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INFN Radiation Therapy &

Radiotherapy uses ionizing radiation to target and destroy malignant cells. The principle is
based on inducing DNA damage in tumor cells, disrupting replication and leading to cell death.

Surgery Kadiofherapy ... - 1. External Beam Radiotherapy (EBRT) 70%:
................ > \A E 2 BraChytherapy 20%,

j - 3. Others 10%.
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RT Conformality

h & SAPIENZA ZINFN

The paradigm of modern radiotherapy is CONFORMALITY: to give as much as possible dose to
the tumor region saving as much as possible the surrounding healthy tissues

| Careful balance is needed to give enough dose to control
SR —_ the tuwmor growth without damaging healthy tissues.
1 +|====Normal tissue toxicity
9 O " 8 [ | ) Cyberknife %o,iorn Cgrbon e
= Increase tumor g | | Tomotherany =
O ~ E IGRT Ay =
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| o ! damage to
¢/ normal tissue r .~
0.2 £ /7 -
4
> 4
Oo 5 10 Impressive improvement in the last 30 years, but state

of the art techniques of radiotherapy (IGRT, IMRT and

Dose (a.u.
@.u.) stereotactic radiotherapy) seems to approach a plateau.
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& v cinen Type of Radiation
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The players involved in the game are: PARTICLES. Depending on the type and location of the
tumor, different techniques can be used, exploiting the characteristic dose release inside the patient.

. : : : Final proton dose:
Phot.on Therapy: deep tlssu_e penetration, suitable for SPREAD OUT BRAGG PEAK
treating tumors located at various depths. 100 :
8 MeV
Low-Energy Electron Therapy: shallow penetration, . v Photons
ideal for treating surface or near-surface tumors. Eloctrons
S 60 —
. . S

The quest for conformality fully exploited 2 :

photon beams, and aims now to complex % a0 190 MeV E

and (very) expensive beams like: { protons 7 /)/\

[ /)
20 : -su.cc;&fivg exposur'es
Particle Therapy (proton, Carbon lons): intense localized ____ — LA
energy deposition (Bragg peak), deep-seated tumors. . : -
0 5 10 15 20 25 30

penetration lenght inside the human body (cm)

<+ 250 MeV proton from cyclotron;
@ * 350 MeV/nucleon carbon from synchrotron.




) oarinza inen: STANDARD Radiation Therapy P

STATE OF THE ART:

o Multiple 6-8 MeV photon beams from compact, light weight electron
LINAC, with photon production on tungsten target;

o Multiple field treatment delivered in multiple fractions (up to 30). Up
to 1-2 months;

o Each fraction delivers ~ Gy to the tumor in ~ minute;

o Very advanced IT technology, now also Al based.

MAIN LIMITATIONS:

o Radio resistant, bulky tumors;
o Diffuse tumors -> metastases.



saeenaa “inene FLASH effect: the discovery

Pulse dose

Reduction of toxicity in healthy tissues, while keeping

the same efficacy in cancer Killing, if the dose rate is Dose-Rate Average
radically increased (~100 Gy/s, or even more) with | per pulse VOS@'KW

respect to conventional treatments (~0.01 Gy/s).

Pulse duranon Time be’rween
Preservation of tumor control: pulses

- Decrease of the normal tissue response:
5 10 ; A Dose Rate: Single Pulse (D:)
- - T_ZJ&; ------------- l
5 6 : FLASH = 10 SGy/s “/;‘-‘a‘ 360 Hz ‘ I
S 4l | :
= | |
=
= 2
Q
.'g —=—Noniradiated Dose Rate : Total Treatment — T T E oo 5
% 1 L e 17.(3y CONV Radiosurgery ' l SR H ‘1’0’0’7""'/5 |
aC 17-Gy FLASH Ve %5 'S, T : CONV = 0.1 Gy/s ‘ ‘ ’ I

o 28 Gy 31Gy 34 Gy Teeey ,Lo‘“““éé'”",'zo’ ey |

Days after treatment (Vozenin et al. 2019, Clin. Canc. Res. )

|(v. Favaudon et al. 0 7 14 21 28 35
2014, Sci. Transl. Med.) Number of Treatments

S WARSY
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TCP = Tumour Control Probability

——TCP

- |—— NTCP
—— NTCP FLASH

-8

-6

-4

inFN Decreased toxicity, same tumor com‘rol@

-2 0

dose

Increase
Therapeutic
Window

NTCP = Norwmal Tissue Complication Probability

~ 2 Gy/fraction

> 6 Gy/fraction

@ CONVENTIONAL RADIOTHERAPY:

Dose Dose/rate Irradiation time
7\ ?

L fﬂ

|

~ Gy/win ~ Win

% FLASH RADIOTHERAPY:

Dose Dose/rate Irradiation time
7\ ?

L fﬂ

|

> 40 Gy/s <200 wms 9




U. Melanogaster
Hart et al. 2024

Mini pig skin
Vozenin et al. 2018
Rohrer Bley et al. 2022

C. Elegans
Shoenauen et al. 2023

Zebrafish embryo

Montay-Gruel et al. 2019
Vozenin et al. 2019
Kacem et al. 2022
Beyreuther et al. 2019
Pawelke et al. 2021
Karsh et al. 2022

Saade et al. 2023

Horst et al. 2024

Canine skin

Konradsson et al. 2021
Velalopoulou et al. 2021

Gjaldbaek et al.2024

Feline skin

Vozenin et al. 2018
Rohrer Bley et al. 2022

-
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Mouse esophagus
Ren et al. 2024

Mouse heart
Kim et al. 2024

Mouse hematopoiesis
Chabi et al. 2020

Mouse qut

Levy et al. 2020

Kim et al. 2021

Ruan et al. 2021
Eggold et al. 2022
Velalopoulou et al. 2021
Gao et al. 2022

Moral et al. 2024
Vergidanis et al. 2024

Mouse brain

Montay-Gruel et al. 2017
Montay-Gruel et al. 2019
Simmons at al. 2019
Montay-Gruel et al. 2020
Limoli et al. 2023
Simmons at al. 2019
&« Allen etal. 2020
'~ Montay-Gruel et al. 2018
Alaghband et al. 2020
Dokic et al. 2022
Williams et al. 2022
Alaghband et al. 2023
Dickstein et al. 2024
Mertinez-Rovira et al. 2024

Mouse lung

Favaudon et al. 2014
Fouillade et al. 2020
Gao et al. 2022

! Mouse skin bone,

muscle
Field et al. 1974

Inada et al. 1980
Hendry et al. 1982

Soto et al. 2020
Rudigkeit et al. 2024
Tinganelli et al. 2024
Velalopoulou et al. 2021

Cunningham et al. 2021
Sorensen et al. 2022
Tinganelli et al. 2022
Vergidanis et al. 2024
Demidova et al. 2024
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saina AINFN FLASH EFFECT: huwmans trial

First in Human

. . . Temporal evolution of the treated lesion: (a)
Treatment of a first patlent with FLASH- RRER | hefore treatment; the limits of the PTV are
radiotherapy

delineated in black; (b) at 3 weeks, at the

peak of skin reactions (grade 1 epithelitis
NCI-CTCAE v 5.0); (c) at 5months.

ean Bourhis @° & X Wendy Jeanneret Sozzi 9, Patrik Goncalves Jorge @ P ©
y § g

?

Olivier Gaide 9, Claude Bailat €, Fréderic Duclos ¢, David Patin @, Mahmut Ozsahin ¢,

Francois Bochud €, Jean-Francois Germond ¢, Raphaél Moeckli ©*,
Marie-Catherine Vozenin @ b1

FLASH Radiotherapy for the Treatment of

Symptomatic Bone Metastases in the Thorax Proton |
(FAST-02) 1b : 3 weeks

\Irradlatlon of Melanoma in a Pulse (IMPulse) Electron

! FLASH Radiotherapy for Skin Cancer (LANCE) Electron

FLASH Radiotherapy for Non Melanoma Skin Cancer
(ULISSE) Electron
Ic : S months

V AT T N 1 A T ey —p—

e B


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/skin-manifestation

s v FLASH EFFECT: the mechanism &

Radiation damage spans many orders of magnitude both on the space and time scale: the
FLASH irradiation mixes them up tightely.

& :

"'vu

1. Transient oxygen depletion :

e UHDR consume local oxygen rapidly, creating
ekt temporary hypoxia.
— s ps ns S e — BLLL 2. Ditferential ROS dynamics:
10714 1074 1072 10710 10-° 10°¢ 10° " Rapid radiation delivery may alter the production
e Pysicoohomsaphase T Biclogics! phase and decay of reactive oxygen species.
. o ~ 3. Immune modulation:
% FLASH may preserve immune cell function

better than conventional RT, enhancing anti-
tumor immunity while sparing normal tissue
inflammation.

DNA integrity hypothesis 4. Reduced endothelial damage:

Mitochondrial hypothesis UHDR delivery may protect vascular structures

e T —— INn normal tissue preventing radiation-induced
A lot of candidates misproven, but inflammation and late fibrosis.
many options still on the table... 5. DNA repair kinetics:
FLASH might influence the timing or efficiency of

Without a mechanism the implementation is forced to go DNA repair pathways differently in normal vs.
with a phenomenological approaches. tumor cells.

Oxygen depletion hypothesis

Free radicals reaction hypothesis

12




) savienza <inFne FLASH EFFECT: the role of Oxygen -

o

Oxygen is well known to have a role since early FLASH experiments in the 60ies, confirmed in
cell cultures, tail clamp exp., hyperbaric breathing etc.

Oxygen is a radiosensitizer: |t enhances radiation-induced DNA

- damage by stabilizing DNA radicals.

- At FLASH dose rates, radiation
deposits large amounts of energy In
* milliseconds, rapidly consuming

. available oxygen through water

. radiolysis and ROS formation.

» . This results in transient hypoxia,
. which protects normal tissues by
reducing the fixation of DNA damage.

Tumor tissuves are often already

hypoxic — less affected by
further oxygen depletion.

Normal tissues are well-

oxygenated — wmore likely to

benefit from protective hypoxia
during FLASH.

SURVIVING FRACT/ON

Discrimination Index

0 p

INVIVO Ty
Re O\ —k | |

\

W,
Y
] \ i "I Hela 091% 0,
= CHO, ' | :
- Michaels et al. 78 | Weissetal. 74
- K
% e W B ®w
DOSE (rads) e
Novel Object Recognition IN VITKO
Irradiation + O2
80-
ns ns * %%

“Ea e
------
------

------
------
------

------
------
------

------
------
------

------
......
------

Control Control + O, 10 Gy 10 Gy 10 Gy 10 Gy
CONV CONV + 0O, FLASH FLASH + O,

Pierre Montay-Gruel, et al. PNAS (2019)
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) s (NN FLASH EFFECT: the MS-68M2 model ™

The Multi-Scale Generalized Survival Model 2 (MS-GSM2) is a theoretica
& UnvERSITA é{\} nien  framework that aims to explain the FLASH effect by integrating biologica

7 DITRENTO \J responses at multiple scales—from molecular damage to tissue-leve
recovery.

(iv) Biological stage

(i) Physical stage

Cell
o o

- Repait— Provides a quantitative model to

W : :
<(-3j/‘ i BV S / predict survival curves under FLASH

Ly el vs. conventional irradiation.

death

direct damage

(ii) Chemical stage Y
g * ‘ A \ Helps distinguish between tumor

f and normal tissue responses based
< _// = ——— Redox enviroment on their l’epail’ capaciﬁes and

/ﬁ/ microenvironment.

14



© svivs (NN FLASH EFFECT: the MS-6SM2 model &

The Multi-Scale Generalized Survival Model 2 (MS-GSM2) is a theoretica

&3 UNIVERSITA ’\) TIFPA framework that aims to explain the FLASH effect by integrating biologica
7% DITRENTO N, responses at multiple scales—from molecular damage to tissue-leve
recovery.

(iv) Biological stage

(i) Physical stage

/, \\ . Provides a quantitative model to
() Bio-chemical stage S S / predict survival curves under FLASH
\ v atesiniet o vs. conventional irradiation.

Front. Phy. (2023)

. Ba .,

Spatial and temporal dose deposm / Damage formation\ 4 Damage A o e
. M. Battestini et al.,
and evolution Radiother. Oncol.

fast chemical reaction kinetics (2025)

FREY > Helps distinguish between tumor
SR R | time and normal tissue responses based
N e e N on their repair capacities and

__ el microenvironment.

o
<
¢

ETEED
single elapsed
particle time
& Low Dose High Dose
o track P, UHDR UHDR If at least one
hitting lethal damage Y

.
~_~
) ew) )

15



@ sy G FLASH EFFECT: the MS-6SM2 wodel &

Electrons (10 MeV) Helium ions (56 MeV/u) Carbon ions (280 MeV/u)
10 N
- 0.5 . _. {
T FLASH ML == B petment > T Experiment
T‘-; 1 M}!‘ effect o [ .o T T FLASH oo T
e ' effect o .
- 107 -1 + * - vi— ——"_"
5 " 2 ‘ 5 o , .‘ :
E \ g ~+ | ¥ fitted 203 F, : 1 ' FLASH
: OER r 4~ : : |l 1. effect
mm-s. effect ?E %’ ” & "o — : ' il
= 1 02 effect fitted . \ - | _' . _—r~ fitted .
- = — L | \ ‘1'—» T L L, |
I —y . OER R ‘ :L‘—_u i
4>_u-§f-'- 0.1 = : effect : . . .
10 .
me.s*u}MSHmq{f:onv'z.mF msﬁ o Convdak LASr.idd‘,-"f/Jnv.B‘yR;:L e 8.3_3,?9“"'29"‘-'FLASH 20% Conv 1% FLASH 1% Conv 21% FLASH 21% h Conv 05% FLASH 5% Conv 4% FLASH 4% Conv 21% FLASH 21%
Exp: Adrian et al., Br. J. Radiol. (2020) Exp: Tessonnier et al., Int. J. Radiation Oncol. Biol. Phys. (2022) Exp: Tinganelli et al., Int. J. Radiation Oncol. Biol. Phys. (2022)
* DU145 cell line * A549 cell line * CHO-K1 cell line
« 18.0 Gy * 8.0Gy e 7.5Gy
* 14 Gy/min (Conv), 600 Gy/s (FLASH) * 0.1 Gy/s(Conv), 205 Gy/s (FLASH) * 0.6 Gy/s (Conv), 70 Gy/s (FLASH)

M. Battestini et al., Radiother. Oncol. (2025)

@

/A\, MS-GSM2 simulations match in

vivo observations of normal tissue
sparing at dose rates >40 Gy/s.

Reproduces survival curves
consistent with mouse lung,
brain, and gut FLASH studies.

16



Biological dose Physical dose

= FMF

FMF lf D S DT LEL 09-
(1— FMF™™) bz o pFMF™n if D > Dy

FMF — Reduction of radiation ;
effect on healthy tissue. 6 e

& oA (Nl FLASH EFFECT: the Bohlen model

Centre hospitalier
universitaire vaudois

Taken frowm available data

-+ 14.1, Mouse lung -o- 21.1, Mouse survival
*- 17.1, Mouse survival & 21.2, Mouse crypt

- 18.1, Mouse radiation syndrome -®- 21.3, Mouse skin

—o— 18.2, Mouse gastro-intestinal -o— 21.4, Mouse survival
~e- 18.3, Mouse brain ~o- 22.1, Human skin
~o— 19.2, Mini pig skin o~ 22.2, Mouse skin
- 19.3, Mouse brain —+- 71.1, Mouse survival
+ —o— 20.1, Mouse crypt o~ 74.1, Rat skin 7-35d
-~ 20.2, Mouse skin o~ 742, Rat skin 5-23w
-o— 20.3, Mouse survival ~o— 74.3, Rat foot deformity
-~ 20.4, Mouse survival -o- 82.1, Mouse tail necrosis

Bohlen TT, Germond JF, Bourhis J, Vozenin MC, Ozsahin EM,
Bochud F, Bailat C, Moeckli R. Normal Tissue Sparing by FLASH
as a Function of Single-Fraction Dose: A Quantitative Analysis. Int
J Radiat Oncol Biol Phys. 2022 Dec 1;114(5):1032-1044. doi:
10.1016/}.ijrobp.2022.05.038. Epub 2022 Jul 8. PMID: 35810988.

» FLASH effect seems to be triggered on normal tissues
beyond quite high threshold (>6-8 Gy) — effective only on
healthy tissue very close to the tumor.

* An hypothetical clinical treatment optimization must include
the phenomenological FMF, . and the D parameters.

The threshold selects as target for
FLASH treatwment highly
hypofractionated tumors
(e.g. pancreas, lung efe)

17
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N DPelivery parameters =

FLASH effect has been often correlated with (too) many parameters:

: Conditions to obtain or miss the FLASH effect ~®-Christie e (1962-82) )
1. Mean Dose Rate LGy/s]; | y | -
T X e Curie e (2014)
s S “ 3'50 l
2. Pulse Dose Rate L6y/s] delivered 1 50 puises e e St s AGh
in each pulse; g ~ ¢ ’f w‘ - Stanford e (2017-2019)
. - ¢ e Stanford e (2020) FLASH
3. Pulse Dose LGyl; 3 sl ELBE e (2021) effect
> o Febetron e (1969-78)
4. Total Dose [Gy]: S T ESRF Rx (2018)
% m CTFEL MV- X (2021)
5. Pulse width Lms] of the single £ o0 1 puise ¢ Upann p2018)
beam shot: S +- CCHMC/UC PBS (2021) -
’ g ¢ Dresden Oncoray p (2019)
. E MD A 2019
6. Total duration od the Dose E fpuse ® Ch,is[.f?ffg"ﬁi ‘82)1 " | no FLASH
: . -9 , Y , , , , , , X i . r
adm'“ls‘rra‘“o": 10 10 102 103 104 10° 106 107 108 10° 10"  y--Lausanne e (2017-19) Sac
Dose rate in macro-pulse (Gy/s) 2 ANSTO Rx (2018)

7 Repetition Frequency of the =
pulses LHZ]; —

8. Nuwmber of pulses delivered. Consensus about the need for a minimal average dose rate
around 50-100 Gy/s and minimal 5-6 Gy threshold dose.

19



INFN  FLASH EFFECT: the fractionation

During a real treatment the dose is given in many fraction: the FLASH effect is killed/modified/
unperturbed by the divided irradiation?

S Research are actively on-going, the answer is likely to be dependent on tissues, fraction timing and so on.

(A) (B) Line Kristensen, FRPT 2024
* The dose-response curves for severe acute 100 90=¢ [ < 100 o9 D
. - . S 1MrCONY/ 53 o= 4fr CONV /
skin toxicity achieved a 46% FLASH 2 s0d .o 15 FLASH 2 go0d .o 4f FLASH f O
O O .
protection ratio (95% CI: 37-56%) for a X 60" | X f
single fraction (Figure A). E | @ ce £
* For the four-fractions study, a FLASH E ] ? “ 5:
protection ratio of 18% (95% Cl: 9-27%) 3 21 | .
O ) -
was achieved (Figure B). W Y AP0 .
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

Total dose (Gy) Total dose (Gy)

Treatment Planning Systems must be able to take into account also this effect!!!
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&2 AN ZINFN - FLASH EFFECT: available beams

During last years the number and the types of available FLASH beams is greatly increased, and
more are foreseen.

-

‘L Three main fawilies: The FLASH effect has been reported on several beams, with

different energies and completely different time structure.
Commercially produced:
beams specifically designed == clectron

for preclinical research; QElectrons (4.5-201 MeV) = e
AProtons (20-250 MeV) o
u

JCarbon (240-280 MeV/u) |
JHelium (17-147 MeV/u)

Home made modification to
existing clinical beams:
available both for preclinical
and clinical research;

Occurrences
w N

preclinical research is possible.

Laboratory beam, obtained i
from large experimental §
infrastructure. Usually only R ' II I I I I

...... 0 10 20 3~ 4 S0 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
........................ Energy [MeV]




) SAPieNZA ~INEN FLASH EFFECT: electron beams

The electron beam have been the first, and are still now the main source of flash
effect results (now also in clinical trial!)

-

le—8 Integrated Dose Distribution - IDD

—- 6 MeV e~
— 10 MeV e~
e 20 MeV e~
-+ 30 MeV e~
150 MeV e~
—e— 220 MeV e~

N
6-12 MeV 10220 MeV

Commercially available Different energy beams
beams designed mainly

available in research d :,
for preclinical research. 18-20 MeV iInfrastructure outside E

Dose [Gy/primary]

custom modification of
standard Xray LINAC.

0 10 20 30 40
Depth in water [cm]

50

https:/ /www.soiort.com/
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iNFN - FLASH EFFECT: electron beams

The electron beam have been the first, and are still now the main source of flash
effect results (now also in clinical trial!)

Accelerator Pulse Dose Pulse per

Rate (Gy/s) second (Hz)

M Alcen Oriatron 102 - 107 0.5-4 5-200 6
eRT6
ElectronFLASH SIT | 0.5-1.0 106 0.5-4 1-240 5-12
IntraOp 2-16 106 0.5-4 5-90 6-9
6-12 MeV 10220 MeV Mobetron
Elekta Precise 120| 3.5 200 10
Commercially available Different energy beams
beams designed mainly avallable in research Varian Trilogy 4 105 5 108 16
for preclinical research. 18-20 MeV infrastructure outside
| clinical environments. | yarian Clinac 8. 75 105 2 108 20
Beams obtained by custom 91EX
modification of standard Xray Varian Truebeam | 1.4 104-8 106 | 0.34-3.4 300 6
~ LINAC.
Y Mitsubishi 3.7 103-1.6 104 | 3.4-4 20-80 8
& | ML-15MI

New Modified

24




AN inene - FLASH EFFECT: photon beams =
>

The production of photon FLASH beam is very
challenging with traditional production mechanism:

The photons are produced by the
Bremsstrahlung of e- LINAC beam (E 10-20
MeV) on a high Z target (W) with low efficiency

Simplified Linac Schematic

EVACUATED
GLASS TUBE

EiET N FLASH requires a dose 102-103 times higher than CONV-RT.
X j _____ > Needed an increase of the mean beam current from tens of uA
4 K: % B Bt to several mA.
mreetenoos) ], Technical challenges in modulating beam intensity quickly enough;

6 MV BATTERY | _ 2. Risks of melting the Bremsstrahlung target.

Energy LMeV1 6 18 6

26 6 18

Photons per
1000 electrons 1.6 7.2 1.5 4.6 2.5 6.3

25



saviena AINFN FLASH EFFECT: proton beawms =

LV N

>

Unfortunately the FLASH rate can be usually achieved on a
~cm?2 beam spot. For clinical volume tumor you need:

1. Longitudinal: Insert range shifters to change energy (SOPB);

2. Transverse: Scanning magnetically the pencil beam.

The proton beams, due to their range, are the
main candidates for a ready clinical translation of
FLASH to deep seated tumor treatment

Clinical proton beams can achieve the FLASH
threshold rate beyond ~ 50 Gy/s at the maximum
energy of ~250 MeV.

Take time and lower dose rate.

Clinical plan

% The magnet scanning (~ms) can maintain FLASH effect
20 but not the change of energy (~1 sec).

Shoot-tilrough
FLASH plan

Loose proton conformality but FLASH effect
can compensate high dose on 0AR?

26
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& AN ZINFN - Very High Energy Electrons: why?

To treat deep seated tumors the electron energy must be larger than that one of the standard RT LINAC (20-15 MeV).

At E>50 MeV e- beams have typical features... _

[ Lateral extension (penumbra) is dominated by Multiple Scattering
inside the patient and decreases with energy;

[ Dose depth distribution with tail after the peak increasing with
energy;

[F Dose depth distribution with a broad peak shifting with beam energy

100 -+ mmm 200 MeV p
B 100 MeVe™
Bl 10 MeV e~

6 MeV y

80 -

20 +—1

" l

0 10 20 30 40 50
Penetration depth in water [cm]
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& v inene Very High Energy Electrons: why?

VM

To treat deep seated tumors the electron energy must be larger than that one of the standard RT LINAC (20-15 MeV).
At E>50 MeV e- beams have typical features...

| | | | | I | | |

100 — 150 MeV electrons _
100 MeV electrons
75 MeV electrons -

[ Lateral extension (penumbra) is dominated by Multiple Scattering

50 MeV electrons
40 MeV electrons

inside the patient and decreases with energy; 80 '
[ Dose depth distribution with tail after the peak increasing with
energy, 60 |- \ _

D%

[F Dose depth distribution with a broad peak shifting with beam energy

40 \\ |
20 H'\ _
o 0 ! ' | L L — ; . Pe——
. @ The lower the energy, the smaller the tails beyond the 0 1020 30 40 50 60 70 80 90 100
: tumor region; : S ———

FLUKA 2020: pencil beam
simulation in water

; e The PPP has much better behavior than photons in the
: entrance channel.

29
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SAPIENZA  ZINFN VHEE: Lateral Distribution

Multiple scattering spread out the dose in the path to the tumor. This effect gives the main limitation to the use
of VHEE in clinical practice

10 MeV photons 100 MeV electrons 100 N

Even if the electron beam is pencil like, it
107 «explode» inside the patient in a rigid (but
| predictable: SIMULATIONS) behavior due
to MS;

X [cm]

- 1072

o - Toovercome VHEE must be used (E>100
. MeV): high cost, large and expensive
machines

Z [cm]

SPOILER!!!

If something reduces the “effective” dose seen by the healthy
tissue.....




The electron beams with E>50 MeV has a 2-dimesional dose with a penumbra that increases with the penetration

INn tissue and decreases with the energy.

E=50 MeV
Spot size = Ymwm o

XZ slice at y=-0.05
50
XY slice at z=3.45

ZY slice at x=-0.05 40

30

zZ {cm)

20

10

0
-15 -10 -5 0 5 10 15

FLUKA 2020: simulation in fem
water of a 0.5 cwm sigma
transverse size pencil beam

0.01

0.0001

le-06

le-08

le-10

le-12

31




The electron beams with E>50 MeV has a 2-dimesional dose with a penumbra that increases with the penetration

INn tissue and decreases with the energy.

XY slice at z=5.35

E=100 MeV
Spot size = Ymwm o

50

ZY slice at x=0.05 40

Z{cm)

0

FLUKA 2020: simulation in
water of a 0.5 cwm sigma
transverse size pencil beam

-10

XZ slice at y=0.05

10

0.01

0.0001

le-06

le-08

le-10

le-12
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The electron beams with E>50 MeV has a 2-dimesional dose with a penumbra that increases with the penetration
INn tissue and decreases with the energy.

XY slice at z=3.35

y (cm)

E=150 MeV
Spot size = Ymwm o

ZY slice at x=0.05 40

z {cm)

Z (cm)

FLUKA 2020: simulation in
water of a 0.5 cwm sigma
transverse size pencil beam

20

10

0
-15 =10

XZ slice at y=0.15

-5

;

0.01

0.0001

le-06

le-08

1e-10

le-12
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Beam produced from high energy eLINAC whose technology is taking advantage from high energy particle tech

(S,C.X band RF)
Cle—ar S\ERI\II Linear];EleRctron )
ikt O el Dl ccelerator for Researc
o FLASH effect on VHEE already observed at CLEAR@CERN, .

201 MeV e beam:

o Available FLASH beams at PITZ@DESY (40 MeV),
SINBAD@DESY, BTF@LNF (150MeV), ELBE@VRESPEN (30MeV),
CLARA@Dareshury (90MeV):

Large infrastructure, not clinical
style, possibility to vary the
parameters

& Science and
Technology
Facilities Council ASTeC

Mo
™l £

HELMHOLTZ ZENTRUM Huge effort to reduce size and cost!
DRESDEN ROSSENDORF
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s cinen VREER & RT in literature

o W £
il &

In the last years few research groups studied the possibility to use VHEE electron beam with 100 MeV < E < 250MeV
in RT. Some papers reported a superiority VHEE RT vs standard VMAT in the treatment of some tumors.

% of 45 Gy

Q Why they have not yet reached
the clinical stage?

Reported results are often based on
simulated setup with:

_ ’ 1. Many entrance fields (>10) .
et | & . 2. Beam energies 2 100 MeV (200 MeV :
smbowel | 8 20 | | : typical) to minimize the beam :
- g ' I I . penumbra

= | I I I I e e

. P SRS S SO o PPN
Dose (Gy) éoz\‘\'b\go Q‘Q :&o \Qv W 0 ‘.}b \0{.\&\
< < 35




& s cinen VHEE: the limitations

K Q Why they have not yet reached

o the clinical stage?
RAPIOPROTECTION ISSUES

COST, COMPLEXITY AND SPACE

LARGE NUMBER OF FIELDS AND UNAVAILABILITY OF COMMERCIAL TREATMENT
HIGH ENERGY PLANNING SYSTEMS

-100
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A REAL MACHINE: THE SAFEST PROJECT




@ v gnev - The SAFEST project =

VHEE source based on a C-band LINAC, working

at 5.712 GHz, delivering a high intensity electron It will accelerate electrons up to 130
beam in FLASH regime. MeV, maintaining a good transmission
efficiency of the particles, necessary to
S /\ ; 7 transport the high peak current.
PRF 100Hz
Pulse duration < 3us % INFN W@ ﬁAP]ENZA
Charge per pulse 600nC §<S|T Composed by three modules, each
D i , > 107Gv/ T 3AFEST ijecf dedicated to different electron
0Se rate per puise S
Pere ’ SApienza Flash Elec’rron Source for radlo—‘l‘herapy energies (9, 60 and 130 MeV).
Average dose rate > 10°Gy/s
pulse current 200mA MODULE1 MODULE 2 MODULE 3
1. SW injector: accelerates a current from a pulsed dvetron ;:IY:?JW :Px'f;m
DC gun to ~200 mA (energy of 9-12 MeV); o e 130 o130
2. CompaCt TW C-band: hlgh gradlent acceleratlng ACé%er | gzz.smw" 22.5 MW 222.5MW" 22.5 MW
Stru Cture (N 50 M eV /m) beam Injec;o;c-band >§<~35MeV/n;;~35MeVIm >?::’,emw/:z—~35Mewm—é»
9 MeV 60 MeV 130 MeV 38




D sarenza ZInen The acceelerating struetures &

STANDING WAVE STRUCTURE TRAVELING WAVE STRUCTURE
The C-band SW bi-periodic structure operates in a z/2 The traveling wave (TW) device is a C-band accelerating
-mode. It alternates coupling cavities, with no electric field, structure operating in a TMO1-like mode with a 2z/3
and accelerating cavities in which the electric field is -phase advance per cell, optimizing the acceleration
maximum. o process’s efficiency.

- .
_____
“ .
.. .« b

PARMELA SIMULATIONS!

Parameter Value

Parameter Value
Structure length L gy 69 cm
Shunt Impedance Rgyy- 116 M{/m ;‘mcl‘)m 'ffmg]‘]h Lrw 4372"1
, ) umocer o1 CEis &

I(\)/Iuadhty ff actor Q.S " B IQIZl.S - Shunt Impedance Ry 107 M()/m

0de O operz}tlon . 1-PET10dIC 7/ Quality factor Q7 (cell) 10630
N of accelerating cells Ngyy 27 Type Constant Impedance
Coupling cells length 3 mm Operation mode 2r
[ris radius 3 mm Iris radius 5 mm
Filling time 0.220 ps Filling Time 0.143 pis
Coupling coefficient Sgy 1.58 Group velocity v 0.01c*

(*) ¢ = speed of light
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Az ¢inene Radioprotection studies

Replicate the geometry and S 0| sicl - [w
materials of the prototype. ' |

GOAL

Evalvate the dispersed
radiation to design the

BEAMS PHOTOY

S : s s
= S needed shielding.
s 24 MeV peak
N - 500
§2‘~ ) - 3o Low energfy Study of the position, direction, and energy of
= > . ‘s
5| = w s M e particles exiting from the accelerator structure.
E - 8 102
r L
6 - 100
— £ 3 g 1
= N TS | | | | = Neutrons = Secondary Electrons s Photons
E -06 -04 -0.2 X?(.:(:n] 0.2 0.4 0.6 0 5 Kin;.toic Eneray [1|\5/|eV] 20 g g 10‘3 g 10
S 5 10 S 10° Emean=0.94 MeV
° Emean-072MeV | °© Emean-189MeV | © -
.~ Characterize the different types of g g 10° S 0%
> radiation produced by various interactions | 3 | - yﬁ § 1 T 1 Zhg
within the accelerator. L e ° 0 % ein MeV) 0 O o)

Statistics: 10° primaries 40



sseena <inen Radioprotection studies

* The dose was evaluated at different positions and radiation shielding
barriers were calculated.

% em LEAD
plates Laterally, [6y/prim] Yk |Above LGy/prim] Y

NO SHIELDING 7.3_.«"10—18 +33.1071° 3.9}’-’10—18‘1_ 2.3-107P

* 3 cm SHIELDING 595107 %7.6-107 | 3.53.. 10719 24.6 - 10720

2 2
...-“ ...-“

T Y N R Y 1I'I|P'I-' E-I::".}'I:Z"'.m.-::.__ﬁ
it

Assuming a
workload of
3 days/week

LAty
l."!'_l. ':'ll-‘ "'!Jh' .lr.!.?.ll.-

RESULTS:

Lead plates (3 cm of thickness)
around the structure are enough
o ensure safety of users and
workers.

FLUKA 2020: simulation of the
electron beam passing through
the accelerating strueture "
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Patient

Organ

Dosimetric constraint

Volume [cc]

PTV

Optic nerves

neN Treatwent Planning Systewm

PATIENT
IMAGING

- DOSIMETRIC
D; < 54 Gy(RBE ,

Chiasm

D; < 54 Gy(RBE

Posterior optical path

Eyeballs

D; < 40 Gy(RBE

Brainstem

D; < 54 Gy(RBE

)
) 0.

o100 CONSTR
)
)

Carotid arteries

Diaz <105%

]

85 pbs

120 MeV

f

83 pbs
130 MeV

130 MeV

78 pbs |

85 pbs
110 MeV

79 pbs
110 MeV

Gy

o

30

25

-20

-15

10

PHYSICAL
MODEL

TPS
Optimization
algorithm

ACCELERATOR
PARAMETERS

1. Energy
2. Intensity

3. Direction
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INFN - Treatwment Planning Systewm

VHEE irradiation was simulated assuming the compact C-band acceleration technology which will be
capable of delivering multi-fields with an active scanning-like approach.

CT IMAGES & FIELD DIRECTIONS

Point source beam

-100

‘B R BRI
BEEE

o Planning CT

o Entry points

o Dosimetric constraints
o Prescribed dose

Provided by the hospital
where the patients were

-75 -50 -25 0 25 50 75

am

treated. Organ _____dosimetric constraints
Target volume n >95% /] never above 107% *
Rectum fv.’j[) < 30 <. ‘o?vgjg'j{_-- Fl 0 < o, V75 < 15%
: : Anus Vi <50%
A TPS. for VHEE does not yet em§’r,fso we qemf/e e D < 50 Gy
geometric, dosimetric, and energy intormation trom "R D < 52 Gy, Ve <5%

standard radiotherapy Bladder D < 65 Gy, Vs <50%, V7o <35%, V75 <25%, Vso <15%
44
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@ o ginene Treatwment Planning System

VHEE irradiation was simulated assuming the compact C-band acceleration technology which will be
capable of delivering multi-fields with an active scanning-like approach.

CT IMAGES # FIELD DIRECTIONS ENERGY SELECTION

The initial beam energies (7/0-150 MeV) are chosen looking at the dose distributions
obtained simulating a single PB delivered at the center of the PTV.

" Provided by |
~ the hospital. |

o Planning CT
o Entry points

— e == ==

- Dosimetric constraints | | — Pb dose
n _ \ 80 ] ] ]
o Prescribed dose 5 / — / distribution
0.81 110
~ el e Y Planned Target
Volume (PTV)
: fil
@ 0.4
: protuie
0.2
Organ dosimetric constraints
Target volume - Vosoz >95%] never above 107% 0.0
Rectum LV,-;() <30%,|Vgy <3: : 0 ' ' , ' ' v
Anus Vao <50% s -30 -20 -10 0 10 20
Bulbourethral Glands D < 50 Gy . Depth in water [cm]
Femurs D < 52 Gy, Vgo <5% .
Bladder D < 65 Gy, Vs <50%, V79 <35%, V75 <25%, Vg <15%
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4 SAPIENZA #7INFN Treatwent Planuing SYS‘I’QWI &

-

VHEE irradiation was simulated assuming the compact C-band acceleration technology which will be
capable of delivering multi-fields with an active scanning-like approach.

CT IMAGES & FIELD DIRECTIONS ENERGY SELECTION PENCIL BEAM CONFIGURATION

~ Provided by |
~ the hospital. |

— e == ==

: The initial beam energies are chosen EThe size of each PB is defined using
: simulating a single PB delivered at : active scanning delivery.
: the center of the PTV. :

)

o Planning CT
o Entry points
o Dosimetric constraints _
> Prescribed dose CT profile

Pbdose : ——
distribution : =
: PTV profile /‘ : pacing

varies
Y/ acc_ordu)g _to ,'
B — the irradiation |
| cm
Organ dosimetric constraints 8
™ [ s e e e v s P To reduce the number of spots,
Anus Vi <50% . . . .
Bulbourethral Glands D‘i: 50 Gy g 00 0 and thUS the CompUtatlonall tlme

Femurs D <52 G}’, Vo <3% E 0 20 _iODepth in water [cm]0 o “ E i i T
Bladder D < 65 Gy, Vgz <50%, V7o <35f:£}, Vs <25%, Vg <15% E E (FLASH reglme l“ mlnd')
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Dose evalvation: FRED

INFN

TPS softwares use an analytical dose evaluation approach, which may be not so accurate. Our solution is to use
FRED.

The FRED MC has been developed to allow a fast optimization of the TPS in Particle Therapy,
while keeping the dose release accuracy typical of a MC tool. Today FRED protons is used in
various medical and research centers: MedAustron (Vienna), APSS (Trento), Maastro (Maastricht)
and CNAO (Pavia) while C ions and electromagnetic models for FRED are used for research
purposes.

XY slice at z=-62.00 cm YZ slice at x=-3.55 cm ZX slice at y=20.18cm . 4
15
’ i

\

" amma-Index pa 5& ‘
| rate (2mm/2%) 97% :

}1

T
Py

|
}
1

|

1

y [em]
z [cm]
X [cm]
D [Gy7prim;w]

FRED

—
C —

ylem]  z[om)

»
- .

x [cm]

Z [cm)]
D [Gy/primary]

FLUKA

Developed to work on Reduces the simulation
¢py time by a factor 1000
compared to standard

MC

v
—

y [cm]
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SAPIENZY (INFN - Peasability study on real patients

Validate VHEE treatment on DIFFICULT GEOMETRY due I Dose Voluwe ﬁisfogr;m I
to the PTV position
— PTV Optic nerves Middle ears e Normal tissue
@ - = Brainstem Cochlea —+— Carotid arteries X 95% 95%
—#— Posterior optical_ Eyeballs Chiasm

100 -  ~EmE 100 +

@ Q o Meningioma: 3 fields, with a prescription to the PTV
of 54Gy(RBE) in 27 fractions.

VHEE 3 FIELD

PROTON

80 801 |

O:,j - Chordoma: 4 fields, with a prescription to the PTV of ¢
S

54Gy(RBE) in 30 fractions.
PTV

20 | 20 13

Elec’rron lsodose Map

=-0.03 ¢

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
l. | Dose [cGy] Dose [cGy]

Cowmparing PT delivered plan and VHEE simulated
plan, the PVH show COMPETITIVE performance.

Similar results for C1, with even more complex geometry (in SPARE!)
48



=

For pancreatic tumors it is crucial to minimize radiation-induced toxicity to the ¢00D CANPIDATE FOR FLASH
nearby duodenum. IRRAPIATION!

INFN - Feasability study on real patients

~ DOSIMETRIC CONSTRAINTS

=

Volumes |[cc]
: PT1 PT2 :
. | | " ROI Constraints PT1 | PT2 | PT3

F & &

Vibia < 5%

PTV VPT2.PT3 o gsor 94.9 | 81.6 | 117.9
o PT1: seven fields were used, with a :
prescription to the PTV of 30 Gy in 5 :

 PRESCRIPTION | _FIELD GEOMETRY

I

100%
DET2 < 40.95 Gy

maxr

DPT3 < 37.8 Gy

max

V35Gy < 0.1 cc

. Duodenum Voseey < 10 co 93.5 94.4 101.6
. : ' : Y

fractions. : — : | Bowel Vaoay < 1 cc 1035.1 | 563 | 15114

. : : : Vioaqy, < 50 cc
o PT2: five fields were used, with a : m) | Stomach Vase, < 0.1 co 173.2 | 168.6 | 287.1
prescription to the PTV of 32.5 Gy in 5 : | Spinal cord I\)’zs.3ay<<lg-f§5 cc 60.3 | 111 | 109.2
fractions : Liver v 892.5 | 1202.8 | 1504

- 115Gy < 700 cc
Kidneys VEia, < 45% 256.6 | 250.3 | 940.7

o PT3: five fields were used, with a
prescription to the PTV of 30 Gy in & :

fractions. — Slightly different modalities for irradiation

ff S) POLICLINICO UNIVERSITARIO
A &25/ CAMPUS BIO-MEDICO
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@ s (inev Feasability study on real patients =

For_ |:_>ancreatic tumors 1t IS crucial to minimize radiation-induced 6007 CANPIDATE FOR FLASH
toxicity to the nearby duodenum. ' IRR ADIATION!

100 A S 100 A 100 - -
* V95% 95% '\\ % V100% 95% * V100% 95%

80 1 80 A 80 A
< 60 - < 60 - < 60 -
@ @ E.
= - =
3 E 3
S 40- S 40- S 40

20 \\\ 20 - 20 -

\_- \\\\ k
0 A 0 - 0 -
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500
Dose [cGy] Dose [cGy] Dose [cGy]
—— VHEE = ----- VMAT —— VHEE  =----- VMAT —— VHEE =~ ----- VMAT
— PTV — Liver Stomach — Bowel — PTV - Liver Stomach - Bowel — PTV — Liver Stomach — Bowel
—— Duodenum = Kidneys - SpinalCord = Duodenum  =— Kidneys  -—— SpinalCord - CTV —— Duodenum  —— Kidneys —— SpinalCord —— CTV

e —
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DPuodenum &

Volume [%]

XY slice at z=-3.60 cm

________________

-2.5

PT3

For pancreatic tumors it is crucial to minimize
radiation-induced toxicity to the nearby duodenum.

INFN - Feasability study on real patients &

GOOP CANPIPATE FOR FLASH

IRRAPDIATION!

Transparent bands: potential improvement if the plan is delivered in UHPR

100 -

Co
o

o))
o

o
o

N
o
1

\4 conditions.

0 3000 3500

0 500 1000 1500 2000 250030003500
Dose [cGy]

— VHEE  ----- VMAT

— Liver Stomach
— Kidneys - SpinalCord

— PTV
—  Duodenum

- Bowel

VMAT VHEE  VHEE-FLASH

PTV 99% 98.32% | 98.32%
Duodenum | 3588 Gy | 3511Gy | 31.06 Gy
Stomach | 31.04Gy | 33.28Gy | 29.97 Gy

o FMFmin=0.6 to 1 e Pth value of 29 Gy.

The FLASH optimization results in an increase in the average dose delivered

to the duodenum, while reducing its maximum absorbed dose by

CTvV

approximately 4 Gy. This allows to increase the PTV coverage!
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g ANy (OINFN - Feasability study on real patients

For pancreatic tumors it is crucial to minimize radiation-induced 6007 CANPIDATE FOR FLASH
toxicity to the nearby duodenum. IRR ADIATION!
38 Correlation among FMF, . values D, and the resultant increase of the
I 95% ot the dose absorbed by the 1007 of the PTV volume on the z-axis.
ol J VMAT | VHEE  |VHEE-FLASH
F 2 8 PV 09% | 98.32% | 98.32%
28 0 > Duodenum | 35.88 Gy | 3511Gy | 31.06 Gy
305, RS o [ Stomach | 31.04 Gy | 33.28 Gy | 29.97 Gy
Ory [Gy/fracti;:;5 2 09 " gMFrin
2 o FMFmin =06 to 1 e Pthvalue of 25 Gy.

The FLASH optimization results in an increase in the average

1 D <D dose delivered to the duodenum, while reducing its maximum

Dpyyr=FMF -D  FMF= {(1 _ FMFmn)BE 4 FMEm® i D > Dy absorbed dose by approximately 4 Gy. This allows to increase
the PTV coverage!
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O s vt Take home message

Ultra-high Dose Rate

¥ FLASH radiotherapy delivers ultra-high dose rates in a very short
time, potentially reducing damage to healthy tissue compared to
conventional radiotherapy.

¥ A wide variety of beams now allow FLASH-rate irradiation, enabling
preclinical research at many facilities using different particles and
energies. 0

0 10 20 30 40 50
Dose [Gy]

¥ While the biological mechanisms behind the FLASH effect are still
under investigation, feasibility studies are expanding, and dedicated
research centers are rapidly emerging worldwide.

¥ Very High Energy Electrons (VHEE) represent a promising option for

future FLASH treatments (but no dedicated clinical machines are
currently available —> SAFEST!)
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¥ FLASH radiotherapy delivers ultra-high dose rates in a very short
time, potentially reducing damage to healthy tissue compared to

Oo 10 20 30 40 50

conventional radiotherapy. Dose [Gy]

llllll

.......... / Lﬁ]; L ; I -. L

¥ A wide variety of beams now allow FLASH-rate irradiation, enabling
preclinical research at many facilities using different particles and
energies.

¥ While the biological mechanisms behind the FLASH effect are still

.....................................

under investigation, feasibility studies are expanding, and dedicated
research centers are rapidly emerging worldwide.

¥ Very High Energy Electrons (VHEE) represent a promising option for
future FLASH treatments (but no dedicated clinical machines are
currently available —> SAFEST!)
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60 Tumor

¥ FLASH radiotherapy delivers ultra-high dose rates in a very short
time, potentially reducing damage to healthy tissue compared to
conventional radiotherapy.

¥ A wide variety of beams now allow FLASH-rate irradiation, enabling
preclinical research at many facilities using different particles and
energies.

% While the biological mechanisms behind the FLASH effect are still emp— '
under investigation, feasibility studies are expanding, and dedicated § .

] ] ] Oxygen ‘ [nherent biology
research centers are rapidly emerging worldwide.
FLIASH effect
¥ Very High Energy Electrons (VHEE) represent a promising option for i///
future FLASH treatments (but no dedicated clinical machines are
Currently available _> SAFEST!) Therapeutic window

Normal tissue tolerance Tumour control

S}S)



@ e ¢nev Take howme message | .......... &

100 -
%00 | I—
E 60 Tumor
¥ FLASH radiotherapy delivers ultra-high dose rates in a very short e / »
20

time, potentially reducing damage to healthy tissue compared to
conventional radiotherapy.

ooooo

¥ A wide variety of beams now allow FLASH-rate irradiation, enabling
preclinical research at many facilities using different particles and
energies. —  Ouown ft// N
Oxygen \ | Inherent biology
¥ While the biological mechanisms behind the FLASH effect are still FLASH effect
under investigation, feasibility studies are expanding, and dedicated / v
research centers are rapidly emerging worldwide. r A}:

In silico study for stereotactic body radiotherapy of
. pancreatic cancer: can FLASH planning with very high

. .~ . . energy electrons improve the therapeutic ratio?
¥ Very High Energy Electrons (VHEE) represent a promising optlon for e URMITTED -
future FLASH treatments (but no dedicated clinical machines are | Ramell A Sehidt . Toppic 6. Skt Mgt A o
Currently available —_> SAFEST') Treatment planning of intracranial lesions Perspectlves1n11nearacceleratorforFLASHVHEE:

with VHEE: comparing conventional and Stlldy Of a compact C-band system
FLASH irradiation potential with state-of-

the-art photon and proton radiotherapy L Faillace !, D Alesini 2, G Bisogni ®, F Bosco 4, M Carillo , P Cirrone °, G Cuttone °,
D De Arcangelis 4, A De Gregorio ©, F Di Martino 7, V/ Favaudon &, L Ficcadenti 4,
Lt @ G pattistoni L Eaer D Francescone 4, G Franciosini ©, A Gallo 2, S Heinrich &, M Migliorati 4, A Mostacci 4,
£ o corous F. De Felice” A. De Gregor io42¢ M. De Simoni2® L Palumbo 4, V Patera 4, A Patriarca ®, J Pensavalle °, F Perondi ' R Remetti 0, ASarti 4, L
coieice? (@) ¥0ong® () G Farciosii®> () M. Marsn B Spataro 2, G Torrisi ®, A Vannozzi 2, L Giuliano * 9
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INFN  FLASH EFFECT: synchrotron X beams &

-

These beams are obtained from synchrotron radiation
source at high energy (>GeV) electron-synchrotron facility;

. The X ray beam is emitted by the high energy charged
- beam in a magnetic field: :
» From a dipole magnet that bends the beam trajectory;

. * From a wiggler where the beams has multiple curves
© with enhanced Xray emission.

B field %
Ty
Yy

Xray beam

Large infrastructure are needed -> not
suitable for clinical environment.

58
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B SaieNnza ~INeN FLASH EFFECT: synchrofron X beams

These beams are obtained from synchrotron radiation
source at high energy (>GeV) electron-synchrotron facility;

The X ray beam is emitted by the high energy charged
beam in a magnetic field:
From a dipole magnet that bends the beam trajectory;
From a wiggler where the beams has multiple curves
with enhanced Xray emission.

OD=5.0cm I Flange and cooling-plug

«  Optimization of target for Xray production produced ~5 MeV
FLASH beam;

- FLASH capable tantalum target to be mounted on the 10
MeV eLINAC. MC optimization, including cooling and
mechanical stress;

Bfield Wiy

Ty
Yy W - FLASH dose up to ~ 102 QGy/s possible for several
combination of target thickness and beam sizes.
e beam
B field ,o,  Dose Rate Dependance:Target Thickness (2o=5mm) 140, Dose Rate Dependance:Beam Size (1000um)
180 | i?ggé?&ﬂ?m ‘ iéﬂ:lgm

Xray beam w, ool | o M|
Xra beam cio] -~ F 11000 um, 8MV | | 100 | -F 5mm,8mv | |
- OT 1500 um, MV & 3 10 mm, 8MV |

(:3120\ 53 A

£100 % - %

E 801 ; 60 |

Large infrastructure are needed -> not
suitable for clinical environment.

20

N ey
o o
| 1"‘
l
|
S
o

Depth (cm)

0 2 4 6 8 1.0
Depth (cm)

Nolan Esplen et al 2022 Phys. Med. Biol. 67 105003 59



INFN  FLASH EFFECT: synchrotron X beawms

These beams are obtained from synchrotron radiation ESFR

source at high energy (>GeV) electron-synchrotron facility; e A o0
The ID17 beamline is produced N e v T

Cetiieeseeeeeann RXXRE P SRREALIRLEERTRTIRE . at the European Synchrotron fg P T

. The X ray beam is emitted by the high energy charged < Radiation Facility by wiggler B a8 & S

: beam in a magnetic field: . field~1.6T; :

.+ From a dipole magnet that bends the beam trajectory;

» From a wiggler where the beams has multiple curves : . The intensity can be locally extremely high-> flash rate

with enhanced Xray emission. . * Max beam size: 150 x 10 mm?2 asymmetric due to the
production mechanism;

 FLASH dose up to ~ 102 Gy/s possible for several

Bfield Wy combination of target thickness and beam sizes;

vy » Photons with E < 30 MeV removed with a mm filter (C, Al, Be,
Yy Cu).
e beam i} -

B field . . ocincal — |

Xray beal : 3 :

Xray beam A g S |

Large infrastructure are needed -> not S

suitable for clinical environment. I

Depth in water/mm
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a7 UINA INFN - FLASH EFFECT: synchrotron X beams =

-

Connected to drift tube FElectron beams CF100 vacuum flange

These beams are obtained from synchrotron radiation
source at high energy (>GeV) electron-synchrotron facility;

. The X ray beam is emitted by the high energy charged

beam in a rpagne’uc field: | . * Compact (1.65 m long) S-band backward-traveling-wave
» From a dipole magnet that bends the beam trajectory; : electron linac;

+ From a wiggler where the beams has multiple curves .+ Maximum mean dose rate of the room-temperature linac

+h enh d X L X exceeded 80 Gy/s at an SSD of 50 cm and 45 Gy/s at an
WIith ennance ray emission. X SSD of 67.9 cm:

- Target for UHDR X-rays optimized with Monte Carlo
simulations using Geant4 and thermal finite element
analysis simulations using ANSYS.

Normalized Distribution
Unit: % )

100 s - ry
wn

e beam 25

B field

Xray beam

Xray beam

[ | 271§ dsadAsuea ],
0

Y position |mm|
&

. .

X position [mm] 61



Forget about energy modulation and use protons as photons in the Plateau.

s
What about conformality?

Range Shifter to move the BP inside the
tumor;

Patient specific ridge filter to conform to
tumor volume.

-----------------------

Weber, Scifoni, Durante 2021

- )
- O /A'— W (ul‘

e\

Latery Dotanen X jom)
» - "
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nen  FLASH EFFECT: profon beams

studies, ( and Clinical) used [-z|==5|=-
this option

=|

JAMA Oncology | Original Investigation

Proton FLASH Radiotherapy for the Treatment

of Symptomatic Bone Metastases
The FAST-O1 Nonrandomized Trial

[?] Radiation dose as a function of depth of penetration

Depth

3D printed range
modulators tested at

the Dresden Proton

Facility to produced

flexible SOPB with a
225 MeV beam.




SAPIENZA ~INFN FLASH EFFECT: carbon beams

The FLASH delivery carbon beam ask for a fast estraction of the beam from the synchrotron ring.

* First time of FLASH 2C beam at HIT 2021 now available at GSI, HIMAC...

» Standard spill time are seconds and must be reduced to l:‘= 5 ][

~ 100 ms:
extraction
N Ring l ’ I 7
AT S Heidelberger loneastabl-Theragierentrun
SIS accel \__

Current

T~ few s
A——

Time Only single energy
- Also in synchrotron the energy change takes time (seconds, in general); vsed for FLASH

» PBS and range modulator to recover conformality are also needed

BTW Synchrotrons deliver also proton and (outside clinics) also electron!!
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saiena Zinen: VHEE: additional benefit

o

The VHEE beam produces an electromagnetic shower with plenty of positrons, that slow down and annihilate
providing a clear PET back to back yy signal.

Possibility to exploit this
signal to monitor ON-LINE
the dose deposition!

75 MeV electrons log(Pose) 73 Mevzlce‘l'c‘\rlr‘?s)s log(PET Positron Emission Tomography (PET) Scanner
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