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Outline

Introduction
— Particle beam Radiation: from molecular level interactions to cell killing effects

Relative effectiveness factors and their modeling

Ultra high dose rate response: the FLASH radiotherapy puzzle

Summary and Outlook
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Where are we
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Trento Proton Therapy Center




TIFPA Experimental cave @PTC- Trento

PAC submission

Beam Production:

Open to users vthlfpa infn.it/sc-init/med-tech/p-beam-research/ - Isochronous
Vi e—— Cyclotron IBA
Va Proteus 235
Two - Energy Range: 70-
beam lines =~ 225 MeV
S - - Beam Current: up to
Energy range ~ 320 nA
at beam exit: S - Typical Efficiency:
70-225 MeV i ommasino et =55%
100 exp from ‘, NIMA 2017

2016, by local
/external groups

Biology

Ine ESA-IBEBG@ d Base dFaC|I|ty
Tommasino et GF -ASIF Core FaC|I|ty g pg F;‘ i\

Target experiments:

Radiobiology
Space Research

Radiation Biophysics

Detector Development

Phys Med 2019
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http://www.tifpa.infn.it/sc-init/med-tech/p-beam-research/

Hadrontherapy in ltaly

In Construction/ '

L In Operartion
commissioning
Milano (IEO)ﬁ i * p high E ( 70-235 MeV)

Aviano (CRO)

| C, p, possibly in
future He,O, high E
( 80-400 MeV/u),

° p,lowE
(up to 62 MeV/u)
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Hadrontherapy

R.R. Wison, “Foreword to the Second Intemational Sy mposksm ca

Radiclogical Use of Fast Protons
ROBENT R WILSON
Research Laboratory of Physics, Harvard Usiversity
Cambixidge, Massechosette

Xxcerr FoR clectrons, the  particles
which have been accelerated to high

e Also called
* lon beam therapy ISR
* (Charged) Particle Therapy | =

Radiology 47: 487-491, 1946 ~

R. Wilson
1946

* Radiation Therapeutic option exploiting charged

particle beams features, physics and radiobiological
based
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Particle versus Photon radiation

* Protons and other ions deposit less

dose in healthy tissue/ OAR | B W]wﬁ
* Macroscopic physical advantages g - 15 v w-..,.: | :
* In some cases also biological £/ T | '
E?‘u'l 1 MY phatons / A
advantages ) ____:___Z_ | t
. e e
* Clear advantage for sustainability of a " gt wate ko

retreatment

Courtesy P_Busse - MGH

18.02.2025 E. Scifo C-12, 2 fields IMRT, 9 fields ——
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FWHM {(mm})

The obvious advantages: Physics

Depth dose

JSpread out Bragg peak

T

RELATIVE DOSE (%)

==== Protons 200 MeV u-1
= Helium 200 MeV u-1
—— Carbon 386 MeV u-1

| Nozzle Air Water

. .
200 400 600 @800 1000 1200 1400 1600 1800

Depth (mm)
Rovituso et al. PMB 2017

Dose (Gy treatment-Gy™)

E. Scifoni - LNL school

Lateral profile

Protons (PSI)
Carbon (HIMAC)
Carban ((51)
Photons (KGL)

-100

100 200 300 40y 500 GO0

Lateral distance from central beam (mm})

La Tessa et al. Radiother. Oncol. 2012
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Dose Delivery

Active (Raster) Scanning

Radiation Control

Scanning System
Cross-section
through the
Monitor i irradiated tumor
A System volume. Every
/ 1 L section represents
l d ' i ¥ a different beam
¥ i ‘_‘“,',H;ﬂ‘ range. The treated
I elements are
Scanning ‘l‘:‘ : shown in green.
Magnets ‘1,;]‘ i

Target
Volume

lonization
Chambers
Example: .
Depth 5 am: W Typically:
Caton 150 Mt p: ~10°p/s
S 12C: ~ 10%0/s

Proton 195 MeV
Carbon 380 MeViu
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Exploiting Hadrontherapy

'i!'urnc-r Co ntli':::l
Probability !

08

0.6

04 T iormal Tissue T

| Complication
Pro I:uabilityé
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1.2
The less obvious: Tumor

. 3 1.0
B|0|0gy § 0.8 Normal tissue
% Durante & Loeffler,
= Nature Rev Clin Oncol 2010
0 50 100 21.50 200
Energy high § low
: 13) low S high
g Dose low § high High tumor dose, normal tissue sparing
RBE ~1 § >1 Effective for radioresistant tumors
.J‘-rﬂ-“ OER ~3 § <3 Effective against hypoxic tumor cells
Cell-cycle S Increased lethality in the target because cells
dependence high E low in radioresistant (S) phase are sensitized
Fractionation high S low Fractionation spares normal tissue more than
dependence ' tumor
Angiogenesis Increased § Decreased Reduced angiogenesis and metastatization

Cell migration Increased § Decreased



International Journal of Particle Therapy 13 (2024) 100626

Contents lists available at ScienceDirect

International Journal of Particle Therapy

journal homepage: www.sciencedirect.com/journal/ijpt

Particle Beam Radiobiology Status and Challenges: A PTCOG Radiobiology M
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A Radiobiology Set-Up for Drug Discovery & Radiotherapy Optimization

kt
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* 2D cell cultures:
v Understanding basic cell behavior after
radiotherapy. [Jakob et al,, 2020; Yokota et
al., 2020
XLimited complexity, may not represent in
vivo responses.

* Organoids:
v 3D structure with cell-cell interactions,
better mimicry of tissues. [Pasch et al,
2019
X Limited size and complexity, may not fully
represent organ function. [Riedel et al,
2022

* Ex vivo tissue slice cultures:
v Preserves some tissue architecture and
cell interactions.[Merz et al, 2013]
X Limited lifespan. [Verwer et al., 2002

« Organ-on-a-chip:
v/ Mimics microenvironment with multiple
tissues and fluid flow. [/Ingber, 2022
xStill under development, may not fully
replicate complex organ interactions.

* Animal models:
v Allow studying systemic effects and long-
term consequences.[Debus et al, 2003;
Saager et al,, 2018
xEthical concerns, species differences
may not translate perfectly to humans. E. scifo

Initial screening of potential
Radiosensitizing agents.
[Gong et al,, 2021)

Clinical Application

Personalized testing of radiotherapy
response on patient-derived
organoids.
[Pasch et al., 20719

Ahmad
et al. 2024

Studying radiation effects on
specific human tissues.
[Merz et al, 2013

Testing the combined effects of
radiation on different organ
systems.

[Yietal, 20719

Preclinical testing of radiotherapy
protocols before human trials.

[Verhaegen et al., 2018)
ni - MAMBA School

v Advantage

i b 15
ey

[Hodge et al., 2019)

X Disadvantage
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The mechanism of biological damage with
particle beams

La Largest part of the damage comes from
secondary electrons and radicals

lon beam damage STAGES:

l. Propagation of ions

Il.  Primary ionization in the medium

Ill.  Propagation of secondary g)) '
electrons and radicals

IV. Electron degradation of DNA

Radiobiological scale effects

Scifoni et al. COST nanolBCT EU proposal (2010)

18.02.2025 E. Scifoni - MAMBA School i i -
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Why we need models in radiation biology?

* To make predictions on different radiation effects
on cells/tissue

* To implement in Treatment Planning

* To understand and explain phenomena on phyS|cs

bases (computational microscopy)

-

“This is not a cow” “This is a cow”

--- René Magritte --- Anonymous physicist
Courtesy from A.Attili
18.02.2025 E. Scifoni - MAMBA School ,H,;? | nf:_::l a—— 17
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The basic Idea of Physics based modeling
of (radiation induced) Biological effects

* |gnore as much as possible Biology
(too complicate for you)

e Spot the differences in Physics

e Work on them as relative factors

-

“This is not a cow” “This is a cow”
--- René Magritte --- Anonymous physicist
Courtesy from A.Attili
: )
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Particle beam biophysics

Radiation biophysics attempts to explain on the basis of the pattern of fundamental
interactions, relative factors of radiation induced biologic effectiveness, e.g.:

D(ref = Xrays) |

. N - iation field - RBE =
Different Particle type/radiation field : RBE D(Particle Field)| effect
OER = D(p0,) |
* Different medium, environment, oxygenation: OER - D(21%) same effect
g - DUC = 0D
* Impact of Radisensitizer/radioprotector substance: DEF I I([4)) frect
same e ec
D(D)
* Different dose delivery method (dose rate): DREF DREF = D(Dyer)
re sameeffect



Spatiotemporal scales of radiation damage

Relevant Spatial scale (1m)

-4 1 1 1 1 [ | | |

10 I 2 q
107101010 10" 10 10" 10™ 107 10® 107 10°

Time from radiation interaction (s)

Emanuele Scifoni Basics on Rad Chem

10° 10" 10°

107 10" 10° 10" 100 100 10" 10°

Adapted from Weber, Scifoni, Durante, Med. Phys. (2022)
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Spatiotemporal scales of radiation damage

Relevant Spatial scale (1m)

Excitation
Ho MO
°
\.H,O~'n
lonization
wr—T 17 17 17 17 17 17 T 17 17 1T = ™ " ™70
10' —
Physical
0 Stage
10" [
-1 | Primary —
10 ionization,
excitation,
10'2 transport of —
secondary
3 electrons
10° =
10 e
1071010 10™ 107 10" 10" 10" 10° 10® 107 10° 10° 10" 107 107 10" 10 10" 10° 10° 10° 10

Time from radiation interaction (s)

Emanuele Scifoni Basics on Rad Chem

5

Adapted from Weber, Scifoni, Durante, Med. Phys. (2022)
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Spatiotemporal scales of radiation damage

Relevant Spatial scale (1m)

-
B H0
Excitation Q@g@ OH* H..
o MO “iissocaton »
v Wy RY
oy~
HOv+ @ - OH HO+ewm
lonization o o e
wvrrr1rr 11 rrr - 11— T T T
|
0~
Physical
0 Stage
107 |—
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10 ionization,
excitation,
10'2 transport of —
secondary :
Pre-Chemical
5 electrons Stag e
10 Dissociation of =
excited/ionized
4 molegules | | | | | | | | | 4 0 1 110 oq
10 ) 9 | (1] |
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10" 10" 10
Time from radiation interaction (s)

Emanuele Scifoni Basics on Rad Chem
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Spatiotemporal scales of radiation damage

Relevant Spatial scale (1m)
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Spatiotemporal scales of radiation damage

Relevant Spatial scale (1m)

> W HOY Reactions with
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R \
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Spatiotemporal scales of radiation damage

- D Reactions with
ey HO . o 5 } . intra-cellular oxygen O,
Excitation 9 <.):*" H . “ X o=
> g %,:immm.g - = = > Ho: Reactions with
S AR s organic molecules
00 - O O+ o S . ("'", (after direct ionization of
lonization . o ¥ Ho: RH)
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3 o | Stage Stage |\ S
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=1 D) EXCRODON, Diffusion and reaction of 9
= = | transport of A
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Z secondary :
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M 10" [ Dissociation of =
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Spatiotemporal scales of radiation damage

Relevant Spatial scale (1m)
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Stage - S —— -
| Dissociation of | =
excited/ionized
molegutes | | | | | | | [ | | 1 1 { [ [ [ | |

15

10" 10" 10 10" 10"

9

10" 10" 107 10® 107 10°
Time from radiation interaction (s)

3

10° 10™ 107 107 10"

Emanuele Scifoni Basics on Rad Chem

10 10" 10> 10 10°

-
INFN TiFPA
. L.,-f.

10°

Adapted from Weber, Scifoni, Durante, Med. Phys. (2022)

Fiord Ty Prymsy
¥ Appees g



Secondary Electrons produced by an ion along a Bragg Peak

18.02.2025

Scifoni,et al., PRE 2010
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100

Kraemer et al JPCS 2012

10 1
Residual range in H,0 (mm)

Scifoni,et Mod Phys Lett. 2015
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Differential DNA Damage

! Scholz 2006
: AdvPolSci : .
vt TTTTITITIIT TTITTTTITIT = The DNA Double Strand Break (DSB) is
AL RNII TR NIy considered the type of lesion most directly
. related to cell killing
lonizing ] o .
Radiation l UV} » Different radiation qualities produce the same
—~ spectrum of DNA lesions
TIIOT TT. * BUT the distribution of lesions inside the
J..l.g ) TARVINNTNNh ¢ target can be very different
a B =
Sing Photons pase Modle 15 Low LET 12C High LET
— X-rays 200 MeV/u, = 16 keV/um 1 MeV/u, = 690 keV/um
Random o X Random
DSB distribution ~ DSB distribution Non-random
. v (photon-like) DSB distribution
te (RBE>>1)
18.02.2025 E. Scifoni - MAMBA School f”-';:. "f;;j I'

Courtesy of
F. Tommasino
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Relative Biological Effectiveness (RBE):

RBE = -2 ““

DIO” Isoef fect

RBE depends on:

- Physical parameters (dose, LET,
fractionation).

- Biological parameters (cell cycle,
oxygenation, end-point).

LQ model: S(D) = e

.[5(}?

Low LET (low /i)
Low LET (high a/[)
High LET

Courtesy of F. Tommasino

E. Scifoni - MAMBA School
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Mechanistic RBE models

Track event theory

Two component model ~ Theory of dual radiation repair/interaction model Saturated repair models GLOBLE B §
(Bender and Gooch action (Harder and (Goodhead 1985) (Friedrich et ( £3Screrdn
: e Schneider 2014)
1962) (Kellerer and Rossi 1972) Virsik-Peuckert 1984) RCR al. 2012)
Repair — misrepair (Lind 2003 / BIANCA model
Katz model model edenberg 2010) (Ballariniet al.
(Butts and Katz 1967) (Tobias 1980) 2013)

(Scholz and Kraft

LQ model
(Sinclair 1966)

gLQ model
(Wang et al. 2010)

(Guerrero
and Li 2004)

kinetic

Target theory Molecular theory of
(Lea 1946) radiation action

i i i Chadwick and
Friedrich T. C}égg)rhea erﬁg_gePOl 6)(Chadwick an

[Not titled]
(Sutherland

Q-repair model

Leenhouts 1973 i
(Kappos 1972) ) (Alper 1984) Ur?lversal
[Not titled] Lethal — potentially P25 model survival curve
(Pohlit and Heyder 1981) lethal model (Kundrat 2005) {Park2008)
(Curtis 1986) Repair-misrepair fixation
— - Incomplete repair model model (Carlson 2008)
Friedrich T. Hab. Thesis(2016) (Thames 1985)

18.02.2025 E. Scifoni - MAMBA School m;? ¢ ,.:';T‘ S b
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Microdosimetry based modeling

RMR Hinetic Dual radiation
LI equations action

MD

Amophous
track

Bellinzona et.al. Linking Microdosimetric Measurements to Biological
E.ectiveness in lon Beam Therapy: A review of theoretical aspects of MKM and
other models. Frontiers in Physics (2021): 623

E. Scifoni - MAMBA School IHI’?
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The Generalized Stochastic

Microdosimetric Model (GSM?)
GOAL:

» To develop a general probabilistic model that accounts for all of levels
of stochasticity in the formation and temporal evolution of DNA
damages induced by radiation:

1. temporal stochasticity of DNA damage;
2. spatial stochasticity of DNA damage:

-intra-cellular level
-inter-cellular level

“?\‘f 3. ionizing radiation stochasticity:

-physical level energy deposition stochasticity

AL

Francesco G. (microdosimetric distributions)
Cordoni . . . ..
-biological level DNA damage formation stochasticity
18.02.2025 E. Scifoni - MAMBA School :m:} : ,-_.T:P Tento rasause tor 32
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Gyl

Dir}

An example (LEM V)

Radial Dnge Distribution

1n*
1ok
10

o

108 -

LU | R L L

r [pm]
Amorphous track
structure ﬁ
Local dose
distribution

@

CRU5676

“*~.Scholz 2020

0
Dose (6y!

Courtesy of T.Friedrich  pPhoton Cose-Effect
alE _
8
o
oalg 4
H [ ] R L 1
Local lesion v 5 ®
distribution pose [oy)
15 Photon
equivalent
situation
Lesion
statistics
3
INFN e TIFPA Trento Institule for
(=

. V' Fundamental Physics
\L(/L/' and Applications E 5 ][
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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) ' ot 2 0 e e R

 MC Track Structure codes
=Event by Event. Stochastic (physics+cherf|1ist'F\*/)

(PARTRAC, TRAX, GEANT4DNA, TOPASnBIO, RITRACKS...)

+ no, or negligible (~1eV) energy/space threshold
- Limited portion of track describable (normally “track segment”)

0

|

(*) with its wrappers TOPAS, GATE, MCHIT, o B,

[ -

34



TRAX and TRAX-CHEM

Input Engine Evaluations

'S -~
Source Vicual track

Projectile / evolution pathways
\

\ Energy/spatial distrib. .\ = 4
v G Secti { | Secondary
S IO::;SS 1ons T RAX == clectron: cpectra 3
T -+ Exciation — — E Somrn w Mimou Perics sas Baminex Dxcmrens
S| * lonization | B Radial doses ‘ a
Y] * Elastic scattering \ \ J
£ | Bectrons - = (P i
£ | B 1 T | Monte Carlo in Heavy Charged
] * lonization I's - ~ & (2, ) '
% \_ = Elastic scattering / Listmode file , - “ Panlcle meraﬂv
e interaction map at the end ) o Q
Geometry | of physics stage ] ‘Cr'n;mlcal track visualization |
Targst Materials/Comp. \_ J3
|\_ Target Shapes ) ~ . ( 12
Chemical data ( TRAX—CH E M ] s Radial radical distributions ~;::
Dissociation channels | b ’ ;
Diffusion coefficients h g B ]
Reaction tables \ ﬁ:ﬂ,‘;ﬂg?ldu NO
‘. Thermalization tablss / J u
oo
. oos - t=de-12sec
Recent developments in the - ’
TRAX particle track w
structure code § e
e St by
- Pad e - Gida Perioga (@) <
M. Kraemer, D. Boscolo, M. Fuss & E. Scifon . \
(chapter in print on T&F Book) ’““ﬁ e
X (cm) %M y (cm)
<)
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High Z Nanoparticle radiosensitization

Fluorescent Emission

Compton scattering

Gold nanoparticles accumulate
in cancerous tissue due to leaky
blood vessels in solid tumors

Incoming c
) @
e Pair production http://www.nanomedicine.dtu.dk

(positron + electron)

Rayleigh scattering

Kwatra et al. Transl. Cancer Res. 2013 NP: high cellular uptake in tumours

well known adavantage for photons;
high Z = high e emission vs. high absorption

advantage with ion irradiation?

E. Scifoni - SASP2024 o I
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Au NP with photons — Mechanistic insight

* Auger electrons play a crucial

role for photons
* |ocal dose enhancement

analysis based on track structure and
LEM adaptation
a)

SCIENTIFIC A KL
REFS)RTS -

-: Bialogical consequences of nancscale
~ energy deposition near irmadiated heavy
We  olom nanoparticles

UL i o ey ey

0.03
§ o025 | | Total
= Auger elecirons
.§ Photoelectrons
:g oce | |
i
E 0015 | '_\.\x
2
:é, 0.01 .
b1 '._\_\
: :
S oo0s ~
0 ) 1 L 1 L i
] 50 100 150 200 250 300
Distance from nanoparticle center {nm)
‘DEF~1.5 —
Mo Gokd
"y WihGod  ®
.> '
_______ \ e g
= PR
H
@
Mc Mahon et al.
Sci. Rep. 2011
a0
0 1 2 3 a 5 [ T
E. Scifoni - SASP20_ . ol N tar bniagn b 37
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High Z NP+ion local dose enhancement

* Extensive Cross sections implementation ~,S9condary electron spectra outside NP
for several High Z materials = e g
* Au, Pt, Gd, Fe,Including Auger Cascadesg ':E
L‘S o 11 A with Auger &

1st track structure study of ion+NP
(2014)

Since NP traversal very o
improbable event at uf

-a
=" M Au without Auger o
Do+ Mo
H:I:IH....
-Iu -5 | I PN | " A8 4 s asul " A& 4 'maah
0.m 00'2 l'.l.ﬂE o1 02 0.5 1 2 5 10
E (keV)

spherical dose of 1EE BOMeY p (disk sourcel around r=22nm Au NP

N

. "l 80 I gold
typical fluences % M 1o, eig/em?
nl “ % 80 | M, gega =19 3g/em?
Observed dose enhancement not - e
enough to justify relevant 'S
2 et 20
sensitization 1 0
<30aV | 504200 | 051 | »1keV " . i L x
oo msese 1o 30 50 60 70 80 90 100
or o eV r (nm)

Waelzlein, Scifoni, Kramer, Durante PMB 2014 gjmilar conclusions in Lin 2015, Martinez 2016

-
INFN  ( TIFPA 0 Tevoeaisss o

30.01.2024 E. Scifoni - SASP2024 L | I el g
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Possible sensitization mechanisms

A) Direct traversal:
enhanced electron
production from Auger
processes

B) Plasmon excitation
coupling with strong
electron production.

C) Secondary electrons on
the NP, produces
additional electron
emission

®
o HOQH D) Catalytic effect on
V radiolytic species
Lacombe & Scifoni D o
@
Cancer Nanotech. 2017 _
30.01.2024 E. Scifoni - SASP2024 IN ,:" . "":? s varase 39




Dose Rate effect

in conventional Radiobiology

Clonogenic Survival

T T T T T M T

urviving
35,

nitial Co!gny-fo;mi ng
S
02
1

Ini
3.5 cellsicol )

of
5

on

Fracti
Units (

S
w
T

107

1 rad=1cGy””

10® W0 0 AW
Dose (rad )

D(D)
D (Dref)

Dose-Rate Effectiveness Factor

Direct action 9

DREF =

same effect

D)
- ” €44
‘.Q H;0,
H
H,0*
Indirect action OH-

OH"

Damage repair

R+ GSH — RH + GS*

Target attack
RH+OH - R’
RH+H — R +H,
RH+e, +H,0—R +H,+OH

L Damage fixation
R +0, - RO,
RO, + GSH —» RO,H + GS*

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

18.02.2025

E. Scifoni - MAMBA School _um-:'i i
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Modeling dose rate effects

Cell
popuation

Kinetic equations (c: cell, d: domain

in cell)

ed)  aeled) (cd) N

X =2 Yax T+ b (1H )? S

(ed) 1) (cd)y2

i =k — (a +:)1}}‘ —2b(x;;") ’/ \k

. . Sla |\
e 7z — microscopical absorbed dose <
X b | Xi

e x,— type-llesions: associated with clustered -—

DNA damages which are directly lethal for
the cell directly lethal ~ potentially lethal

e x,— type-ll lesions: non-directly lethal
damages that may be repaired (r),
spontaneously converted to irreparable

damages (a) or undergo pairwise Courtesy from A.Attili
combination (b).
18.02.2025 E. Scifoni - MAMBA School jm-:'. nf;:j P i | 41



Modeling dose rate effects

.l Interaction of the track
(:)/" with the cell nucleus
Type of damage
Lethal Damage

— Repairable Damage

Damage (#)
w
—

o(t) ~ exp(- tit")

Direct action
)y
- €y
H0,
) NG
H,0*
Indirect action OH

0.4 Herr Plos One 2014
1 Asymptotic | < 014 + +
X, behaviour | 50.12 : *H
of —OO— —0)| $0.10
o y 5 : =0.08
time (hours) c
o 0.06 o Experiment
0.04 ' « Simulation
0 2 4 6 8 10
L. Tow
Courtesy from A.Attili [l
18.02.2025 E. Scifoni - MAMBA School m;:" ¢ ,.‘,-'::

D. Boscolo PhD Thesis

Damage repair

R +GSH — RH + GS*

Target attack
RH+ OH — R
RH+H — R +H,
RH+e, +H,0 -~ R +H,+0H

» Damage fixation

R+ 0, - RO;"
RO, + GSH — ROH + GS'

L L..-f

P v g foe

Fiord Ty Prymsy

Ll
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Dose rate effect (Hall 1972):

* A wide range of dose-rates has been used in radiobiology or
radiotherapy, extending from a few rads per day to thousands of rads
in a fraction of a second.

e At ultra-high dose-rates (pulses of micro or nanoseconds) a clear
dose-rate effect has been demonstrated for bacteria, but is less
certain for mammalian cells; these doserates have no certain
application in radiotherapy at the present time.

* The principal dose-rate effect is observed between 100 rads/minute
and 10 rads/hour; the cell-killing effect of X or y rays decreases
continuously as the dose-rate decreases throughout this range, and
may be explained readily in terms of the repair of sub-lethal damage
taking place during the irradiation.



Number of publications

18.02.2025

200
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40

20

UHDR exploitable for RT?

"FLASH Radiotherapy" OR "Ultra-High Dose Rate" in PubMed

B

Dewey & Boag,
Nature (1959)

Hall (1972)

rrr1rr1r1r1r 11111 11T T T r T T T T T T T T T T T T T T T T T CC
Bourhis etal.,

Radiother. Oncol.

(2019)
i?\”f: Yard /
191

Vozenin etal,

Clin. Canc. Res.
(2019)

Mascia etal,
JAMA (2023)

0@

——t .,.I ol
75>

Favaudon etal., Sci.
Transl. Med. (2014)

Mod. from
M. Battestini
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FLASH Radiotherapy: what’s that

FLASH Radiotherapy, is a novel approach

of RT using ultra-high dose rate

(>40 Gy/s overall dose rate, for a total irradiation
time <100 ms

but much higher rates (up to 10° Gy/s) during
each pulse)

aiming to get unchanged tumor control

and protection in the normal tissue.

v TCPWC=TCP(1-NTCP)

Potential for widening the therapeutic window

i ﬁ /—
08

0.7 Noemal ssue

06 s

05

18.02.2025

Tumor Control Probability (%)

100

60

40

20

Conventional .
x\..\
e

Irradiation

~0.03 Gy/s

[ |—— TCP (CONYV)
80
|l |—— NTCP (FLASH)

— — TCP (FLASH)
—— NTCP (CONV)

20

Ultrafast
(FLASH)
Irradiation

E. Scifoni - MAMBA School
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Dose (Gy)
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18.02.2025

> Decreasing of the normal tissue response

The FLASH Effect

Irradiation with ultra-high dose rate

7\

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

28Gy*

SAME BIOLOGY
DIFFERENT PHYSICS

316y*

34Gy*

E. Scifoni - MAMBA School

€ 10 1
g 8
5 s
L 3
&
o
lvl‘r;n:’kelall\ E
Normad epithets 2 2 y
Epises o
Insupdenmis & i Nonirradiated
D % 1= 17-Gy CONV
K f 17-Gy FLASH
0 20 40
Days after treatment

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

-
INFMN

-

Crieea

Preservation of the tumor responses
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Ultrahigh Dose Rate Response and FLASH

(]
L&)

1.2

/ Environmental ™\
1.8\\-exposures J
N A

understand

LY

LRI

| Durante etal. BrJ
| Radiol 2019

UL

- Laser-

accelerated
- particles ]
A~
[ MRT]
e N/
Doses (0 i // B T — L:
—— ( FLASH ) =
(10RT) A\ J1 =
L — =
—— . 4 2
-~ - [
SRS ) (HDR-8T ) =
— N ____,_/' o s
—— = == g
(" IMRT ()SBRT FFF) S
[RRTT AR AT AR g
. 10 100 1000 =
Dose rate (Gy/min)

(%)
X

DREF =

D(D)

D (Dref)

Dose-Rate Effectiveness Factor

same ef fect

100 .
I [— TCP(CONV)
ol [-= TcP@LASH) TCP
—— NTCP (CONV)
— — NTCP (FLASH)
) DREF™1
40
20}
L 1
U0 20 40
Dose (Gy)

Ainiqeqoag uoneardwo)) anssi |, [PULIoN

Despite plenty of
accumulating exp
evidence....

(sublethal damage

This we presently
DON’T understand
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PROTONS

Romano et al. MP 20220

Isochronous cyclotron (quasi-continuous radiation)

(@)

2ns
—

(b)

(f=72.8 MHz, 2" Harmonic)

Synchrocyclotron

T=20pus

(d)

ELECTRONS

Time structure for different particles

Clinical linac for radiotherapy (modified)

: T=3us

4 ms (f= 250 Hz)

>

1.54 ms (f = 648 Hz)

(c)

e

Laser-driven protons

T~fs-ps

-—

1s(f=1Hz)

Research linac for pre-clinical studies

] T=2ps

o

10 ms (f= 100 Hz)

L 4

18.02.2025

Laser-driven electrons

T=110fs
-
0.1-1's (f=1-10 Hz)

E. Scifoni - MAMBA School
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Parameters for observin

g FLASH/noFLASH

Laser
driven p

:
!
1l
]

1

1

1

1

!
I

1

I

1

I
%
I

1

1

3-50 pulses

103

10 1

10 10

Ty =

time
o St.Bartholomew e (1967)

--#--Christie e (1962-82)
~®-Curie e (2014)
--#-Lausanne e (2017-19)
-®--Stanford e (2017-2019)
-®--Febetron e (1969-78)
ESRF Rx (2018)

® UPenn p (2019) J

X Dresden Oncoray p (2019)
~%-ANSTO Rx (2018)
--Christie e (1962-82)
--Lausanne e (2017-19)

_ FLASH
effect

| no FLASH
effect

D~ byt

-
<
o

Tyo Irradiationtime for delivering 10Gy (s)

102 108 104 105 108 10 108
Dp Dose rate in the pulse (G'y;‘s)

—
o

18.02.2025

40° 101

! From: Montay-Gruel et al. Clin Cancer Res 2020
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Why Radiation Chemistry

Radiation Chemistry AND
Radiobiology in PubMed

"

1951 2025 s

C | N1 A
ravaUUuulT ZU 1A

Radiation Chemistry
AND (FLASH

Radiotherapy OR
‘ Ultraihigh dose rate)

in PubMed

!

2024

Oll.lll.___.l_..._|lll

Publication Year

* Astrong Reprise of an old Discipline in

“Pulse i .
Radiolysis” in connection to the discovery of new
Scifinder radiotherapies, Including FLASH and SFRT

Court. P. wardman

Which are difficult to explain without it

1960 - 2024 (8 ) Y
18.02.2025 E. Scifoni - MAMBA School ‘o ;;" e ,..':’ e i 50
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Main FLASH mechanistic hypotheses

Wiison et al 2020

irradiation and its effect on the oxygen enhancement ratio, PMB °

(2019)

K. Petersson, et al. A quantitative analysisofthe role of oxygen
tensionin FLASH radiotherapy, IJROBP (2020)

G. Adrian, et al., The FLASH effect dependson 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. 0
(2020).

S. Zhou, etal. "Minimum dose rate estimation for pulsed FLASH
radiotherapy: A dimensional analysis." Med. Phys. (2020).

A.Hu, etal."Acomputational model for oxygen depletion
hypothesisin FLASH Effect." Radiation Research 1972 (2022): 175-
183.Zakaria, A. etal.. (2021). Transient hypoxia in water irradiated o
by swift carbon ions at ultra-high dose rates: implication for FLASH
carbon-ion therapy. CanadianJoumal 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).

-~

T

Ramos et gl 2020

.M. Zakaria, et al. "Ultra-High Dose-Rate, Pulsed

(FLASH) Radiotherapy with Carbon lons:

Generation of Early, Transient, Highly Oxyge nated’
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.

0
O e -
-

N Oritimg s Crls Giled
L 3
r

' - v
Toma 01 Oose wote |Gy Srein]

Labarbe et gl 2020

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

D. R.Spitz, et. al,, An integrated physico-chemical approach for explaining the

dif ferential impact of FLASH versus conventional dose rate irradiation on cancerand
normal tissue responses, Radiother. Oncol. (2019)

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

D. Boscolo et al.. (2020). Impact of targetoxygenation 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” PhysMed Biol 2020

Hu, A., et al. "Radical Recombination and Antioxidants: A Hy pothesis on the FLASH,
Mechanism." International Journal of Radiation Biology in print(2022): 1-31.

NN
L

-

Zhou et al 2020

e Zhou, G. (2020). Mechanisms underlying
FLASH radiotherapy, a novel way to enlarge
the differential responses to ionizing
radiation between normal and tumor
tissues. Radiation Medicine and
Protection, 1(1), 35-40.

e Gu, A, etal "ASimulation of FLASH Dose
Rate Effect on Immune Cells in Pancreatic
Patients Treated with
Radiotherapy." International Journal of
Rad_i_ation Oncology, Biology, Physics108.3
(202@‘)’?. 504-e505.

o | lim, fian-Yue,.et al.-"Ultra-high dose rate
effect on cifcllatingimmune cells: A




(2-fold) Oxygen and radiation interplay

Nanoscale
v
N H:0
la-'\\D
ot .
Excitation / OH'+ He
o H,0" Dissociation & ?
Hz .
P P) H202 + H
Water ( N O
. . (5
Radiolysis \ o,
HzOt + e OH" +H30++ €aq

-

lonization ¢ W: *
= jrradiation generates free radicals which
react with the dissolved molecular
oxygen in the target:

eaq_ + 02 — Oz._
H. + 02 — HOZ.

= high doses of radiation gradually
remove the O, to produce toxic
superoxide or perhydroxyl

= shown already in historical experiments
(Weiss et al. 1974)
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(2-fold) Oxygen and radiation interplay

Nanoscale Macroscale
&
>

s Radiobiological oxygen enhancement

)
‘3‘("*@ OH™+ H
Excitation 2
O o+ ZDissociation, ¢
H
2 HzOz +H
Water OO d
. . o
Radiolysis \ LN

HOt + e OH +H3O0++ €aq
lonization ¢ 'ﬁf‘ .

= jrradiation generates free radicals which
react with the dissolved molecular
oxygen in the target:

eaq_ + 02 — 02'_
H* + 02 - HOZ.

Direct action

. A\

= oxygenisastrong (&)}
sensitizer towards ke
indirect radiation effects

N e

H,O  H02
He.

OH:
Indirect action .o,
OH:

* increase in sensitivity of
oxygenated tissues (or cells)
compared to hypoxic ones . g
is described by OER o

= high doses of radiation gradually
remove the O, to produce toxic
superoxide or perhydroxyl

= shown already in historical experiments
(Weiss et al. 1974) ;
18.02.2025 E. Scifoni - M£ =" Pl

D .
OER(pOZ) == |same effect
p02

N *“ LET  log(PO:2)
+ scifoni etal. 2013

L TiFPA
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Relative radiosensitivity

The Oxygen Depletion Hypothesis (ROD)

} Large, rapid change in O, Protection of

Radiation resistance increases normal tissue
_ | Nochange in
~ | tumour cell kill
Wilson J. Et al. (2020) Front. Oncol
Cragen tansion - redrawn from Pratx et al.2019.
Ultrahigh dose rate: Zhou Med Phys 2020

initial [0)

Oxygen consuption too quick for
redifussion to restore initial levels
Transient hypoxia generated ->
induced radioresistabce

Already suggested in Hall&Brenner
1991

chemicol reaction:

B+0,—> B0,

final [0;);

b /

Phase Il
Re-oxygenation
through Diffusion

Intra-Cellular [0;]

~107-10%s

T —

~10"s

Time (not to scale)
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FLASH and Spatio-temporal Scales of Radiation Damage

18.02.2025

aFLASHI pulse

| Time to deliver 10 Gy CONV >
2
(VN A N O O v A R B
g 101 Time to deliver 10 Gy FLASH | X Cellular
&tissue |
:; Physical Homogeneous chemistry - response
= 0 Stage Stage Enzimatic
S 10" | | repor S
@ Chemical Stage processes Biological
= | (Heterogeneous) _ ) Stage
= 1 0' Primary Further chemical reactions - . —
g jonization, (nomemory of initial track) Bé?Chem'cal
o age
T, 1 0—2 ::;C:Sf;?’o " Diffusion and reaction of —
= ted radical speci
g secondary Pre.Chem|Ca| generatead raaical species
k) 3 electrons Stage |
o 10 Dissociation of
~ excited/ionjzed
107 lmoldetes L | | | [ | | | | | 1 | | | [ | | |
1071010 10™ 10" 10" 10" 10" 107 10® 107 10° 107 10 107 107 10" 10" 10" 10° 107 10" 10
Time from radiation start (s)
Weber, Scifoni, Durante 2021 _
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Weber, Scifoni, Durante 2021

10°
|

E

<

Z

s

s

5

2 0 MS-GSM2

o d léatfoest/{:/ 2?23| I.
10" 10° 10" 107 10° 10" 10°
TRAX TRAXCHEM M-xt
Kraemer 1994 Boscolo 2018-2022 Camazzola 2023



Monte Carlo Track structure Codes for
exploring FLASH Chemistry

Heterogeneous stage (and slightly beyond...) -.
) H:0.

* TRAX-CHEM (Boscolo et al. 2020) 5
* TOPASNBIO (Ramoset al. 2020) ~ Cerbon3Mevis et -

Boscolo et al. 2021 u.r.

* gMicroMC (Laietal. 2021)
* Geant4-DNA (Tran et al. 2021:;:: T
* |IONLYS-IRT (Alanazietal. 203_]3)*'

u&,OG»

e NASIC (Zhou et al.2021) ) %:

3006
2006

y (cm)
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From TRAX to TRAX CHEM:

t=0
. H0
1) Physical stage v o
- Exciiation Classical version TRAX
lonization H.O*
t=10-155, 2
H0++ e lonization sand excitations
[ of ion and electron tracks
lll 9
2)Pre-chemical stage [ { H0
| o
¢ €aq v o+ @ Protons in H,0 Carbon lons in H,0
¢ + ‘ H. OH. T T T T T T
( e ik 02 Mev/u] (3 1
t=10%s)  po: Oh L E |
H202 Hz S0 - & 1
~ o, .
\\"*~~<__ __,,/’/ 5 -+ B
3)Chemical stage S . {
Diffusion and Reaction o= PR 5 6 5
x [nm] x [nm]
L( Q ¢ o ¢ g\a [N
t=106s ™
HsO+ OH* H* e4q Hz H202 Q- e Wiilzlein et al. 2014
e Kraemeret al.1994
E. Scifoni - SASP2024 ,";? o ,-,f;:_'] T =X = | &
Ly I P
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1) Physical stage

2)Pre-chemical stage

®

3)Chemical stage

® re
nS2g 7 nS=3 %7
“. 'K -

©

Pre-chemical stage

t=0

H20
¢
Excitation
lonization \H o*
t=10-153 2
H0++ e \\
J
||| N
[ Q H20
I" .e. Q«
l aq v 4+ @
& e, He  OHe
.
?|=107) Hio- O LS
H20, Hz
Diffusion and Reaction
L{ Q ¢ o ¢ w [N
t=10-6s ”

H30+ OH-

He

e'aq H2

H02  OR-

E. Scifoni - SASP2024

Molecular dissociation:
Excited and ionized water

molecules dissociate or relax to

the ground state.

Dissociation Probability (%)
channel
Tonization HyOF +OH* 4o, 100
Excitation
Hz0 25
AlB, OH*+ H* ™
HyOr 15
B'A, HyOF +OH" oy, 55
Hy+ HyOy 30
H,0 2
:.‘f-‘_"l[é‘,';" OH*+ H* 20
yd(C+D) HyOF +OH® se 57
diffuse bands,
H* Lymana, HyOt +OH* e, 100
H* Balmera, OH"
Couly P 100

Thermalisation model:

Products of
molecular
dissociation

thermalise with

the solvent

’5‘38 Sub-excitation elegtrons :

£30 -
- 23 J [ 3 < aq
S 15 - ':’

£ e
T
oo | -e-Zaider1994

05 24 43 61 80

Energy (eV)
- (7
INFN T T
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':._.-:'_'":
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1) Physical stage

2)Pre-chemical stage

3)Chemical stage

+ @ AB reaction radius

30.01.2024

Chemical stage

Diffusion:
t=0 . . .
H,0 Jump in a random direction
& . . . .
€ . citation Einstein Smoluchowski eq.:
lonization &
t=10-155 H20 A =V6DAt
HO + & \ D the diffusion coefficient
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TRAX-CHEM: Simulation results
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TRAX-CHEM: Simulation results
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TRAX-CHEM: Simulation results
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TRAX-CHEM: Simulation results
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TRAX-CHEM: Simulation results
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TRAX-CHEM: Simulation results
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TRAX-CHEM: Simulation results
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Radiolytic yields time dependence
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O, impact on the nanoscale
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Impact of Target Oxygenation on the Chemical Track
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TRAX-CHEM predicted oxygen depletion in water
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Expected ROD effect on DMF

Boscolo et al Radiother Oncol 2021

OER impact for the published in vivo results

FLASH
Experiment Dose (Gy)*  pOzini(%)°  pOzsn(%) ﬁf‘;’!‘é’:;’;} =DMF (%)
Mouse whole brain (/4) 10 34 313 100
Minipig skin (13) 3 5.3 4.39 100
Cat, healthy skin/ mucosa (13) KK 59 4.91 100
Cat squameous cell carcinoma (13) 33 1.9 1.27 98.5
Mouse lung (/2) 17 5.6 5.09 100
Lung tumor (/2) 17 2.1 1.74 99.3
Human patient, healthy skin ([ 5) 15 5.3 4.86 100
Human skin lymphoma (/5) 15 1.5 1.24 991
18.02.2025 E. Scifoni - MAMBA School mr? ' ,.,‘,';T e




Experimental validation
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Intertrack effects
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INTERTRACK: Quantities and their time evolution
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INTERTRACK: Quantities and their time evolution
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Spatiotemporal shifts

Point-like Source:

e 20 MeV protons (LET = 2.25 keV/um)
e 20 MeV /u helium ions (LET = 33.5 keV /um).
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Gevalue [molecules 00eV]

Gevalue [maleculeal 00eV]

Overall yields for tracks at different
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Proton AGs for given s/t separation
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Helium AGs for given s/t separation
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Conclusions

The radiotherapy effectiveness depend on the different types of energy deposition at the
molecular level

FLASH radiotherapy exploits the dose rate effect in ultrahigh regime and its mechanism remain
not understood, while Is object of intense investigation

Multiscale modeling allows to provide insights in the mechanism,

The heterogeneous stage is accurately described by TRAXCHEM, depicting the chemical
evolution of tracks at different conditions allowing to explore impact of oxygenation and LET up
to ms time scale. The mulltitrack feature evidences a clear range in time and space where
intertrack may occur, which is extremely limited in typical FLASH experiments
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Hetero/Homogeneous stage transition
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homogeneizes later
s} * Track remains denser at
later stage
e * Diffusion may still play a
| ol relevant role

Camazzola et al. 2023

18.02.2025 E. Scifoni - MAMBA School INT Tic Pa S Rk | 87



Radical recombination hypothesis
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The MultiScale-Generalized Stochastic Microdosimetric

Fast chemical reaction kinetics

Model

MS-GSMZ: a multi-stage tool
Battestini et al.,, Front. Phys. (2023)

4 |em) (0 =fz(€) + Gepz,

21001 =fo,(&(5)).

4 Cryo,(1) = fi;0,(&(5)) + G007

‘%(‘OHO(!) = foue (&(5)) + Gope p

;—’, (H(0) = f_(&5)) + Grep,

‘,, 4 [Ha] (1) = [z (€(s)) + Cuypz,

dr Cop-(1)  =Jop-(&(s)). Mod. From Labarbe 2020
[R’] t) = fre (&(5)) + Grepz,

% [ROO®] (1) = frooe(£(5)) .

¢ = ( [c;q] [02], Cryo: Come [H°] [Ha] . C o . [R®], [ROO‘])

system of ordinary differential equations
resolution in each domain

Damage formation
DNA damageyield k
4/5];3\5
direct term indirect term
kg k;([ROOT(D))
conventionally considered constant

18.02.2025

X: sub-lethal lesions
Y: lethal lesions

E. Scifoni - MAMBA School

Battestini et al. Front. Phys. 2023.

EReT

Spatial and temporal dose

_ deposition
single
particle cell
track nucleu
hitting s
) +
energy
depositio domai
n n
+
elapsed track dose distribution
time

Damage evolution and cell survival

Y() = Yo+ P ([! aX(s)ds) + P* (s BX()(X(s) = 1)) +

I+Zy(z,m)'Pd (’n' d ds)l
X(t) = Xo — P° (‘nl aX(s)d.s) -Pr (’n rX(s )ds) —
—opb ( fi BX(s)(X(s) = s )| Zx(c()P? (' d as)].

Su(za) = (Sa(za))™ = (P (Jim ¥ (1) = 0)) ™
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Combining Al with particle beam radiobiology

Py Ml Mol 81023 08501 7

Physics in Medicine & Biology lE Elﬂ A B -
e - Anakin _
= Experiment A
PAPER o : o
N
An artificial intelligence-based model for cell killing prediction: &
development, validation and explainability analysis of the ANAKIN 24
model
Frfncmoﬁ?ﬂwi' ‘ MWMMWI .Emnuc.h.-s-cilufi."\?[l_d?mr.lll.:Tﬁu " 1 T '1I'U, T 1{50 T I1UIE
LET [keV/ium]
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Biological-based treatment planning

Bio-TPS for ion beams aims to include as much as possible biological
effect information in the planning strategy.

Relevant for plan recalculation but ideally needed for inverse planning.

Substantial e.g., for assessing differential benefits of different
irradiation modalities and selecting the most suitable choice for a given
patient case.

Additional physics data needed, since the different components (E,Z)
of the mixed field in a beam should be properly accounted in order to
get a proper overall biological effect.
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TPS in the Radiation therapy workflow

Radiotherapy chain

1maging
segmentation
treatment
planning
1-35x plan
l verification
patient
positioning
treatment
delivery
verification
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Dose modifying factors

in general a ,,dose modifying factor” (DMF) is defined as a ratio of doses compared
to normal conditions (n.c.) giving a Same biological effect

-more properly called ‘Dose effectiveness factor (DEF)-
DEE = Dspecialconditions

- per(ep =200

n.c.

sameeffect(S) N.C.  lsameeffect(S)
* Can be a radiation quality related feature 3
like RBE, or a more target related property |\ EF=2.42 eizDi
(I|ke e.g. OER) Dz S=const

it is called properly a ,,dose modifying factor” 0.4 | EPaaly
if independent on S (or D)

Depending on several parameters, in particular LET \ \EF _
0.01

cond2 cond1
DEF(LET,[C])=D(L[E)T’[C])‘ AT B 8 EL W ow W
ne sameeffect(S) Wenzl&Wilkens 2011

Survival
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The Optimization problem

Optimal particle numbers ﬁopt for all rasterpoints in order to obtain a 3D dose distribution that

respects the constraints imposed. Raster scanning system

TRiP98 cost function — formalizes the treatment goals:

& ( pre — Di(ﬁ))z /Target (uniform dose)

- D
XZ(N) = (Wt)z Z

=~ ADIZ,re OAR (maximum dose)
2 Ngleax (Dmax - Dlm))z / Polfaces of dipsle magnets
Dmax . . —
+(WOAR ) ; AD rznax G(Dl(ﬁ) DmaX) - /> e

Where in order to account for bio effects,
the “bio” dose is obtained through scaling I AU S Vi
the physical dose by the specific DMF | atili, | . | \

.

Aim: searching the minimum of .l . ;

s -20 - -2 - 2 e 20-20 -1 14 0
x? (N) for all fields simultaneously . e wdmimd
(multiple field optimization).

Rasterpoint

yimm]
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Modeling and Verification for lon

oVe lT beam Treatment planning

A Graphycal summary

Physics Radiobiology
(= Biological effects + micro/nanoscale physics)

* Depth dose distributions - RBE (eg. LEMx, MKM)
* Nuclear fragment « OER

spectra (including target) * any other DMF...
* Stopping power data

Beamline specifics m —) mmmmm————— Patient Imaging data

Effective Dose profile Including intratumor heterogeneity
Verification
w Impact

advanced “Bio”-dosimetry, |
beam monitoring |,
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