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Cancer treatment : standard radiotherapy (RT)

Toxicity of healthy tissues limits the dose 
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•“Conventional” radiotherapy (~95%)

 Particles: X-rays 6-25 MV (every tumors), electrons 3-18 MeV (surface tumors)
 Machines: clinical electron accelerators, with multi leaf collimator 

and embedded imaging system
 Time fractionation: 2Gy/session, 5 session/week
 Dose: 40-70 Gy
 Dose rate: 30-70 mGy/s
 Field sizes: 2 -40 cm²
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Limitations of radiotherapy
• How to improve the treatment

 Induce a more efficient irradiation of the tumor
o Particle/energy : hadrontherapy
o Targeted radiotherapy : nanoparticles
o Biological radiotherapy : immunotherapy
o Imaging devices 

 Preserve the healthy tissues
o Particle/energy : hadrontherapy
o Dose delivery 

 Spatial modulation of the dose with small size beams (< mm)
 Temporal modulation of the dose with high dose rates (> 40 Gy/s)

Play on physical parameters to induce a different biological effect 
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Bilateral thorax irradiation of C57BL/6J mice

in single dose ≥ 15 Gy

Tests on mice lung tumors with a 4.5 MeV electron linac have shown :
 Same anti-tumoral efficiency and enhancement of the differential responses 

between normal and tumor tissues wrt CONV (dose rate ≤ 0.03 Gy/s) radiotherapy
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FLASH irradiation : dose delivery time ≤ 500 ms – dose rate ≥ 40 Gy/s
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FLASH RT increases the therapeutic index

Sparing 
of healthy 

tissues

Favaudon et al.  Science Translational Medicine (2014)

Iso-effect 
on tumors 

grafts

➣ FLASH proved to be as efficient as CONV irradiation to cure tumors (two human tumor xenografts and
an orthotopically implanted syngeneic lung tumor).
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➣ FLASH spares lung at doses known to induce fibrosis in mice following conventional dose-rate 
irradiation (CONV).
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Building evidence for the FLASH effect

[Gao et al. J Appl Clin Med Phys.2022]
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From Hughes et al. 2020, Limoli and Vozenin 2023, Atkinson et al. 2023

Evidence of sparing for a wide range of models 
(mice, rat, cats, dogs, zebrafish, pig), 

particle type (electron, photon, proton, ions), 
organs (lung, brain, skin, gut)

Building evidence for the FLASH effect
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First patient treated with eFLASH-radiotherapy

June 2019

15 Gy, in 90 ms, using a 5.6-MeV electron linac, to a 75-years old patient with a multi-resistant cutaneous 
lymphoma : 
On healthy tissues : no decrease of the thickness of the epidermis and no disruption at the basal 
membrane with limited increase of the vascularization.
On tumor : Tumor response was rapid, complete, and durable with a short follow-up of 5 months
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First patients treated with pFLASH-radiotherapy
Oct 2022

FAST-01 is a prospective, single-center trial designed to assess the workflow feasibility, toxicity, and efficacy of FLASH therapy 
for the treatment of painful bone metastases in the extremities

10 subjects aged ≥18 years with up to 3 painful bone metastases in the extremities

8 Gy, in ~200 ms, using a 230 MeV Varian Probeam proton cyclotron 

Dose rate of ≥40 Gy/s using the plateau (transmission) portion of the proton beam

Results : demonstration of the clinical feasibility of proton FLASH radiotherapy in terms of clinical workflow metrics, and safety.
The treatment efficacy (pain relief) and the profile of adverse events were comparable with those of standard-of-care 
radiotherapy.

Recruiting ! FAST-02 FLASH Radiotherapy for the Treatment of Symptomatic Bone Metastases in the Thorax 
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Accelerators solutions for FLASH irradiations: 

pre-clinical studies with LINACS (low E electrons)
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Kinetron &
MOBETRON -IORT
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Accelerators for pre-clinical FLASH investigations:  

electrons (research machines)

Favaudon et al.  Science Translational Medicine (2014)
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Accelerators for pre-clinical FLASH investigations:  

electrons (research machines)

LINAC eRT6 Parameters
Nominal energy (MeV) 5,5 
Temporal structure Pulsed

Pulse repetition frequency (Hz) 10 - 200
Dose per pulse (Gy) 10 - 30 
Mean Dose rate (Gy/s) up to 1000 
Pulse width (µs) 1 - 2

Oriatron eRT6

Jaccard M et al.,Medical Physics,2018
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Jaccard M et al., «High dose-per-pulse electron beam dosimetry: 
Commissioning of the Oriatron eRT6 prototype linear accelerator for 
preclinical use.» Medical Physics,2018

Accelerators for pre-clinical FLASH investigations:  

electrons (research machines)

LINAC eRT6 Parameters
Nominal energy (MeV) 5,5 
Temporal structure Pulsed

Pulse repetition frequency (Hz) 10 - 200
Dose per pulse (Gy) 10 - 30 
Mean Dose rate (Gy/s) up to 1000 
Pulse width (µs) 1 - 2

Oriatron eRT6

But  low enery machines : cannot be used 
for the treatment of deep-seated tumors
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Accelerators for pre-clinical FLASH investigations: 

electrons (modified clinical LINACs)

Elekta Precice Parameters
Nominal energy (MeV) 8
Temporal structure pulsed
Pulse repetition frequency (Hz) 200

Dose (Gy)
0.18-1.9 
Gy/pulse

Mean Dose rate (Gy/s) 30 - 300

depending on measurement point within the treatment head

Varian Clinac 21EX Parameters
Nominal energy (MeV) 9, 20
Temporal structure pulsed
Pulse repetition frequency (Hz) 180, 108
Dose (Gy) 1.9 Gy/pulse
Mean Dose rate (Gy/s) 200
Pulse width (µs) 5
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Accelerators for pre-clinical FLASH investigations: 

electrons (modified clinical LINACs)

Elekta Precice Parameters
Nominal energy (MeV) 8
Temporal structure pulsed
Pulse repetition frequency (Hz) 200

Dose (Gy)
0.18-1.9 
Gy/pulse

Mean Dose rate (Gy/s) 30 - 300

depending on measurement point within the treatment head

Varian Clinac 21EX Parameters
Nominal energy (MeV) 9, 20
Temporal structure pulsed
Pulse repetition frequency (Hz) 180, 108
Dose (Gy) 1.9 Gy/pulse
Mean Dose rate (Gy/s) 200
Pulse width (µs) 5

But  limited field size (diameter < 5 cm at the position chosen to 
ensure a good field flatness and FLASH dose rates)
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Accelerators solutions for FLASH irradiations: 

Towards clinical studies with LINACS
MOBETRON -IORT

Clinical Trail : IMPulse

FLASH therapy in 
patients with metastases 

of melanoma

FLASHKNIFE

LIAC FLASH

Varian TrueBeam (SN 1001)

16 MeV UHDR (SSD = 100 cm)
o dose per pulse at isocenter : up to 

1.28 Gy/pulse
o average and instantaneous dose rates 

up to 256 Gy/s
o instantaneous dose rates and 

3⋅105 Gy/s
o field sizes up to 10x10cm2 (potential 

treatments of tumours up to 5 cm in 
depth such as skin tumours, breast 
cancer, or certain head and neck 
cancers)

o beam reproducibility within ± 2.5% 
(via BGM firmware and ACF algorithm 
adaptations)

o Standard Imaging + positioning 
devices

[Dal Bello et al. 2023]

[Valdés Zayas et al; 2023] 
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Accelerators for pre-clinical FLASH investigations: 

photons (Synchrotrons)

ID17 Biomedical Beamline of  the ESRF Parameters
Nominal energy (KeV) 102
Temporal structure Continuous
Accelerator current (mA) 178
Dose (Gy) 10
Mean Dose rate (Gy/s) 37
Dose rate in a slice (Gy/s) 12000

But  kV x-rays are generally not used for the 
treatment of deep-seated tumors
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cognitive sparing similar to the electron FLASH
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Accelerators for pre-clinical FLASH investigations: 

photons (6-8 MeV e- superconducting linac)

PARTER platform at Chengdu, China Parameters
Nominal energy (MV) 6-8
Temporal structure Pulsed
Accelerator current (mA) 1-10
Dose (Gy) 12-30
Mean Dose rate (Gy/s) 700-1200

Research accelerator, but observation of 
FLASH effect with high energy photons
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A FLASH photon beams (6–8 MV) showed a significant
FLASH effect in tumor-bearing mice irradiated to the lungs
and Intestine.
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Building evidence for the FLASH effect : protons and ions
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[Gao et al. J Appl Clin Med Phys.2022]

Evidence for several models (mice, rat, dogs, zebrafish), organs (lung, brain, skin, gut)

Protons
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Building evidence for the FLASH effect : protons and ions
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[Gao et al. J Appl Clin Med Phys.2022]

Hughes et al. 2020

Evidence for several models (mice, rat, dogs, zebrafish), organs (lung, brain, skin, gut)

Protons
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Building evidence for the FLASH effect : protons and ions
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[Gao et al. J Appl Clin Med Phys.2022]

Hughes et al. 2020

Evidence for several models (mice, rat, dogs, zebrafish), organs (lung, brain, skin, gut)

Protons

morphology sparing, improved survival, less metastasis. 

Carbon
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Accelerators for FLASH investigations: protons

4.5 MeV at 1000 Gy/s
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Isochronous cyclotrons

Laser Synchrotron
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Pre-clinical pFLASH investigations: double scattering

• Isochronous cyclotrons and passive 
beams

• Energy : 200 and 230 MeV

• Frequency : 106 MHz

• Beam current at cyclotron : 
200 - 300 nA

• Dose rate at the sample level : 
40 – 100 Gy/s

• Irradiation surface : 
12 × 12 mm2
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• Isochronous cyclotrons and passive 
beams

• Energy : 200 and 230 MeV

• Frequency : 106 MHz

• Beam current at cyclotron : 
200 - 300 nA

• Dose rate at the sample level : 
40 – 100 Gy/s

• Irradiation surface : 
12 × 12 mm2

But the irradiation surface is not enough for clinical applications
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Pre-clinical pFLASH investigations: double scattering
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Proton FLASH-RT in a rat glioblastoma model @ Curie proton therapy center 

Pre-clinical pFLASH investigations: scanning
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Technology issues (protons)

• Common clinical specification for minimum dose rate for conventional proton therapy : 
deliver a dose of 2 Gray for a single field to a 1 liter volume in 1 minute
• For a FLASH irradiations (assuming the same fractionation scheme)

An average dose rate of 40 Gy/s is assumed for a single field plan, requiring an average current of 600 nA for the 1 liter volume

How to produce/control a beam current capable to deliver tens of Gy in less than 500(100) ms?

26
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Technology issues (protons)

• Common clinical specification for minimum dose rate for conventional proton therapy : 
deliver a dose of 2 Gray for a single field to a 1 liter volume in 1 minute
• For a FLASH irradiations (assuming the same fractionation scheme)

An average dose rate of 40 Gy/s is assumed for a single field plan, requiring an average current of 600 nA for the 1 liter volume

How to produce/control a beam current capable to deliver tens of Gy in less than 500(100) ms?

Possible with existing accelerator technology
But limited to specific working hypothesis
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Technology issues (protons)

• Common clinical specification for minimum dose rate for conventional proton therapy : 
deliver a dose of 2 Gray for a single field to a 1 liter volume in 1 minute
• For a FLASH irradiations (assuming the same fractionation scheme)

An average dose rate of 40 Gy/s is assumed for a single field plan, requiring an average current of 600 nA for the 1 liter volume

How to produce/control a beam current capable to deliver tens of Gy in less than 500(100) ms?

Possible with existing accelerator technology
But limited to specific working hypothesis
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Which accelerator would be more adapted?

Isochronous cyclotrons

Continuous beam, high beam currents, but 
beam energy changes remains challenging

Synchrotrons

The whole dose has to be delivered in a single 
synchrotron spill  - 100 ms

Low repetition rate (1kHz and 200 Hz), but high peak 
current, limited to small volume
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Technology issues 
Dependence of the time structure of the accelerator

[De Marzi et al. 2020]

[Esplen et al. 2020]
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Technology issues 
Dependence of the time structure of the accelerator

PSI/CHUV-
Switzerland

Neurocognitive capacity of e and pFLASH irradiated  
mice at 10 Gy is indistinguishable from the control

Complete anti-tumor response is beam-type and dose-rate 
independent (20Gy irradiation and follow up@4months)

eFLASH @2000 Gy/s vs pFLASH @135 Gy/s
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Technology issues 

[Rothwell et al, 2022]

Differences:

• Scattering requires patient-specific devices.

• Dose is delivered to various volumes at the same time or not.

• Conformality levels depends on the target location.

• Scanning across the volume (~mins): spatially varying time
characteristics  motion management and daily fractionation
issues.

• High dose rate (plan robustness/ reproductibility/dosimetry/QA)
issues.

For tumor irradiation, the 3D volumetric scanning is too slow (each 
energy change takes ∼1 s).
The most mature approach for clinical applications of particle is hybrid 

active–passive systems using patient-specific, 3D-range modulators

Which beam delivery method would be more adapted? scattering vs scanning
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Exploiting the potential of protons:Conformal-FLASH
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ConformalFLASH® : 

An IBA solution for SOBP proton FLASH

Combines the biological tissue sparing 

effects of FLASH with physics sparing 
effects of the Proton Bragg Peak 

Possible drawbacks: penumbras degradation (lateral and distal), 
More secondary particles (neutrons) use of static collimators and ridge filters, 

how will it compare with dynamic PMAT or very conformal IMPT plans? 
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From the accelerator point of view : 
how to produce a beam current capable to deliver tens of Gy in less than 500 ms?

• Increase hundreds-fold the beam output
• Eliminate mechanical motion (gantry and/or collimators)
• Integrate fast, high-quality volumetric imaging

The accelerator solution should be:
• Compact, to ideally fits in existing vaults
• Power efficient
• Economical to manufacture and operate

How translate these studies into clinical operation?
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Photon concept
• Distributed RF-coupling Architecture with Genetically

Optimized cell desigN (DRAGON), achieved at high
frequencies (X-band), provides 100MeV/m acceleration.

• At 10MeV, large FLASH intensities can be obtained.
• Scanning Pencil-beam High-speed Intensity-modulated X-

ray source (SPHINX) as a replacement for MLC-based
intensity modulation.

Pluridirectional High-energy Agile Scanning Electronic Radiotherapy 

Electron (VHEE) concept
• A spatially patterned electron source is produced

by projecting an optical image onto a
photocathode.

• The electron ‘‘pattern” is accelerated into a high-
gradient linac then steered and magnified to the
treatment volume, producing an intensity-
modulated field (eg 16x linacs).

[Maxim et al. 2019]
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Proposed solutions for clinical FLASH irradiations: 
PHASER for photons and VHEE
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Proposed solutions for clinical FLASH irradiations: 

the interest on VHEE

VHEE beams: advantages 
Depth dose profile: deep-seated tumors 
with  flatter profile than photons

Lateral scattering: reduced, low penumbrae
Magnetic collimation: pencil beam scanning
Heterogeneities: no electronic disequilibrium
at interfaces

VHEE in RT were originally proposed by DesRosiers et 
al. at Indiana University in 2000

• Thanks to recent High-Gradient linac technology developments, VHEE (100–250 MeV)  could be  a 
cost-effective option in RT and open up innovative treatment modalities , i.e. FLASH, and/or spatial 
fractionation of the dose (grid minibeams)

• Compactness, low breakdown rate, micron-tolerance alignment and a high RF-to-beam efficiency 
(around 30%) could make possible a compact VHEE radiation therapy accelerator
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2021
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Proposed solutions for clinical FLASH irradiations: 

the interest on VHEE

VHEE beams: advantages 
Depth dose profile: deep-seated tumors 
with  flatter profile than photons

Lateral scattering: reduced, low penumbrae
Magnetic collimation: pencil beam scanning
Heterogeneities: no electronic disequilibrium
at interfaces

VHEE in RT were originally proposed by DesRosiers et 
al. at Indiana University in 2000

• Thanks to recent High-Gradient linac technology developments, VHEE (100–250 MeV)  could be  a 
cost-effective option in RT and open up innovative treatment modalities , i.e. FLASH, and/or spatial 
fractionation of the dose (grid minibeams)

• Compactness, low breakdown rate, micron-tolerance alignment and a high RF-to-beam efficiency 
(around 30%) could make possible a compact VHEE radiation therapy accelerator
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2021

6 MeV 

photons

150 MeV

protons
15 MeV

electrons

250 MeV 

VHEE

36



Proposed solutions for FLASH irradiations: 

the interest on VHEE
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FLASHDEEP
CHUV, CERN, THERYQ

100 to 200 MeV

SAFEST
INFN SAPIENZA

ARES

Weizmann Institute
LPA 

Dielectric THz acceleration@300 GHz/gradient >100 MV/m
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Proposed solutions for FLASH dosimetry

http://uhdpulse-empir.eu/
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Summary of preclinical studies at different accelerator facilities with different 
radiation types as a function of the instantaneous dose rate.

[Montey Gruel et al. 2021]

Still numerous unknowns to elicit the FLASH effect:

dose  rate, total  dose delivered, pulse 

rate/duration/width/number, total delivery time and type of 

particle.

2021: pooled data as a
function of the dose rate
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Global perspective
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Summary of preclinical studies at different accelerator facilities with different 
radiation types as a function of the instantaneous dose rate.

FLASH effect area..

[Montey Gruel et al. 2021]

Still numerous unknowns to elicit the FLASH effect:

dose  rate, total  dose delivered, pulse 

rate/duration/width/number, total delivery time and type of 

particle.

2021: pooled data as a
function of the dose rate
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Global perspective
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Conclusions 
FLASH-RT studies has proved an increased therapeutic index

enabling higher doses to be tolerated by normal tissues 

• Multidisciplinary teams are working to provide further studies  to fully define the impact 
of total dose, temporal patterning, total exposure rate, radiation quality on response, 
the fundamental biological mechanisms

• The accelerator community could play an important role in the development of 
alternative solutions to provide FLASH irradiators and beam monitoring devices

For future clinical applications, it has to be defined 
• how to irradiate large volumes in less than 500/100 ms with a consistent dose

• protocols for beam calibration and absolute dosimetry

• MV/X-rays imaging (positioning, pre-irradiation) solutions

Annalisa Patriarca                        Journées Accélérateurs SFP 2023 41



Travailler ensemble @ Institut Curie

• Un exemple de succès ou de fierté
Faire partie d’une communauté de personnes/métiers multidisciplinaires travaillant ensemble pour l’amélioration
continue de la prise en charge du patient. À l’hôpital nous (techniciens, ingénieurs, physiciens) travaillons avec les chercheurs
en radiobiologie/médecine pour rendre possible les études précliniques avec comme objectif le transfert vers la clinique en
réalisant les setup expérimentaux nécessairesaux irradiations (notamment pour le FLASH et pMBRT).

• Un exemple difficile
Faire coexister soins et activités expérimentales ou de recherche.
Il faut toujours rendre le système en condition nominales pour la reprise des traitements
le lendemain. Il peut y avoir une panne bloquante pendant l’expérimentation qui oblige
à annuler les irradiations avec réorganisation des plannings, impact sur les chercheurs, etc.
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Merci pour votre attention
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