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I Geant4-DNA for radiobiology
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Extension of the Geant4 Monte Carlo
simulation toolkit for radiobiology
»Track structure code: simulates
each particle-matter interaction
» physical stage
» Simulate the production and tracking

of radiolytic species, together with
their mutual interactions

»DNA-scale geometries



Physical stage
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New DNA_Option4 model
developed at the Univ. of loannina

v Makes further improvements to the existing DNA_Opt4 model and extends it to relativistic
energies

v Arobust and updated model that permits electron transport in liquid water from 10 MeV
down to 10 eV

v Extends G4's TS capabilities by covering more RT applications

New features

I. Updated Energy-Loss-Function (ELF) using the algorithm developed at the Univ. of loannina
v Improved sum-rule consistency

v Improved parameterization of experimental data
v Improved high-energy asymptotic frend

. More consistent implementation of low-energy Born corrections

iii.  Implementation of the Fermi density correction directly to the DCS (differential cross
section)



electronic stopping power (SP) of liquid water

Courtesy of loanna Kyriakou et al. (with ESA / BioRad3 suppport)

electron CSDA range in liquid water
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Proton up to 300 MeV
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Tracking of protons from 100 MeV up to 300 MeV with Geant4-DNA developed at the Univ. of Sevilla

Relativistic Plane Wave Born Approximation

Generalized oscillator strength
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Tracking of protons from 100 MeV up to 300 MeV with Geant4-DNA under the RPWBA

dofdW (107% em? eV )

Model verification

Implementation verification

lonization differential cross setion
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https://doi.org/10.1016/j.radphyschem.2022.110363

Beyond liquid water

& GEANT4 DA




I DNA materials

m Implementation of electron physics models in DNA bases and backbone i in
addition to water following the same procedure as in CPA100 code

m 3 physics model classes: 4

» Elastic scattering (Independent Atomic Model) / /
« lonisation (Relativistic Binary Encounter Bethe Model) |
« Excitation (scaled from water inelastic XS and bases ionisation X§) $

« Energyrange (11 eV -1 MeV)
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« Calculations done for all 6 DNA materials (Adenine, Guanine, Thymine,
Cytosine, Deoxyribose, Phosphoric acid)

« Good agreement with the literature

« Difference from liquid water is observed 6 GeaNnT4
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Nitrogen gas cross-sections implementation
M. Pietrzak (NCBJ), H. Nettelbeck (PTB), C. Villagrasa (IRSN), Y. Perrot (IRSN)

v Cross section data for nitrogen used in the in-house PTB PTra track structure code

developed by Grosswendt have been implemented in Geant4-DNA

v Benchmarking the codes

» Electrons ranging from 1 MeV down to the ionisation threshold (15.58 eV) for elastic
scattering, electronic excitation and impact ionization including auto-ionization

« Areview of parameters and options in Ptra and an update of PTra has been
performed before the integration in Geant4-DNA

« Check of ranges and stopping powers vs NIST

» Details of the models: Pietrzak et al. Phys. Med. 102 (2022) 103-109 (
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https://doi.org/10.1016/j.ejmp.2022.09.003

Nitrogen gas cross-sections implementation

M. Pietrzak (NCBJ), H. Nettelbeck (PTB), C. Villagrasa (IRSN), Y. Perrot (IRSN)

v Cross section data for nitrogen used in the in-house PTB PTra track structure code
developed by Grosswendt have been implemented in Geant4-DNA

» Electrons ranging from 1 MeV down to the ionisation threshold (15.58 eV) for elastic

scattering, electronic excitation and impact ionization including auto-ionization

 Areview of parameters and options in Ptira and an update of PTra have been

performed before the integration in Geant4-DNA
« Check of ranges and stopping powers vs NIST

» Details of the models: Pietrzak et al. Phys. Med. 102 (2022) 103-109 (

v Benchmarking the codes

 Agreement in the comparison of the

lonization Cluster Size Distribution (ICSD) nanodosimetric
quantity computed with Geant4-DNA and PTra code has
been achieved 10 mm

e- 10 mm
« Simulated ICSDs were also compared to those ﬁl
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https://doi.org/10.1016/j.ejmp.2022.09.003

Nitrogen gas cross-sections implementation
M. Pietrzak (NCBJ), H. Nettelbeck (PTB), C. Villagrasa (IRSN), Y. Perrot (IRSN)

v The use of Nitrogen cross sections is illustrated in the extended/medical/dna/icsd example

« Initially, this example shows how to compute ICSD in small cylinders representing the
typical dimensions of a DNA segment 10 base pairs long made of DNA material
precursors

« The example has been modified to allow to choose different geometries to compute
ICSD

- Small cylindrical target (2.3 nm diameter, 3.4 nm height) made of THF
- Cylindrical target (10 mm diameter, 10 mm height) made of low pressure nitrogen to
reproduce Jet Counter experiments

v Work in progress:
+ Extend cross sections to protons (70 keV — 10 MeV)
« Add propane cross section following the same methodology as for nitrogen
« Harmonization of Geant4-DNA implementation of models dedicated to materials
other than liquid water



G4-DNA for atmosphere: N2 and O2 cross section models

—— lonization o Itikawa
Cosmic Ray'’s rule in influencing atmospheric N2 — Gasic - Taw andEnglanderolen
composition remains a subject of ongoing investigation. o RS o, e s
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New G4DNA model implemented for electron impact on 5
N2 and O2 up to 10 MeV: °

m Impactionisation: Relativistic Binary Encounter Bethe
(RBEB) model

m Elastic scattering: Screening Corrected Additivity
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https://doi.org/10.1016/j.ejmp.2023.102661

G4-DNA for atmosphere: Resp!’rs
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Chemistry stage

& GEANT4 DA




New « mesoscopic » approach

Use new « mesoscopic » approach to study the production
and evolution of reactive oxygen species generated under
irradiation with

different dose rate conditions, such as in FLASH RT

+ Coarse-grained model: “compartment based”

+ Simulation from heterogeneous (SBS, microsecond) to
homogeneous states (beyond)

* Developed in Geant4-DNA by the MAGIC Collaboration
+ CHUYV, Switzerland & CNRS/LP2i, France

1.  Well mixed species in vdkels
4 2. Species can react with each
z otherin the voxels
3. Diffusion is modelled by jumps
. between adjacent voxels
loe| % 7] o Voxelization of the  Comparison of  time-
o I R simulafion  volume  dependent G-values as
-— . ) info  smaller sub- computed with the
F B B I 4 volumes. Species are  particle-based SBS model
represented by and the SBS-RDME model
y different types of  (this work) from 1 ns unfil
B G circles 100 us, for 1 MeV e-.

Tran et al., Int. J. Mol. Sci. (2021) 22 (link)
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https://doi.org/10.3390/%20ijms22116023

I | 11 1
New « UHDR » example ﬁ.
. L] Q’
Modelling of ultra-high dose rate (UHDR) electron beams
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Biological geometries and
applications

& GEANT4 DA




I New biological geometries and applications

m moleculardna : simulate early DNA damage in a full DNA geometries
of cell nucleus.

m dnadamage2 : this examples provides scoring of plasmid DNA strand
breaks.

m dsbandrepair : a new biological geometry application from IRSN



Moleculardna: simulate early DNA damage using only
Geant4 macro commands - No C++ skills needed

o 0H 5 H,0,
H\.'i.‘_.vWater Radiolysis
s
He {2 /world/worldSize 10260 nm

108 i i 3 3
g Indirect Effect Beam indiect Elfect /cell/radiusSize 3 3 3 um

E=h.v |Beam

/dnageom/setSmartVoxels 1

S Water Rui

3 ' dnageom/checkOverlaps false
CH0D /dnageom/ P

/dnageom/radicalKillDistance 9 nm

Direct Effect /dnageom/interactionDirectRange 7 angstrom Geometry infO

Beam

/dnageom/placementSize 30 30 100 nm

/dnageom/fractalScaling 1 1 1 nm

/dnageom/definitionFile geometries/prisms200k_r3000.txt
/dnageom/placementVolume prism geometries/straight-216-0.txt

Clinical Cancer Investigation Journal # Damage Model

/dnadamage/directDamageLower 17.5 eV

BREAK OFF 2 DNA STRANDS NE:Dimsizations;/

Mutations /dnadamage/directDamageUpper 17.5 eV
Time 5
1015 s 1012 s /dnadamage/indirectOHBaseChance 1.8
/dnadamage/indirectOHStrandChance 0.65
' /dnadamage/inductionOHChance 0.0 D
amage
/dnadamage/indirectHBaseChance 1.0 mOdeI

/dnadamage/indirectHStrandChance 0.65
/dnadamage/inductionHChance 0.00

/gps/particle e-
/gps/ang/type iso
/gps/energy 4.5 keV
/aps/pos/type Volume

Simulation of physics, physico-chemistry and chemistry Kl

/gps/pos/radius 500 nm

processes in DNA geometries. /gps/pos/centre 8 0 © mn

/run/beam0On 1000

TTTTTY

radiation

Particle source




Damage model

m Direct Damage occurs when energy from physical processes is k’
deposited near a DNA molecule. In molecularDNA, we associate Double
damage either with a ‘strand’ molecule (sugar or phosphate Strand .~
placement) or a base molecule. Break | .

(DSB) ,

m Indirect damage is scored when a chemical reaction leads to a
strand break.

ssB SSBq
d>dsg
* = oxssB SsB,
. d<d, g . Ui
SSB+ SSBm, S ' Single
#d>dnss d<ds :<dnsa 2 \ Strand
- 2558 - DSBy Break (SSB)
d<dpsg d<dpsg
= DB —— DSB,
d<dps d<dpsg d<dpg o1 o -
e L ws, - Strand breakage scheme (Nikjoo et 205822558 on
* — * " opposite strands,
_:<dusa d<dpsg d<dDSi! a | * ] 997) . |eSS then 10 bp apart
= = DSB++ e - DNA segment complexity could be

*Any damage *Direct damage *Indirect damage H
6 Geant4 considered



Geomeiry library

Human cell

DNA fibre

e

Voxel size: 75 nm
# of histones: 38

Voxel size: 75 nm Voxel size: 75 nm
# of histones: 32 # of histones: 20

Voxel size: 64 nm
# of histones: 38

the default values

reducing the number of histones in same voxels

using smaller voxels

Chromatine fibre Fractal geometry Cell nucleus

G4_WATER



DNA-val project

Benefit from geant-val project
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DNA-val project

- Run code locally on (LP2i computing systems) in a workflow through Github Actions

- Tests are optimised to run for only one night then we can diagnose and
prevent any bugs infroduced by each MR (or each commitll)

- The test results can be seen hitps://franngochoang.github.io/dna-val/

DNA-validation Q search DNA-validation
Submit
. DNA-validation

Chemist v The main objective is to validate Geant4-DNA in continuous integration following the approach of
Geant-val (Freyermuth et al.), which involves running test code locally on (LP2i computing systems)
for verification purposes. The runs from workfloy

. Stopping power | Beam: e- | Target: Water
Archive Status St R L

/

Stopping power (keV/um)

ol
10 10° 10
E (eV)
< 8 <%
We have :


https://www.lp2ib.in2p3.fr/service-support/informatique/

I TESTS of DNA-val

« Physics Chemistry * BlioGeometry
' .TeS;Em]Q chemé » moleculardna
'rf]?croyz In fime (only for simple
range In LET cylinders.mac)
coower UHDR (nof
b available)

Limitation of DNA-val

« Need a better Front-end

« Need a big computer(s)

« Need more tests

+ Percentage difference of range
« Performance test



I Many technical debts

m The code needs to be renewed for new compilers (physical models and
chemistry module)

m Memory optimization and computer performance
m Dependences should be reduced

m Coverity and memcheck errors

m Examples coding conventions violations

m Combination with Geant4 EM standard

m Documentation

=> Thanks Ben, Ivana, Vladimir, Gabriele,... for many advices and helps



