD 
(mm) 

Pulse 

width 
(µs) 

Number of 
pulses 

Treatment time 
(s) 

CONV 10 10 800 1.0 1170-1180 116.9-117.9 

FLASH 10 100 
369-

370 
1.8 1 1.8·10-6 
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M106 PDX/T-ALL 

In Tumors

Human T-ALL with different susceptibility profile to FLASH-RT

Chabi et al, IJROBP, 2020

F Pflumio B Uzan

 

 

Delivery 

Mode 

Prescribed 

Dose (Gy) 

Beam parameters 

Source-to-

surface distance 

(mm) 

Pulse repetition 

Frequency (Hz) 

Pulse width 

(µs) 

Number of 

pulses 

Treatment time 

(s) 

Mean dose 

rate (Gy/s) 

Instantaneous 

dose rate (Gy/s) 

CONV 
 

4 

 

880 

 

10 

 

1.0 

 

>557 

 

>55.6 

 

<0.072 

 

<7.2 × 103 

FLASH 
        

4 800 100 1.8 3 0.02 200 7.4 × 105 

All tumors are not equally sensitive to FLASH-RT



M106 M114 M108

Putative susceptibility profile found after FLASH-RT in T-ALL

Inhibitor of cdc2/cyclinB1 kinase 
Wt pathway

Metabolic pathways

P53 pathway



Summary

• The FLASH effect is a biological effect

• Physics parameters able to trigger the FLASH effect still need to be systematically
investigated

• Radiolytic O2 depletion cannot explain the FLASH effect occuring

• Primary physico-chemical events are not different between CONV vs UHDR

• The mechanisms driving the FLASH effect start to be understood

• Clinical applications with validated parameters and biologically validated beams 
dose, time, volume 
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