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CHALLENGES OF MODERN RADIOTHERAPY (1)

+ CANCER INCIDENCE IS INCREASING WORLDWIDE

+ EXTERNAL RADIOTHERAPY : ESSENTIAL TREATMENT FOR ~50% OF ALL CANCER PATIENTS
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CHALLENGES OF MODERN RADIOTHERAPY (2)

What is the action of dose rate?
The radiobiological mechanism is not yet elucidated.

Two approaches to investigate:

.| |
Experimentation Monte Carlo simulation

- In vitro & in vivo irradiation . L
- Track particle interactions in silico

- Measure DNA damages and other
biological endpoints at varying dose

- Model DNA damage at the nanoscale
rates Vs &

- Observe biological endpoints directly - Explore mechanisms computationally

X Dose rate is not modelled in current

v/ Gold standard for biological insight simulations
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CHALLENGES OF MODERN RADIOTHERAPY (3)

UHDR irradiation Simulation gap Research question

No dose rate in Monte Carlo How to model dose rate

Promising but unexplained : ) ) ) )
& P simulations in Monte Carlo simulations?

Implement dose rate consideration in Monte Carlo simulations
to enable mechanistic exploration of the FLASH effect at the nanoscale

Key challenge: effect of dose rate on DNA damage is not accounted for in current mechanistic simulations — new chemical models
are required.
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GEANT4-DNA: MONTE CARLO TRACK STRUCTURE SIMULATION

TOOLKIT

« GEANT4-DNA = MCTS FRAMEWORK ADAPTED TO THE UNDERSTANDING OF THE ACTION OF RADIATIONS ON BIOLOGICAL

MEDIA

 FULLY INTEGRATES :

-> Physicalstage (fs) : ionizations, excitations, elastic scatterings
- Chemical stage (ps to ps) : radical formation, diffusion, reactions

-> (Optional) Biology stage : Repair of DNA damage

* FULLY SPATIALLY RESOLVED DOWN TO nm SCALE

Physical i Radical Radical Chemical Repair processes,
interaction with creation diffusion reactions enzymatic processes

target molecules
1018s 1015 10125 10%s

Diref S
Indrecleff@

DNA

« OPEN-SOURCE, WIDELY USED IN RADIOBIOLOGY AND MEDICAL PHYSICS

lonizations / Excitations
Sub-picoseconds

A LIMITATION : BY DEFAULT, ASSUMES ALL PARTICLES ARE INDEPENDENT

4 Chemistry

Electron, ions «  OH* e, etc...
Diffusion, reactions
Picosecond to microseconds

> Biology

DNA Damage and repair
Seconds to hours

Biological effects: DSB,
aberrations, mutations ....

6" GEANT4
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PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (1)

~70% water
+ DNA in every cell

~70% of biological tissue
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PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (2)

Particle track

R Physical stage
° \).‘. Instantaneous ionizations & excitations

() > — Direct DNA damage | femtosecond scale
NG
> 0.0
t‘ @N .
Lo e N o :.. ~70% water
o + DNA in every cell
Q‘. < @ ®
®.0
& (*)
)
o‘o s 'Q' ()
"
H.O

~70% of biological tissue
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PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (3)

Physical stage (fs scale)
— Direct DNA damage

Chemical stage
Radicals diffuse & react — ps to ps scale
OHe, He, e"aq ... = Indirect DNA damage (~70%)

~70% of biological tissue
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PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (4)

Damage classification model

ok s}
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d-‘-"ds
- -
2x5SSB SSB;
&
d<d,
-
¥ o+ 2}
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:d}dpsﬂ d{ds - m
+* *
25SB DSBy
+ H
d‘:dnsg dr.:dDsg
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DSB DSB;,
* ..
d<dpsg d<dpss d<dpsg
;—#p -
Computational modelling of
* DSB+ ] * DSB;, :ngvindergy elect;)tron-deuced
amage by early
#d <dpsp d<dpsg d<dpsg physical and chemical events,
H. Nikjoo et al., Int. J. Radiat.
= = DSB++ . DSBryp Biol. 71 (1997) 467483 - link

*Any damage #*Direct damage *Indirect damage
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PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (5)

Low dose rate — tracks isolated in time

Conventional RT — low dose rate

Tracks arrive far apart in time

— Each track's radicals recombine before the next arrives
- No inter-track radical interaction

, Radical lifetime (ps = ps) ,ra_dic_als_gpne

I T No overlap —homogenous stage reached

® ? >

Track 1 Track 2 Time
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PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (6)

High dose rate — tracks overlap in time

UHDR

Tracks arrive before previous radicals recombine

—> Radical spurs from different tracks overlap

- Enhanced recombination — fewer radicals reach DNA

Radical lifetime

, Radical lifetime Overlap!
|

CH

Track 1 Track 2

Time

TIME-RESOLVED DOSE RATE MODELING WITH GEANT4-DNA — STERCKX NICOLAS JUNE 2026 - LARD 26 11



PHYSICS IS INSTANTANEOUS — CHEMISTRY IS TIME-DEPENDENT (7)

Dose Rate implementation

Parameter : J——
° Pulse Shape 1o —— exp. data eRT6
* Pulse length
* Interpulse . 08-
*  Number of pulses E
é 0.6 -
E
S 044
Radical lifetime 02 4
» []
= 1
. Radical lifetime Overlap! 0.0 4
oot " 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
e ¢ :
Track 1 Track 2 Time

0.27 uS 0.62 uS

Modeling water radiolysis with Geant4-DNA: Impact of the temporal structure of the irradiation pulse
under oxygen conditions, T. A. Le, H. N. Tran, S. Fattori, V. C. Phan, S. Incerti (2024) (arXiv:2409.11993)
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DNA DAMAGE SIMULATION CODES IN GEANT4-DNA

DSBANDREPAIR

* Monte Carlo simulation framework developed by LDRI based
on Geant4-DNA and released as an advanced example

* Designed to study DNA single-strand and double-strand
breaks (SSB & DSB) induction in realistic nuclei models and
repair.

» Three-stage simulation framework, voxel-by-voxel chemistry
 DNAFabric geometry

* New implementation of dose rate methods

« Time scale limited to ~5 ns

-> The inability of the voxel to “communicate” with each other
limit the maximum simulation time to 5 ns.

At longer time scales, reactive species would diffuse further
and may need to interact across neighboring voxels, which is
currently not supported.

« dsbandrepair » - an updated Geant4-DNA simulation tool for evaluating the radiation-induced DNA damage
and its repair, T. A. Le, N. H. Tran, Y. Thibaut, K. Chatzipapas, D. Sakata, S. Incerti, C. Villagrasa, Y. Perrot, Phys.
Med. 124, 103422 (2024) (link)

Geant4-DNA simulations using complex DNA geometries generated by the DnaFabric tool, S. Meylan, U.
Vimont, S. Incerti, I. Clairand, C. Villagrasa, Comput. Phys. Commun. 204 (2016) 159-169 (link)

MOLECULARDNA

Example developed withing the Geant4 collaboration based
on Geant4-DNA and released as an advanced example

Allow to study DNA single-strand and double-strand break
(SSB & DSB) induction.

Single integrated simulation block

Fractal geometry

Octree spatial lookup for efficient navigation
New implementation of dose rate methods
Time scale up ~1s

Simulation of DNA damage using Geant4-DNA: an overview of the “molecularDNA” example application, K. P.
Chatzipapas, N. H. Tran, M. Dordevic, S. Zivkovic, S. Zein, W.-G. Shin, D. Sakata, N. Lampe, J. M. C. Brown, A.
Ristic-Fira, |. Petrovic, I. Kyriakou, D. Emfietzoglou, S. Guatelli, S. Incerti, Prec. Radiat. Oncol. 7 (2023) 4-14 (link)
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INTEGRATION OF DNAFABRIC GEOMETRIES INTO MOLECULARDNA

Objective :

« Enable DNAFabric geometries in MolecularDNA for nanometric DNA damage
simulations

Motivation :

* Accurate modeling requires realistic chromatin structures

» FractalDNA geometries are procedurally generated and may lack nucleosome/fiber-
level detall

« DNAFabric provides explicit DNA, nucleosome, and fiber structures

Method / Implementation :

* MolecularDNA code adapted to read DNAFabric files directly
* Preserves strand topology, base-pair organization, and nucleosome/fiber structure
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DNAFABRIC GEOMETRY COMPARISON

World

Plasmid grid
2.21x2.21 x2.42 um®* — 10 143 plasmids

 World volume: 5 um side dose depalites
 DNA geometry: 10143 plasmids nddnily © ® ® ®
pBR322 arranged in a 4.42 x
4.42 x 4.84 uym?® cube 1 MeV e-
* Primary particles: 100 runs of 1
MeV electrons
* Dose perrun: 0.01 Gy
» Total dose : 1 Gy
* Pulse duration: 1.4 ys

®e @ O o0 o

- o c O C o o p- Physical track
(independent)

e O e @0 @

® ®©® @ ¢ ©

Chemical track

* Dose rate ~1,4e6 Gy/s pulse-dependent — 1.4 pis
* Physics list: Geant4-DNA
. Legend
Opt|0n 2 =——@== Physical track d iti
. . ysical track + energy deposition
* Chemistry list: Geant4-DNA Chemical track (-OH radicals)
Opt|0n 3 @) Plasmid (dose deposited)
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RESULT OF THE GEOMETRY IMPLEMENTATION (1)

Comparison between dnafabric geometry and fractal geometry hits for 100 runs of 0.01 Gy
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RESULT OF THE GEOMETRY IMPLEMENTATION (2)

Comparison of dna damage between dnafabric geometry and fractal geometry for 100
runs of 0.01Gy
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SCAVENGER HANDLING (1)

Towards realistic biological environments
and experimental validation

Introduce O,, H30*/OH- (pH of the
medium) and other scavengers

Handle concentration, diffusion, and
reaction rates

Extend chemistry aqueous solution
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SCAVENGER HANDLING (2)

~

~70% of biological tissue
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Mapping chromatin organisation and DNA concentration across

the entire endothelial nucleus

Total DNA Concentration - 40 nm grid

Total DNA Concentration (Mbp/pum3) Distribution
(0.04 um grid cells)

Y (um)

Total Concentration (Mbp/um?3): |
Mean: 20.6

Median: 21.5
Std Dev: 5.6

" N o
X (um)

What this cartography tells us

e DNA is densely packed at the nucleus core, sparser at the periphery
e Chromatin ratio is spatially heterogeneous — ~29% euchromatin on

average

e This map guides which sub-volumes to select for MC simulation

@ ASNR

35

Total DNA Concentration (Mbp/um”3)

Euchromatin / Heterochromatin Ratio - 40 nm

Euchromatine vs Heterochromatine Concentration Ratio
(0.04 pm grid cells)
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mean DNA conc. euchromatin fraction grid resolution

-> Full geometry is too computationally demanding
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Representative 3D sub-volumes are selected from the
cartography map and simulated independently via Monte Carlo

Coarse Cartography Map - 1600 nm grid

@ Cartography

Full-cell heatmaps at 40nm & 1.6um identify spatial
heterogeneity in DNA density and chromatin state

Total DNA Concentration (Mbp/um?3) Distribution

A (1.6 um grid cells)

Total Concentration (Mbp/um?3):
Mean: 16.4

Median: 19.2

Std Dev: 7.8

@ Sub-volume Selection
3D boxes (sub-volumes) are chosen to represent

different regions: dense core, sparse periphery, mid-
zone

- 20

=
w

& Sub-volumes selec
based on cartograph

Each sub-volume is simulated separately — feasible
compute time per box

Y (um)

=
o

Total DNA Concentration (Mbp/um” 3)

@ Aggregation - Full Estimate

Results are combined weighted by volume fraction
to reconstruct a full-cell Monte Carlo estimate

| (3 Independent MC Simulation

f‘)l N ¢>I
X (um)
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Periodic Boundary Conditions (PBC)

Preserving physical accuracy at sub-volume boundaries during Monte Carlo simulation

@ ASNR

Why PBC is essential

A\ Problem: artificial boundaries

Without PBC, molecules reaching the edge of a
sub-volume would be absorbed or reflected —
creating unphysical boundary effects that distort
the MC statistics, even more so as the time pass.

v Solution: infinite periodic lattice

PBC makes each sub-volume surrounded by
exact copies of itself. A molecule leaving one face
instantly re-enters from the opposite face —
mimicking bulk nuclear conditions.

# Physical justification

Chromatin domains in the nucleus sub-set are
approximately homogeneous at the scale of a sub-
volume (~1.6 um). PBC is the standard in
molecular dynamics and radiation transport.
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PBC COMPARISON PARAMETERS

World
5 um (H,0)
Plasmid grid
4 x4 x4 pm* — 1131 plasmids
« World volume: 5 ym side dose depolited
* DNA geometry: 1131 plasmids nplamily, @ @ @ @
pBR322 arranged ina 4 x 4 x 4 e e @ e o
“rT.]3 Ccu be . 1 MeV e- o ._._._e_. ® > Physical track
« Primary particles: 10 runs of 1 (ndependent
MeV electrons ©Oe oo B
* Dose perrun: 0.5 Gy eeee°
» Total dose : 1.23 Gy
* Pulse duration: 1.4 ys _
 Dose rate ~1,4e6 Gy/s ulse-dependent 1.4 e
 Physics list: Geant4-DNA e
Optlon 2 ===@== Physical track + energy deposition
* Chemistry list: Geant4-DNA Chemical track (-OH radicals)
Ophon 3 @  Plasmid (dose deposited)
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RESULT OF THE PBC IMPLEMENTATION (1)

@ AsNr

H30M
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Curve representing the H30* G-value with bouncing boundary condition
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RESULT OF THE PBC IMPLEMENTATION (2)

@ AsNr

H30M

PBC curve

1.2

0.8

0.6

G value (molecules/100 eV)

0.4

0.2

0 | II\IIII| | II\IIII| | \I\IIII| | \I\IIII| | II\IIII| | IIIIIII| | I\IIIII| | I\IIIII| | I\IIIII| J:EI&IM

1072 107" 1 10 102 10° 10* 10°

Curve representing the H30* G-value with periodic boundary condition
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RESULT OF THE PBC IMPLEMENTATION (3)

©.9999 Number of Primaries : 16 - e ne ) : ©.9999 Number of Primaries : 18

Ul_ltr_:l_]t Da 8 _ [’J|_|t|'_;|_”: EN '
MNum 0 : 331 Number o asmids: 1331
1 1121
216
0 . ) Q er plasmid 0.168
per pl: dose 0.14136 plasmid-1Gy-1 ate o - plasmid per
per d per Mbp 32.3781 Gy-1Mbp-1 a

SSB total 22

SB DSB

DSB+ 2 0SB

SB++ g DSB++

DSE total : DSB total

Breaks number

w

AW oL

00 00 0 0 00 0 0 o0 o0

W e

oo oo ogowmuw,
mmuwvmmuvwvmuwvmu
= @ |

total

w

SSB/DSB

DNA damage for bouncing boundary (control) DNA damage for Periodic boundary
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CONCLUSION & PERSPECTIVE

1. WHAT HAS BEEN DONE :
- Implementation of an initial framework to model various dose rate.
-> allow the use of complex geometry ( Human endothelial cell nuclei)

-> Scavenger

- PBC

2. LIMITATIONS

-> pure medium vs biological medium

-> No inclusion of cellular environment yet nor their reaction (mitochondrial reoxygenation for instance)

3. WHAT’S NEXT
-> Implementation of oxygenated damages
-> Validation of the code with experimental data
-> Exploration of UHDR vs CONV impact on complex dna geometry

- Exploration of the impact of irradiation parameters on the DNA damage in function of its concentration
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ILLUSTRATION OF THE DOSE RATE EFFECT

CONV — low dose rate UHDR — ultra-high dose rate

Many tracks - dense burst - higher dose
Few tracks - sparse - lower total dose ! I 2

~5 ym?* water cube — shared simulation target

Physical <1 ps — H,0 ionised & excited — instantaneous

Physico-chemical 1 ps -1 ns — Reactive species formed
‘OH e aq H,0+ H,0,

: Chemical 1 ns —» ys - ms — Species diffuse, react & recombine
5x5x5um - ~10 000 plasmids

More strand breaks (SSB + DSB) Fewer strand breaks — DNA spared
Conventional radiobiology FLASH-RT hypothesis

Tracks spaced — *OH diffuses freely — *OH reaches DNA —
strand breaks

Tracks overlap — radical-radical recombination — FLASH
sparing effect
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HOW DOES IT WORK ?

Particle transport

* Simulates radiation tracks at the nanometer scale.

2. Energy deposition — Direct DNA damage

* Clustering of ionizations/excitations mapped onto DNA geometry.

3. Chemistry evolution — Indirect DNA damage

» Water radiolysis — radicals diffuse, react, and attack DNA.

4. Conversion of strand breaks into DSBs and SSBs

* Clustering Algorithm

5. Repair modelling

* Built-in models (TLK, LEM-IV).
* DNA break induction passed to repair module.
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VOXEL LIMITATION

@ AsNr

Voxel i-1 Voxel i Voxel i+1

Limitation: molecules diffuse within their own voxel, but voxel boundaries block inter-voxel species transfer
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DIFFERENT MODELS FOR RADIATION CHEMISTRY

SEVERAL METHODS EXIST TO MODEL CHEMICAL STAGE :

Spatial Reaction Computational
Correlation Kinetics Cost

Bulk
(homogeneo ¢ None ) ¢ . Yes Very fast
us ODE)
IRT Necessary of SBS for
AEErEnEfens | A ) 4 A Semi- wr?:r::faeciastiierla
Reaction Approximate explicit . P
Times) in time and space ?
IRT-Sync 2 3Sem” Alimiteg 2 Partially

spatial synchronized
SBS (Step- . . Fully
by-Step) . Full L Explicit explicit © Heavy

- Only SBS fully preserves spatial and temporal radical dynamics
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