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Outline

* The UHDR response (FLASH) understanding challenge
and the role of biophysical modeling

— Radiolytic Oxygen Depletion
— Inter Track effects
— Organic Radical Recombination

* Impact of medium, oxygenation, LET

* Role of experiments at XUHDR (Extreme Ultra high dose rate) as
with LDPB (Laser Driven Particle beams): What can we learn?



FLASH Effect: what’s that
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The FLASH effect: in vivo evidence

Canine

Mouse lung
Favaudon et al. (2014)
Fouillade et al. (2020)
Gaogetal (2022)
Mouse gut ]

Levy et al. (2020)

Diffenderfer et al. (2021)

| Konradsson et al. (2021) |

M.M. Kim et al. (2021)

Feline

| Vozenin et al. (2019a) |

M. Battestini, PhD Thesis UniTn (2025)
Modified starting from C. Limoli, M. C.
Vozenin, Annu. Rev. Cancer Biol. (2023)
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Eggold et al. (2022)
Ruan etal (2021)

| Zhangetal (2020) )

Human hematopoiesi;
[ Chabi et al. (2021)

Mouse muscle
Tinganelli et al. (2022)

Tinganelli etal. (2024)

UHDR
beams

Mouse brain

Montay-Gruel et al. (2017)

Simmons et al. (2019)
Allen et al. (2020)
Montay-Gruel et al. (2020)
Alaghband et al. (2020)
|_Almeidaetal (2024)

Jturr etal. (2023)

Mouse skin
Field & Bewley (1974)
Inada et al. (1980)
Hendry et al. (1982)
Soto et al. (2020)
Cunningham et al. (2021)
Velalopoulou et al. (2021)
Sorensen et al. (2022)

Zhang et al. (2023)
Sorensen et al. (2024)

Photons
Electrons
Protons
Helium ions
Carbon ions
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Miniature pig skin
| Vozeninetal. (2019a) |

Zebrafish embryo
Montay-Gruel et al. (2019)
Vozenin et al. (2019b)
Kacem et al. (2022)
| Karschetal. (2022)
|__Saade etal. (2023) |

Ghannam et al. (2023)
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The “FLASH” effect: in vitro evidence*

Clonogenic cell survival DNA damage Senescence
DU145 - Adrian et al. (2020) MRCS5, IMR90 - Fouillade et al. (2020) | IMR90 - Buonanno et al. (2019) |
Cancer cell lines - Adrian et al. (2021) PB| (ex vivo) - Cooper et al. (2022)
, H454 - Montay-Gruel et al. (2019) | IMR90 - Buonanno etal. (2019) |
w NS1 - Liliedahl et al. (2022) A549, H1437 - Tessonnier et al. (2021)
IMR9O - Buonanno et al (2019)
A549, H1437 - Tessonnier etal. (2021)
CHO-K1 - Tinganelli et al. (2021)

Spheroids

| A549 - Khan et al. (2021) |

Plasmid DNA damage

| gBR322 - Wanstall et al. ;2024;

Photons
Electrons
M. Battestinj PhD Thesis UniTn (2025) UHDR Protons *_ .
Modified starting from C. Limoli, M. C. beams Helium ions Sparlng effeCt at U HDR
Vozenin, Annu. Rev. Cancer Biol. (2023) Carbon ions
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Time structure for different particles

PROTONS

Romano et al. MP 2022

Isochronous cyclotron (quasi-continuous radiation)
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Synchrocyclotron

(b) T=20ps

(d)

ELECTRONS

Clinical linac for radiotherapy (modified)
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4 ms (f= 250 Hz)

()

1.54 ms (f = 648 Hz)
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e

Laser-driven protons

T~fs-ps
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Research linac for pre-clinical studies
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Laser-driven electrons
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Parameters for observing FLASH/noFLASH
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Spatio-temporal scales of radiation damage
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Crucial stages and mechanistic hypotheses of FLASH e
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Crucial stages and mechanistic hypotheses of FLASH effect
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Assays of
Radiation

Translation steps

Dilute solution  Protein/lipid In vitro cells Ex vivo In vivo Clinical trial
solutions tissue animal

Oxygen
Consumption

Lipid Courtesy of Pogue lab

Peroxidation
ros IS

DNA damage

Sunnerberg, et al,
J. Biomed. Optics 2023

Chemistry Effects

Biological
effects




FLASH/UHDR Modeling Studies

Mechanism Endpoint Particle Supported Reference
ROD S, dron e~ - [Pratx and Kapp, 2019]
ROD S, RR e yes [Petersson et al., 2020, Adrian et al., 2020]
ROD S, dOg/dD e~ yes [Liew et al., 2021, Liew et al., 2022]
ROD S, dO4/dD e” no [Boscolo et al., 2020, Boscolo et al., 2021]
IT DNA, AG p, *He, 2C no [Kreipl et al., 2009]
IT AG p yes [Ramos-Méndez et al., 2020]
- dO,/dD, AG e ,p - [D-Kondo et al., 2023, D-Kondo et al., 2025, Shin et al., 2024]
IT AG e, p yes [Derksen et al., 2023]
ROD/IT dO,/dD, AG p yes/yes [Alanazi et al., 2020]
ROD/IT dO2/dD, AG e no/yes [Lai et al., 2021]
IT H#overtaps p no [Thompson et al., 2023]
IT D(t) e no [Baikalov et al., 2023]
IT ROS, NROS p yes [Abolfath et al., 2022, Abolfath et al., 2023]
IT AG p, *He, 2C no [Castelli et al., 2025]
ORR NTCP e~ yes [Labarbe et al., 2020]
ORR NTCP e yes [Espinosa-Rodriguez et al., 2022]
ORR AAUC e, p yes [Tan et al., 2023]
- S e”, p, He, 12C  yes [Battestini et al., 2023, Battestini et al., 2025]

Table 1: In-silico FLASH studies in literature. ROD = radiolytic oxygen depletion, I'T = inter-track, ORR = organic radical
recombination.

M. Battestini PhD Thesis Univ of Trento 2025
R ~) 5
INFN THPA
C - Lo



The Radiolytic Oxygen Depletion Hypothesis
(ROD)

>na0] FLASHRT
g 30 »
, € 257 = » Relative protective effect on
The belief of oxygen é ( no& ﬁ“;;‘u“:'}g's‘;'},:;‘,ed) normal tissue
depletion theory 8 2014 —_— = _ -

o < - — + Relative unchanged killing

£ 1914 | Oxgen ienslonin effect on tumor tissue

© tumor (assumed)

(5]

a 1.0 :
0 5 10 15 20 25 f

pO,/mmHg at 37°C Ma et gl. 2024
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Monte Carlo Track structure Codes for exploring
FLASH Chemistry

Boscolo et al. 2021 u.r.

Heterogeneous stage (and slightly beyond...) " ) "
* TRAX-CHEM (Boscolo et al. 2020) wer il
* TOPASNnBIO (Ramos et al. 2020) smRs ,l”o v — e . f
* gMicroMC (Lai et al. 2021) |
* Geant4-DNA (tran etal. ZOZL)s- . ” eftgai] Wanse] Bakeend] B
* |ONLYS-IRT (alanazi et al. 2031)‘: &+ " i \ ey A il
* NASIC (zhou et al.2021) ) o i i -”“ i
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TRAX-CHEM predicted oxygen depletion in water
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d[0,)/dD (mmHg/Gy)

Summary (Exp&Theor) depletion studies
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Dxeell 1O

Sunnerberg 2023 (BSA saturated solution)
Van Slyke 2022 (CELL) 100 Gy/s
Van Slyke 2022 (CELL) 20 Gy/s
Van Slyke 2022 in vivo (mice)
Grilj 2024 in vivo (mice skin)
Boscolo 2021, simulation (H,0)
Jansen 2022, exp (H,0)

O O

O :
ng o O
X

O, experimental range (mice skin normal tissue)

FREE—Y

Medium 5y In vitro

Water  FLASH In vivo

Scifoni, Vozenin. Cordoni. Fuss, Seco, Radiother Oncol 2025
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Summary depletion studies in vivo

Volume 121 ® Number 5 ® 2025 Letters to the Editor 1399

Table 1 Adapted with permission from Boscolo et al’: Calculation of absolute FLASH factor (AFF) (as defined in Poulsen et
al’) for a series of published data with realistic initial oxygenation levels and depletion rates. Rows in italics are relevant to
tumor tissues, the others being normal tissues. See Boscolo et al® Supplementary Material for details.

AFF= DOER (enV)."‘

Experiment Dose (Gy) PO2,env (mmHg) PO 6, (mmHg) DOER DYN
Mouse whole brain'’ 10 25.84 23.79 1.00
Minipig skin'? 31 40.28 33.36 1.00
Cat, healthy skin/mucosa'” 33 40.84 37.32 1.00
Cat squamous cell carcinoma'” 33 14.44 9.65 1.02
Mouse lung"’ 17 42.56 38.68 1.00
Lung tumor"’ 17 15.96 13.22 1.01
Human patient, healthy skin'’ 15 40.28 36.94 1.00
Human skin lymphoma'’ 15 11.40 9.42 1.01

Abbreviation: Dogg = oxygen enhancement ratio (OER)—weighted dose.

Scifoni, Vozenin. Cordoni. Fuss, Seco, Radiother Oncol 2025
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The Oxygen Depletion Hypothesis (ROD)

The belief of oxygen
( depletion theory

\_ |The evaluation based
on existing evidence
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* Relative protective effect on
normal tissue

+ Relative unchanged killing
effect on tumor tissue

Ma et al. 2024

« No significant protective effect
on normal tissue

« Even more obvious protective
effect on tumor tissue
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TRAXCHEMXxt:
Radial Concentrations of Chemical species

Diffusion development — Matrix approach Reactions development
Given the boundary value problem (Fick’s Il law) Given a simple reaction [
d[A] -
9:[4] — DIZ[A] - Z0,[A] = 0 A+B - C,rate== = —ksp[A][B]
by approximating the derivatives, can recast it ina for species A at n*" time step dt have

matrix (M, N) representation
AA = —kyp[Ayn][By]dt

M[An,1] = N[An] = [Ans1] = MTIN[Ay) [An+1] = [4p] + 44 Camazzola et al. UMS 2023
PRI AT ® Phase 2 Transition: New R-D Concentration based |
TS SRR FT model
e a, L%, ¥ o AR L
: A ,\_::‘ - R oo Y :. :
\ ] - - b . .'r- " 3 . .
S e : - L ¥ h12,
.. 'S . - .
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Extendedn simulation time and impact of .
biological medium

Camazzola et al., PMB 2025
G-value: number of radicals/molecules produced per 100 eV of energy deposited
H,0+0,+RH+XSH
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O, Depletion versus LET (in medium)

0.4 T T T T T T
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Intertrack effects
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INTERTRACK phenomena

2 Projectile Ax =100 nm and At=1 ns

6O

40

20

E

L 0

>_
—20
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Castelli 1/MS 2025 —100 -l 0 50 100
X [nm]
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Implementation and study of Intertrack interaction

INTERTRACK
st 2nd .
Example: 2 Proj. Ax=100 nm ; At=1ns
. Phys Phys X _
._ ¥ S
ps X '{' 'i:‘
T b # -~
ps+At E 0 -\-‘."‘ + -
- L (] }
us 10 } ' ’ 5.5-- ﬁj‘
WstAt : 100 50 [T 100
\ 4 X [nm]
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Implementation and study of Intertrack interaction

INTERTRACK
1st an
f Phys Phys
os Pre-Chem Pre-Chem
ps+At
us
us+At
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Example: 2 Proj. Ax=100 nm ; At=1ns
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Implementation and study of Intertrack interaction

INTERTRACK:
2 Proj. Ax=100 nm ; At=1ns

1st 2nd .
; Example: 2 Proj. Ax =100 nm ; At=1ns
s Phys ; Phys e - s -
o5 Pre-Chem | Pre-Chem o e -
. (trackf :
ps+At Hete rO' : ( rac reeze) E il Bt |i
Chem > W
us
us+At " — - i
\ 4 X [nm]
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Implementation and study of Intertrack interaction

INTERTRACK
st 2nd .
; Example: 2 Proj. Ax=100 nm ; At=1ns
. Phys ; Phys N ma— ST -
| Pre-Chem | Pre-Chem |
ps+At Hete ro- ! (track freeze) E ; ..
Chem > E y
s Hetero-Chem
us+At II“. s - T
v >"~["""']
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Implementation and study of Intertrack interaction

INTERTRACK Example: 2 Proj. Ax =100 nm ; At=1ns
3y §
",.‘-:v‘ » OH* (At=1ns - Ax=100nm)
g9
st 2nd LE |
f 2
. Phys | Phys g3
: ol
»» | Pre-Chem | Pre-Chem Fh
_ ! (track freeze) 3| @ Gualue(lps) |
- Hetero | e e —
Chem time (s
0.5 -
s Hetero-Chem 32 05l H0. (At=1ns - Ax=100nm)
g -
ps+At : a
2
v 3
l.:: 0.5
N(t) E_ 0,4}
G-value(t) = =03
E(t)[100eV] =
L_:I; _|. . ® G-value(l ps)
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Radicals Plots interpretation Castelli 1/MS 2025
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Intertrack effects in the presence of Oxygen
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Pr(Az;, Atj) = P(Ax;, At;) — P(Awx;_1, At;)
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Weber, Scifoni, Durante 2021
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Organic radical recombination (ORR) hypothesis

Nucleic acids, proteins

Small molecule acceptors

0,03
Buffering substances
Superoxide dismutase, catalase

/ Antioxidants (XSH) \

Chemical species that protect
the biomolecule by
scavenging reactive species
and preserving it against
redox damage. E.g. vitamin E,

K glutathione (GSH), etc. /
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Homogeneous chemistry

Modification of the chemical
environment induced by
recombination of organic peroxyl
radicals ROO' at UHDR regime
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The Multiscale Generalized Stochastic Microdosimetric
Model (MS-GSM?
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M. Battestini et al., Front. Phys. (2023)
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The main idea of MS-GSM? for FLASH studies

Reactions  Production
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Surviving fraction

10

Validation with in vitro UHDR experiments

Electrons (10 MeV)
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Helium ions (56 MeV/u) Carbon ions (280 MeV/u)
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& Investigation of the FLASH differential effect E

18 Gy -e
2.5
high
differential — 50
effect ] .
Conv Vs. FLASH @, . Differentia
|
e % 1.5 selectivit .
= ffoct y The antioxidant
[= € fsc activity modulates
InScony —INSrrasy ©
InSg 1.0 the FLASH effect
T S SRaring Healthy ti
= effect S8
0.017 < 0 5
low
differential
effect 0.0
Conv Vs. FLASH 2 4 6 8

PO [%]
M. Battestini et al., Radiother. Oncol. (2025)

16.03.2026 E. Scifoni - ELI wshop 2026 INFN (TP



X-UHDR possibilities @ELIMED?

TRENTO (TPBL-TIFPA) ELIMED

(and most pFLASH in the
word)

Energy (MeV/u)

LET (keV/um) 0.5 1-2
Current on target (nA) 0.1-390 EO7
Pulse width ~100 ms ~30 ns
Intensity p/s 4E09-24E12 E15
Dose rate (instantaneous) 0.1-300 EO7

on 1cm?(Gy/s)

d=1/ F(chhem). Modality UHDR XUHDR

Average distance bw 2 20 um 0.05 um
16.03.2026 tracksin 1 ps s 40



Proton AGs for given s/t separation
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Intertrack accessible at X-UHDR

Expected coincidence parameter vs time-interval

Dose = 10 Gy, Target: R = 10 um, Ax=1um

Carbon Helium
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Questions possibly addressed:

Is p-XUHDR behaviour different from p-UHDR
Can we understand basic radiation chemistry mechanism?

Dynamical range: where is the “safe” limit of getting FLASH
with protons? Implications for TPS

Is FLASH depending on the Radiation Quality? Proton
experiments in identical rate conditions, as electrons, differing
only for particle type



[H,0,] (umol.L?)

The mystery of the H,0, yield

or: Can we understand complex phenomena (FLASH) if we still don’t get the simple ones (Gy,0,Vs D in water...)?
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s ]| ®0.2Gy/s
=50 Gy/s _
7 4
x 100 Gy/s 401 @~ CONV | 10uMOs a) ’_?A
64| A500Gy/s M CONV | 50uMO; Gamm T
¢ 1.5 KGy/s D 351 —&- CONV |250 uM O, —____——P
51 ’ ,fﬁ:ﬁ_‘* " $- CONV | 1mMO; T
P 7.5 KGy/s o e 30! ~@ FLASHI 10uMO; e AT
,’ - -B  FLASHI| 50 uM O, -7 ® Montay Gruel (2019) | CONV
3 _i_:",--‘-’-" —25/ & FLASHI250 M O, % 4 Montay Gruel (2019) | FLASH
;@" S| - FLASHI 1mMO; o B Roth & LaVerne (2011) | CONV
2 ﬁl = g A Sehested (1968) | FLASH
M:‘.' 8 20 @ & Anderson (1961) | FLASH
1 i N {~ TOPAS-nBio | CONV
F LAS H 51 5! -+ TOPAS-nBio | FLASH
0 r et et et e,
0 10 20 30 © bos&(Gy) © 70 80 % 100 ol ¢
. -
- Blain et al. 2022 (exp) o .
002 v
1.2%10 5+ 00 ¥ i i i i —5 ey
1x1054 photon i ? 10 G 19 50 (02] (uM)
% 8x10 ¢ T ® (0.0376y/5) Dose (G¥)
E ¢ To.o0mr g Sl MY Kondo et al. 2023
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e experiments and most simulations
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Summary

FLASH RT mechanism remains a fundamental challenge

Multiscale modeling allows to provide several insights in the mechanism.
A recent model reproduces most in vitro UHDR data suggesting a potential new interpretation

Track structure based models are describing the interaction beween tracks in a broad range of
spatiotemporal conditions, medium and oxygenation.

The multitrack feature evidences a clear range in time and space where intertrack may occur,
which is extremely limited in typical p-FLASH experiments.

XUHDR beams like LDPB may open useful possibility of experimental investigations providing
proton tracks in close spatiotemporal proximity and in conditions comparable to e-FLASH,thus
providing mechanistic insights even before getting to the full FLASH conditions (ADR)

S R <)
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Spatio-temporal Features of FLASH Effects

Oxygen and Microenvironment in FLASH

Radiation Chemistry and Physics of the Mechanisms
Biophysical Modeling of UHDR Radiation response

Dosimetry of UHDR Pulse Structure
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https://4thflashworkshop.unitn.it/

16.03.2026

Call for Abstracts

We invite researchers, particularly young scientists and students, to submit abstracts for the 4th FLASH Workshop, which will be held
Trento, Italy, 1st-3rd July 2026. This Workshop brings together experts in the field of ultra-high dose rate (UHDR) radiation to fost
discussions on the mechanistic understanding of the biological response following FLASH irradiation.

Abstract submissions are welcome on the following topics:
= FLASH Radiobiological Mechanism - In Vivo and In Vitro Studies
= UHDR Radiation Chemistry - Experimental
= UHDR Biophysical Modelling and Computational Radiation Chemistry
= UHDR Dosimetry
= Towards FLASH Biological Treatment Planning

We encourage contributions from students and early-career researchers. Accepted abstracts will be presented during the Workshop ar
may be considered for plenary sessions and poster presentations.

Submission Instructions:

Please prepare your abstract using the template provided below and submit it in PDF format to flash.workshop@unitn.it.
The submission deadline is 31st March 2026.

https://4thflashworkshop.unitn.it
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