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Radiation effects scales
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stockgiu/Freepik Human body: ~ 1cm - 100 cm
Radiation sickness (organ-level effects)

Tissue: ~ 1 mm - 10 mm 
Radiation injury

Cell: ~ 1 µm - 10 µm
Cell death

DNA: ~ 1 nm - 10 nm 
DNA damage, mutation, …

Geant4-DNA main target



Radiobiological processes after irradiation
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Biological processes

Physical & chemical processes

Direct action

Indirect action



Conceptual design of the Geant4-DNA approach
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Biological processesDirect action

Indirect action
`

Output:
Protein accumulation
DNA rejoining
Cell survival

Simulation Block Prediction Block

Score:
Damage yields
Damage type

Physical & chemical processes



Monte Carlo methods in particle & molecule transport
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“Monte Carlo simulation is a model used to predict 
the probability of various events when the potential 
for random variable is present”

We can use the MC method to simulate particle transport
(such as particle hits, scattering, etc).

１ ２ ３ ４ ５ ６

Hit!          Pass

１ ２ ３ ４ ５ ６

−π ＋π

https://www.nordcad.eu/dictionary/monte-carlo-simulation-2/ 



The Monte Carlo approach

■ Many Monte Carlo codes are already available today in radiobiology for the 
simulation of track structures at the molecular scale in biological medium
■ E.g. PARTRAC, MC4*, KURBUC, RETRACKS/RITRACKS, NOREC,  …
■ Include physics & physico-chemistry processes, detailed geometrical descriptions of 

biological targets down to the DNA size, DNA and chromosome damage simulation and 
even repair mechanisms (PARTRAC)…

■ Usually designed for very specific applications

■ Not always easily accessible
■ Is it possible to access the source code?
■ Are they adapted to recent OSs?
■ Are they extendable by the user?
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Open-source track structure MC codes 
for radiobiological simulations is in high demand



What is Geant4?
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https://geant4.org



What is Geant4-DNA?
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https://geant4-dna.org



Why Geant4-DNA?
- Requirements for radiobiological simulations -
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n High spatial resolution (few µm, nm), low energy limit, 
reliable physics for sub-keV energies
Geant4:

Fast / Low spatial resolution, Elimit ~ 250eV
Geant4-DNA: 

Slow/ High spatial resolution, Elimit ~ 10eV

n Interface for water radiolysis
Geant4:

No interface
Geant4-DNA: 

Production/Diffusion of chemical molecules



Requirement for physics: ① High spatial resolution
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γ
γ

δ

δ

δ

Trajectory in real world

Condensed-History approach
§ Several discrete physical interactions are 

“condensed” into a single transport step
§ Multiple-scattering approximation
§ Example: Geant4, PHITS, EGS, FLUKA, 

PENELOPE, MCNP…

High accuracy/Slow computing

Low accuracy /Fast computing

Track-Structure approach
§ All physical interactions are simulated 

individually in a sequential manner
§ Example: Geant4-DNA, PARTRAC, 

RITRACKS, NOREC, KURBUC, PHITS-TS… 

1μm

Ref.: Nucl. Instrum. and Meth. B 273, 95-97 (2012), Prog. Nucl. Sci. Tec. 2, 898-903 (2011)



Requirement: ② Water radiolysis
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Excitation
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Random distribution

(Y. Muroya, 2017)



Geant4-DNA history
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2001
Initiated by the 

European Space 
Agency/ESTEC 

2007
First prototypes of 
physics models 
for liquid water 

added to Geant4 9.1

2008
Re-engineered 

to be coherent with
Geant4 EM physics

in Geant4 9.3

2014
Chemistry stage 

extension 
ready for end users in 

Geant4 10.1

2014
First extended examples 

applicable to “DNA-
scale” geometries 

released in Geant4 10.4

dnaphysics
microdosimetry
pdb4dna
wholeNuclearDNA

2019 - 2023
Development of fully integrated radiobiological applications

Integration of Phys. + Chem. + Geometry in 10.5
Integration with biological prediction models in 11.1

dnadamage1 in 10.5 (2019)
dnadamage2 in 11.1 (2022)
moleculardna in 11.1 (2022) 
dsbandrepair in 11.2 (2023)



Conceptual design of the Geant4-DNA approach
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Biological processesDirect action

Indirect action
`

Output:
Protein accumulation
DNA rejoining
Cell survival

Simulation Block Prediction Block

Score:
Damage yields
Damage type

Physical & chemical processes



The Geant4-DNA approach

Physical stage
step-by-step modelling of 

physical interactions of 
incoming & secondary 
ionising radiation with 

biological medium 
(liquid water)

Physico-chemical/chemical stage 
•  Radical species production
•  Diffusion
•  Mutual chemical interactions

Geometrical models
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells… 

for the prediction of damage resulting from direct and indirect hits

•  Excited water molecules
•  Ionised water molecules
•  Solvated electrons

DIRECT DNA damage INDIRECT DNA damage

t=0 t=10-15s t=10-9~10-6 s

Biological repair

Prediction of biological 
parameter yields using semi-
empirical biological repair 
model from nDSB and 
complex DSB fraction. 

MC Simulation Block Prediction Block

•  Protein/enzyme kinetics
•  DNA rejoining
•  Cell survival



Contents of this talk

Ø Context of the Geant4-DNA project
Ø Physical stage
Ø Physico-chemical & chemical stage
Ø Geometrical models
Ø DNA damage and biological models 
Ø Tips

18



The Geant4-DNA approach
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Requirement: ① High spatial resolution
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Trajectory in real world

Condensed-History approach
§ Several discrete physical interactions are 

“condensed” into a single transport step
§ Multiple-scattering approximation
§ Example: Geant4, PHITS, EGS, FLUKA, 

PENELOPE, MCNP…

High accuracy/Slow computing

Low accuracy /Fast computing

Track-Structure approach
§ All physical interactions are simulated 

individually in a sequential manner
§ Example: Geant4-DNA, PARTRAC, 

RITRACKS, NOREC, KURBUC, PHITS-TS… 

1μm

Ref.: Nucl. Instrum. and Meth. B  273, 95-97 (2012), Prog. Nucl. Sci. Tec. 2, 898-903 (2011)



Geant4-DNA physics for liquid water
■ Geant4-DNA processes and models allows the transport in liquid water

■ Electrons: ionisation, excitation, elastic scattering, vibrational excitation, electron attachment
■ Protons, H (0,+): ionisation, excitation, elastic, charge increase/decrease processes
■ Alpha, He(0,+,2+): ionisation, excitation, elastic, charge increase/decrease processes
■ Generic ions: ionisation

■ Geant4-DNA Physics constructors for simulations in liquid water
■ G4EmDNAPhysics_option2 (since version 9.1): accelerated default constructor, simulating 

electron interactions (elastic, inelastic, dissociative attachment, vibrational excitation) 
up to 1 MeV, as well as other particle interactions

■ G4EmDNAPhysics_option4 (since version 10.2): contains electron elastic and inelastic 
models, up to 10 keV; extended up to 10 MeV (to be released)

■ G4EmDNAPhysics_option6 (since version 10.4): contains CPA100 electron elastic and 
inelastic models, up to 256 keV

21

NOTE
§ Protons can be tracked up to 300 MeV
§ Option4 and option6 can go up to 1 MeV (beyond the default limits, Born models are used) 

Other materials are available: 
DNA precursors, DNA bases & S-P, solid gold,… 

see Physics talk



Multi-scale combination of physics processes

■ Geant4-DNA is mainly dedicated to (very) low energy charged particles
■ Is it possible to simulate neutral particles such as photons?
■ Can we include the physics processes for high-energy particles?

■ Any Geant4-DNA process can be combined with other Geant4 process such as:
■ Geant4 photon processes: photoelectric effect, Compton scattering, Rayleigh scattering, pair 

production
■ Livermore (EPDL97) included by default

■ Geant4 alternative EM processes for charged particles
■ E.g. bremsstrahlung

■ Geant4 atomic de-excitation (fluorescence + Auger emission, including cascades)
■ EADL97
■ Bearden

■ …and also Geant4 hadronic physics

22



E.g. of validation and verification of Physics : total cross sections

23

Electron CS:               Elastic                                                   Ionisation Electronic excitation

Proton CS:       Ionisation Charge exchange Helium CS:    Ionisation Charge exchange

Ref.: Med. Phys. 37, 4692-4708 (2010), Phys. Med. 31, 861-874 (2015)



E.g. of validation and verification of Physics: range and stopping power
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Stopping power:            Electron                                                Proton                                    Helium

Range:                           Electron                                               Proton                               Helium

Ref.: Med. Phys. 37, 4692-4708 (2010), Nucl. Instrum. Meth. B 343, 132-137 (2015), Med. Phys. 45, e722-e739 (2018)
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The Geant4-DNA approach

Physical stage
step-by-step modelling of 

physical interactions of 
incoming & secondary 
ionising radiation with 

biological medium 
(liquid water)

Physico-chemical/chemical stage 
•  Radical species production
•  Diffusion
•  Mutual chemical interactions

Geometrical models
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells… 

for the prediction of damage resulting from direct and indirect hits

•  Excited water molecules
•  Ionised water molecules
•  Solvated electrons

DIRECT DNA damage INDIRECT DNA damage

t=0 t=10-15s t=10-9~10-6 s

Biological repair

Prediction of biological 
parameter yields using semi-
empirical biological repair 
model from nDSB and 
complex DSB fraction. 

•  Protein/enzyme kinetics
•  DNA rejoining
•  Cell survival



Geant4-DNA chemistry models 

■ Geant4-DNA chemistry allows the water radiolysis simulation:
■ Production of molecules: e.g, place decomposed molecules at 1 ps
■ Diffusion: Geant4-DNA offers 3 types of diffusion algorithm

■ Step-by-Step (SBS): Fixed time step molecular transport method.
■ Independent Reaction Time (IRT): Calculates the reaction times between all possible pairs. 

Reactions occur one by one, starting with the pair with the shortest reaction time. 
・ IRT-sync: IRT-sync stores all molecular positions at each time step, as the SBS approach.

■ Mesoscopic: A compartment-based representation that describes the evolution of species through 
their concentrations in different compartments.

■ Reaction: Geant4-DNA handles reactions between molecules.

■ Geant4-DNA chemistry constructors:
■ G4EmDNAChemistry: First constructor implemented with parameter values from Karamitros et al. 

   – from PARTRAC
■ G4EmDNAChemistry_option1: Implements a revisited set of chemistry parameters from Shin et al. 

  – from TRACs + Burns et al. (1981) + Rowe et al. (1988)
■ G4EmDNAChemistry_option2: Includes chemistry parameters for reactions with DNA components 

  – from Buxton et al. (1988)
■ G4EmDNAChemistry_option3: Implements the IRT approach from Ramos-Mendez et al. (2020)

   – from RITRACKS & Elliot et al. (1994)
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Geant4-DNA chemistry extended examples 

■ The « chem1 » extended/medical/dna example illustrates how to activate the simulation of water radiolysis 
(step-by-step method).

■ The « chem2 » extended/medical/dna example illustrates how to set minimum time step limits on water radiolysis 
(step-by-step method).

■ The « chem3 » extended/medical/dna example illustrates how to implement user actions in the chemistry module 
(step-by-step method).

■ The « chem4 » extended/medical/dna example illustrates how to compute radiochemical yields ("G") versus time, 
including a dedicated ROOT graphical interface (step-by-step method).

■ The « chem5 » extended/medical/dna example illustrates how to compute radiochemical yields ("G") versus time, 
using alternative physics and chemistry lists (step-by-step method).

■ The « chem6 » extended/medical/dna example illustrates how to compute radiochemical yields ("G") versus time 
and LET using IRT method.

■ The « scavenger » extended/medical/dna example illustrates how to simulate scavenging using an easy-to-use 
interface and the IRT method.

■ The « UHDR » extended/medical/dna example illustrates how to activate the chemistry mesoscopic model in 
combination with the step-by-step model and allows to simulate chemical reactions beyond 1 µs post-irradiation.

28

Located in $G4EXAMPLES/extended

Towards FLASH simulations…



You remember, chemistry interface needed
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(Y. Muroya, 2017)



Chemistry / Physico-chemical stage: Molecule production 

30

§ Geant4-DNA starts from altered water 
molecules which underwent changes 
in their electronic configuration from 
physical processes occuring during 
the physical stage.

§ Dissociation of water molecules by 
ionising radiation during physico-
chemical stage, creating molecules in 
« spur ».

Radiolysis

Spur creation

Electronic state Dissociation 
channels

Fraction
(%)

All single ionisation
states H3O + + •OH 100

Excitation state A1B1: 

(1b1) → (4a1/3s)

•OH + H•

H2O + ∆E

65

35

Excitation state B1A1:

(3a1) → (4a1/3s)

H3O + + •OH + e-
aq

•OH + •OH + H2

H2O + ∆E

55

15

30
Excitation state: 

Rydberg, 

diffusion bands

H3O + + •OH + e-
aq

H2O + ∆E

50

50

Dissociative 
attachment •OH + OH- + H2 100

Excitation
Ionisation

Ref: J. Comput. Phys. 274, 841-882 (2014) 

10-15

10-12

10-6

Time (sec)

Physical processes

Physico-chemical
processes

Chemical 
processes



Chemistry / Chemical stage: Diffusion of molecules 
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§ After the physico-chemical stage, molecules 
diffuse, breaking-up spurs.

§ Finally, the molecules are distributed 
homogeneously, after 1 µs from irradiation.

§ Geant4-DNA uses a table to control the 
diffusion speed. The user can change these 
values.

Species Diffusion coefficient D 
(10-9 m2 s-1)

H3O + 9.0

H• 7.0

OH- 5.0

e-
aq 4.9

H2 5.0

•OH 2.8

H2O2 1.4

H2O 2.0

Diffusion (spur break-up)

Random distribution

10-15

10-12

10-6

Time (sec)

Physical processes

Physico-chemical
processes

Chemical 
processes

Ref: J. Comput. Phys. 274, 841-882 (2014) 



Chemistry / Chemical stage: Diffusion of molecules
■ SBS (Step-By-Step)

• Brownian transport of molecules using the Smoluchowski model

• Chemical species are represented by point objects which diffuse in the liquid 
medium (continuum). Chemical reactions are « controlled by diffusion »: 
two reactants interact when their separation is smaller than the reaction radius, 
which is calculated from the rate constant of the reaction.

• 8 species, 9 chemical reactions

■ IRT (Independent Reaction Time) +: Tracking of species 
-: Very slow & memory cons.

+: Very fast
-: Tracking of species 

C
lifford et al. (1986)

• From the 1980’s by Clifford, Green et al., widely used today.

• Iterative process where the approximation of « independent pairs » is assumed: calculates 
the reaction times between all possible pairs of reactive species, as if they were isolated. 
Then, reactions occur one by one, starting with the pairs having the shortest reaction times.

• No longer necessary to diffuse the chemical species and to calculate the possible reactions 
between the species at each time step.

• 15 species, 72 chemical reactions (totally & partially diff. controlled)

• A « synchronous »  alternative hybrid version (« IRT-sync ») which gives all spatio-temporal 
info. on radicals required for combination with geometries

32



Chemistry / Chemical stage: Reactions
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§ During the chemical stage, a molecule 
can encounter and react with another 
molecule, creating a new molecule.

§ Geant4-DNA uses a table to manage 
the reaction probabilities, e.g. as listed.

Reaction
Reaction rate 

(107 m3 mol-1 s-1)

H3O+ + OH- → 2 H2O 14.3
•OH + e-

aq → OH- 2.95
H• + e-

aq + H2O→ OH- + 
H2

2.65

H3O+ + e-
aq → H• + H2O 2.11

H• + •OH → H2O 1.44

H2O2 + e-
aq → OH- + •OH 1.41

H• + H• → H2 1.20
e-

aq + e-
aq + 2 H2O→ 2 OH-

+ H2
0.50

•OH + •OH → H2O2 0.44

H•+•OH           •OH + H3O+ e-
aq

H2 •OH   H2O2 H3O+ •OH- H• e-
aq

+H2O

10-15

10-12

10-6

Time (sec)

Physical processes

Physico-chemical
processes

Chemical 
processes

Ref: J. Comput. Phys. 274, 841-882 (2014) 



Distribution of chemical molecules using Geant4-DNA
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A proton of 50 MeV at 1 ps 

µm



Distribution of chemical molecules using Geant4-DNA
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µm

A proton of 50 MeV at 1 µs 



Validation and verification of chemistry: G-value vs time
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Physica Medica 88 (2021) 86–90

88

Fig. 1. The time evolution of G-values for incident electrons calculated with the modifications proposed in this work (red and magenta curves) and by the 10.7 
version of Geant4-DNA (blue and cyan curves), compared to the measured and calculated yields. For Wang et al. (2018), the fit data are shown. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 2. The G-values at the end of the chemical stage (1 μs) as a function of LET for incident electrons, protons and alphas (open coloured circles), compared with 
measured and calculated yields. 

W.-G. Shin et al.                                                                                                                                                                                                                                

Ref.: Phys. Med. 88, 86-90 (2021)
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The Geant4-DNA approach

Physical stage
step-by-step modelling of 

physical interactions of 
incoming & secondary 
ionising radiation with 

biological medium 
(liquid water)

Physico-chemical/chemical stage 
•  Radical species production
•  Diffusion
•  Mutual chemical interactions

Geometrical models
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells… 

for the prediction of damage resulting from direct and indirect hits

•  Excited water molecules
•  Ionised water molecules
•  Solvated electrons

DIRECT DNA damage INDIRECT DNA damage

t=0 t=10-15s t=10-9~10-6 s

Biological repair

Prediction of biological 
parameter yields using semi-
empirical biological repair 
model from nDSB and 
complex DSB fraction. 

•  Protein/enzyme kinetics
•  DNA rejoining
•  Cell survival



Geant4-DNA geometry models (in examples)  

40

■ Atomic scale
§ pdb4dna

■ Molecular scale
§ wholeNuclearDNA

§ dnadamage1,2

§ dsbandrepair

§ molecularDNA

■ Cellular scale or larger
§ microbeam

§ neuron

10-10 10-9 10-6 [m]



Geometry: Atomic scale
pdb4dna example

41

■ Protein Data Bank (PDB)
http://www.rcsb.org/pdb/

■ 3D structure of molecules
■ Proteins
■ Nucleic acids

HEADER    STRUCTURAL PROTEIN/DNA                  08-APR-05   1ZBB
TITLE     STRUCTURE OF THE 4_601_167 TETRANUCLEOSOME
...
ATOM      1  O5'  DA I   1      70.094  16.969 123.433  0.50238.00     O
ATOM      2  C5'  DA I   1      70.682  18.216 123.054  0.50238.00     C
ATOM      3  C4'  DA I   1      69.655  19.289 122.776  0.50238.00     C
...
TER   14223       DT J 347
...
HELIX    1   1 GLY A   44  SER A   57  1                            14    
HELIX    2   2 ARG A   63  ASP A   77  1                            15
...
SHEET    1   A 2 ARG A  83  PHE A  84  0                                         
SHEET    2   A 2 THR B  80  VAL B  81  1  O  VAL B  81   N  ARG A  83 

E.g.: 1ZBB.pdb
ー Tetranucleosome
ー 2 nucloosomes:  347 pairs of bases
ー (9,5 x 15,0 x 25,1 nm3) 

See implementation in 
geant4/examples/extended/medical/dna/pdb4dna

Ref.: Comput. Phys. Commun. 192, 282-288 (2015)

See http://geant4-dna.org → Examples



Geometry: Molecular scale

42

■ Geant4-DNA offers 5 examples of 
cell nucleus models, which consist 
of molecular-based DNA 
geometry models

■ wholeNuclearDNA*
■ dnadamage1,2
■ dsbandrepair
■ moleculardna

■ These examples offer the possibility 
of simulating the water radiolysis*
as well as the energy deposition of 
ionizing radiation at a nanometric 
scale within a geometrical 
representation of the whole DNA 
molecule contained in a cell 
nucleus. moleculardna

wholeNuclearDNA

See http://geant4-dna.org → Examples



Geometry: Cellular scale or Larger

43
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Building cellular models

 Selection of four “phantoms”
reconstructed from 128×128
2D confocal imaging.

 Incubation :
 4 hours for cells a and b

 24 hours for cells c and d

 The cytoplasm and nucleoli
appear in red while the
nucleus is shown in blue.

a b

c d

© IPB/CENBG

microbeam  

 

 2 

Description 

The beam is emitted just before the 10° switching magnet taking into account experimental beam 
parameters measurements ; the main elements simulated are : 

• A switching dipole magnet with fringing field, to deflect by 10° the 3 MeV alpha beam generated by 
the electrostatic accelerator into the microbeam line, oriented at 10 degrees from the main beam 
direction; 

• A circular object collimator, defining the incident beam size at the microbeam line entrance; the 
collimator has been simulated from realistic electron microscopy images; 

• A quadrupole based magnetic symmetric focusing system allowing equal transverse 
demagnifications of 10. Fringe fields are calculated from Enge’s model. 

• A dedicated cellular irradiation chamber setup, taking into account all the elements encountered 
by the incident beam (diaphragm, gas detector, isobutane, beam extraction window, air, culture 
foil, culture medium, cell dish…) ; 

• A set of horizontal and vertical electrostatic deflecting plates which can be turned on or off to 
deflect the beam on target; 

A realistic human keratinocyte voxellized cellular phantom observed from confocal microscopy and taking 
into account realistic nucleus and cytoplasm chemical compositions. The phantom uses the 
G4PVParameterised class. 

 

 

Collimator geometry implemented in Geant4 as embedded cones 

 

 

See http://geant4-dna.org → Examples
microbeam

neuron

■ Geant4-DNA also offers 2 examples that provide 
realistic geometry of a cell and neurons:
■ microbeam
■ neuron
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The Geant4-DNA approach

Physical stage
step-by-step modelling of 

physical interactions of 
incoming & secondary 
ionising radiation with 

biological medium 
(liquid water)

Physico-chemical/chemical stage 
•  Radical species production
•  Diffusion
•  Mutual chemical interactions

Geometrical models
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells… 

for the prediction of damage resulting from direct and indirect hits

•  Excited water molecules
•  Ionised water molecules
•  Solvated electrons

DIRECT DNA damage INDIRECT DNA damage

t=0 t=10-15s t=10-9~10-6 s

Biological repair

Prediction of biological 
parameter yields using semi-
empirical biological repair 
model from nDSB and 
complex DSB fraction. 

•  Protein/enzyme kinetics
•  DNA rejoining
•  Cell survival



DNA damage and biological models 

■ Geant4-DNA follows a standard DNA damage calculation approach:
■ Direct action: Structural damage to DNA molecules induced by excitation/ionisation processes 

■ Score local energy deposition in a nanoscopic domain: nanodosimetric approach
■ Two damage probability models are commonly used:

・ Threshold model (KURBUC model)
・ Proportional model (PARTRAC model) 

■ Indirect action: Structural damage to DNA molecules induced by a chemical process, typically 
interaction with reactive oxygen species

■ A constant probability model can be used (the probability should be adjusted)

■ DNA damage classification:
■ The complexity of the DNA damage structure affects the subsequent biological repair process and 

its endpoint. In particular, two strand breaks within a short distance (leading to physical 
disconnection of the DNA fiber), so-called Double Strand Break (DSB), induce crucial 
radiobiological effects such as cell death. 

■ Thus, the classification of DNA damage is one of the most important issues in evaluating the 
radiobiological effects.

■ So far, two classification models are proposed: Nikjoo’s model and the Standard DNA Damage
(SDD) model.
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How can we score DNA damage?
- DNA damage model – (e.g. moleculardna)  
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Edep assigned to closest strand molecule

Physics and Direct Damage
• Nanometre-scale accurate physics models are provided by 

Geant4-DNA (small scales and small energies).
• We need however a way of modelling physical damage (where 

excitation or ionisation of DNA molecules breaks DNA).
• Three parameter model, a distance from DNA to consider 

damage contributions, and break likelihood limits

28Nathanael Lampe, May 2017
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Fig. 3.12 We represent a base pair of DNA as six molecules, two deoxyriboses (red), two
phosphates (yellow) and two base pairs (grey). They are modelled internally in Geant4 as
ellipsoids, cut along their z-axis.

by physical processes, and their boundaries are effectively ignored by chemistry. Chemical
reactions are able to look up nearby molecules using an octree data structure, eliminating any
navigational problems that could arise from placing a complicated geometry in the chemistry
stage of the simulation.

Reading in DNA placement volumes

When placement volumes are read into the Molecular DNA application, a few changes to
them need to be made to eliminate any overlaps between the volumes. These changes are
designed to satisfy the following criteria:

• Phosphate molecules are aligned to point to the next sugar molecule in the backbone.
They are cut along this axis so they do not overlap the following deoxyribose molecule.

• Deoxyribose molecules are aligned to point along their respective DNA backbones to
the next phosphate molecule in the chain.

• Base pairs are oriented along the axis running from their centre position to their
adjoining deoxyribose molecule. They are cut along this axis so as not to overlap
neither the deoxyribose molecule nor their complementary base pair. They are shrunk
along the DNA’s long axis so that their height along this axis never exceeds 1.7 nm,
thus preventing two adjacent molecules from overlapping.

• The first and last molecules in a placement volume (which would otherwise extent
beyond the boundary of the volume) are oriented to face the placement volumes wall
along their z-axis. They are then cut along this axis so as not to overlap the volume
boundary.

Indirect action model

3.3 Implementation of the molecular level DNA simulation 101
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Fig. 3.16 The amount of energy needed to induce a strand break is set via two parameters,
a lower and an upper break limit. The probability of a strand break varies linearly from zero
to one between these limits. The values plotted here (5 eV and 37.5 eV) are taken from
the PARTRAC simulation platform (Friedland et al., 2011).

by 1.6 Å.
We define the region in which energy deposits are assigned to DNA molecules based

on a single distance value. The energy from a given energy deposit is always assigned to
the closest sugar-phosphate moiety or base molecule, provided their is a molecule within
this radius (Figure 3.15, left panel). Also, for the purposes of calculating the chance of
a break, the sugar and phosphate molecules are considered together. By using the closest
molecule in our criteria for energy depositions in DNA, we do introduce a little bit of
complexity into the model when compared to other models, as the volume of DNA then
sensitive to ionising radiation does not vary simply with the distance parameter the user can
set. To allow a comparison to other platforms, in particular the semi-annulus model used
by Charlton & Humm (1988), we show in Figure 3.15 (right) the variation in the volume of
both the DNA strand (phosphate and deoxyribose) and base pair regions with the distance
parameter, calculated by Monte Carlo integration.

Both a minimum and maximum energy are able to be specified for the probability that
direct energy depositions in these regions causes a strand break. This allows a simulation of
damage following a PARTRAC-like model, and also following a fixed energy limit (Figure
3.16).

Scoring Chemical Damage

Chemical damage is scored when chemical reactions take place between radicals and DNA
molecules. Beyond the chemical reaction rates themselves, a number of parameters have
been used to determine whether a strand break follows a chemical reactions. Measurements

5eV 37.5eV

POH: possible range (measured) 40 – 80%

Rdirect (R of nucleotides: 2.3~2.6 Å)

Each single damage is regarded as a strand break.

KURBUC
model

PARTRAC
model

DNA + ・OH → SSB

17.5eV



Damage classification: Nikjoo’s classification
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Indirect damage
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10bp

10bp 10bp
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Ref.: Radiat. Res. 156, 577–583 (2001)



Damage classification: SDD classification

49Ref.: Radiat. Res. 191(1), 76-92 (2019)range of potential scavenging agents. Potential additional
fractions or other microenvironment factors can be added by
sending a request for expanding the number of parameters
given in this field to the SDD collaboration website.

Field 22, Damage definition. This field defines how
damage is scored and accumulated into distinct damage
sites in the data block. It consists of a list of the following
values, using comma separation:

1. Integer to define if damages were recorded as those
resulting from direct effects only (0) or including
chemistry (1). Other types are not currently explicitly
included but can be defined by sending a corresponding
request to the SDD collaboration website.

2. A Boolean flag to define if the following numbers are
listed in number of BPs (0) or in nm (1).

3. This value sets the distance in BPs or nm between
backbone lesions that are considered DSBs (float).

4. If this value is set to –1, it indicates that base lesions are
not scored. Non-negative values mean that damages to
the bases add to the damage complexity and are stored in
the data block. In that case, all base damages between
backbone damages that form a DSB are stored. This
value then determines the distance (in BP or nm) beyond
the outer backbone damages where base damages are
also stored in the same site (float).

5. Low energy threshold to induce a strand break (or base
damage) in eV (float).

6. Optional field to define a linear probability function for
damage induction as used in PARTRAC, with the
probability p(E , A) ¼ 0, p(E . B) ¼ 1, and linearly
increasing probability from 0 to 1 in the interval from A
to B, where A is defined by the 5th value in field 22, and
B is given in this field in eV (float). Note: This field will

influence the full break specification in the data part of
the standard, as demonstrated also in Fig. 2. Fields 22.1,
22.5 and 22.6 influence which interactions are scored as
damages, and fields 22.3 and 22.4 determine the
distances between and around damages that are clustered
in a single break record. However, together with the
chromosome position (fields 3 and 4 in the data block),
the data block can be post-processed to yield new break
clustering using different distances as desired.

An example of field 22 would look like: ‘‘Damage
Definition, 0, 0, 10, 3, 17.5;’’ translating to: Only counting
lesions from direct track interactions, distances are defined
in number of BPs, a distance of 10 BP to call two opposite
strand SSBs a DSB, base damages are considered, grouping
base damages up to 3 BPs on either side of backbone
damages in a single site, and only interactions depositing at
least 17.5 eV are counted as lesions.

Field 23, Time. This specifies the total simulation time
for each primary particle, that is, the time from when the
source particle was created to the time at which the
chemistry simulation ends, i.e., when the damage was
recorded, in nanoseconds. For simulations that only
consider direct (physics) interactions, this value should be
set to 0.

Field 24, Damage and primary count. The first integer
records the number of distinct damage lesions scored as a
single integer and should be identical to the number of fields
in the data block divided by the number of fields per
damage site (sum of ‘‘true’’ values of field 25). The second
integer is a counter of how many primary particles were
simulated. This value is important to count particles that did
not cause any damage to the DNA to accurately represent

FIG. 2. Example of a single DSB recorded with a 10-BP maximum backbone separation. The upper section
scores damages if base lesions are counted with a BP separation of up to three BPs as defined in the header field
22.4, scoring three entries in the data block, indicated by the solid arrows. The entries in field 6 would be: a DSB
‘‘1, 2, 1;’’ a BD ‘‘1, 0, 0;’’ and SSB ‘‘2, 1, 0;’’ If base damages are neglected (lower section), the same damage
pattern will be scored as two separate damages: a DSB ‘‘0, 2, 1;’’ and a SSB ‘‘0, 1, 0;’’. The dashed lines
demonstrate the separations considered for grouping; red indicates the distances that are larger than the cutoff.
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The group ‘‘2, 1, 1 / 2, 2, 1’’ likewise defines a block of
damages on the 50 to 30 bases, starting at BP 1 up to BP 2
caused by direct damages, and the next ‘‘2, 3, 2 / 2, 4, 2’’
indicates that the next two bases were damaged from indirect
processes. ‘‘2, 5, 3’’ shows that the fifth BP was hit by
multiple events in any combination of direct and indirect
lesions. The opposite bases start with 3 and the block ‘‘3, 3, 1 /
3, 4, 2 / 3, 5, 1 / 3, 6, 2’’ defines damages on BP 3–6
alternating between direct and indirect damages, followed by
another interaction that did not result in a lesion ‘‘3, 7, 0’’. The
30 to 50 backbone has the same positions damaged but with the
first three damages from indirect processes recorded as ‘‘4, 3, 2
/ 4, 4, 2 / 4, 5, 2’’, and an additional direct damage ‘‘4, 6, 1’’.

**Either the full break spec or field 6 (damage types)
needs to be included, and ideally both will be provided.

While this field can be omitted if field 6 is provided, all
codes simulating the induction of DNA should strive to
eventually provide the full break specification. This field, in
combination with fields 3 and 4 (chromosome position) can
be used to identify exactly where along the strand the
damage occurred, to obtain the number of non-hit BPs on
either side of the lesion.

Field 8, DNA sequence (optional). This field is provided
to further specify the surrounding DNA sequence of the site
that was damaged. Information about the structural
geometry (e.g., heterochromatin or euchromatin) should
be provided in field 3. This field consists of a M 3 N array
to record the DNA sequence. Here, M refers to the number
of strands involved, i.e., 2 for a standard double-helix DNA
section. N is the number of BPs involved in the damage

FIG. 4. Examples for the damage definition structure used in field 7 of the data structure. ‘‘*’’¼ interactions
that were not sufficient to cause a damage, i.e., below the cut-off defined in the header; ‘‘D’’¼ direct damages;
‘‘I’’¼ indirect damages; ‘‘M’’¼multiple damages from any combination of D and I events. These events are
defined by values of 0, 1, 2, 3, respectively.
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Validation and verification: Damage yield
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dsbandrepair
moleculardna

Ref.: Prec. Radiat. Oncol. 7, 4-14 (2023)



Validation and verification: Fragment yield
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DNA fragment length

moleculardna

Ref.: Prec. Radiat. Oncol. 7, 4-14 (2023)



Validation and Verification: Indirect damage fraction

52

Protectable fraction 
(damage type based)

Physica Medica 105 (2023) 102508

4

D. Sakata et al.

In general, simple DSB tends to be repaired through the fast-repair
process, and complex DSB is repaired through a slow-repair process.
�1 and �2 are the DSB rejoining rates (h*1) for simple and complex
DSBs, respectively. ⌘1, ⌘2 and ⌘1,2 are the DSB–DSB binary rejoining
rates (h*1) for simple–simple, complex–complex and simple–complex
rejoining combinations, respectively. Similarly, ✏1 and ✏2 account for
the rates by physiochemical fixation (h*1 for simple and complex DSBs,
respectively).

In the TLK model, two types of model parameters involved in cell
death are introduced to calculate the probability of cell death: proba-
bility of misrepair and lethality of residual DNA damage. Here, we re-
gard misrepaired DNA damage that remains after the repair processes;
however, in reality, alternative repair processes are activated once
nonhomologous end joining (NHEJ) repair failed via microhomology-
mediated end joining (MMEJ), also known as alternative nonhomol-
ogous end-joining (Alt-NHEJ) [48]. Simple sublethal lesions (i.e., a
first-order repair) can be removed from the DNA through biochemical
processes that repair individual lesions without any chance for killing
the cell, unless an important DNA component (such as a necessary gene)
cannot be successfully repaired as a simple aberration. On the other
hand, complex sublethal lesions can easily lead to a high chance of
killing the cell. In particular, the aberrations (such as dicentrics, acen-
tric rings, and binary-misrepair) are crucial for cell survival. Hence, to
link between initial DNA damage and cell death, it is important to first
estimate the probability of misrepair that can potentially lead to cell
death as well as the lethality that is a fraction of misrepair leading to
cell death.

Accounting for the probability of correctly repaired damage (a1 and
a2) and the lethality of residual DSBs (�1, �2, �1, �2, �1,2), the yield of
lethal lesions can be calculated as,
dLf (t)
dt

=[(1 * a1)�1�1 + ✏1]L1(t) + [(1 * a2)�2�2 + ✏2]L2(t)

+ �1⌘1L1(t)L1(t) + 2�1,2⌘1,2L1(t)L2(t) + �2⌘2L2(t)L2(t),
(3)

where a1 and a2 represent the probabilities of correctly repaired dam-
age in simple and complex DSBs, respectively. The probabilities �1,
�2, �1, �2 and �1,2 describe the partitioning of misrepaired damage
into lethal and nonlethal genetic alterations for each repair type. For
example, �1 = 1 means that if the DSB was not repaired correctly in the
fast-repair process regarded as misrepair, the DSB always produces a
lethal lesion. As in the original study by Stewart [34], in order to reduce
the number of adjustable parameters, the following additional (ad-hoc)
equality conditions (i–iv) are imposed in this work: (i) the probability
of correctly repaired damage is assumed to be 0 as (1-a)� = �, (ii) the
rates of DSB fixation is set to ✏1 = ✏2 = 0, (iii) the rate of binary repair is
identical to ⌘1 = ⌘2 = ⌘1,2 = ⌘ and (iv) the lethality of binary misrepair
is identical to �1 = �2 = �1,2 = �. Under these conditions, Eqs. (1)–(3)
are simplified to
dL1(t)
dt

= ÜD(t)Y ⌃1 * �1L1(t) * ⌘L1[L1(t) + L2(t)], (4)

dL2(t)
dt

= ÜD(t)Y ⌃2 * �2L2(t) * ⌘L2[L1(t) + L2(t)], (5)

and
dLf (t)
dt

= �1�1L1(t) + �2�2L2(t) + �⌘[L1(t) + L2(t)]2. (6)

Finally, these yields are numerically integrated to calculate the SF,

SF = ln(*Lf ). (7)

The differential equation has been solved numerically by means of the
fourth-order Runge–Kutta method in the boost/numerical C++ library.

To calculate the DNA unrejoined fraction and SF, we set model pa-
rameters of the TLK model for the experimental condition as described
in the reference study by Belli et al. [37]. The delivered dose for the
unrejoined DNA fraction was 45 Gy at a dose rate of 20 Gy/min. For
the SF calculations, the dose rate was set to 1 Gy/min, and the SFs

were scored 16 days after irradiation. Given that the number of colonies
was counted after 7 days from irradiation in the reference experimental
study [36,49], we calculated the SF at t = 168 hours. The time step of
the integration was set to 1 ù 10*4 hour. We note that the half-repair
time ⌧ of the rejoining can be calculated by ⌧ = ln2_�, if the repair
process is not saturated.

The fraction of activity released (FAR) measured by gel-
electrophoresis methods is used to quantify the number and size of
fragments obtained by breaking of the DNA fiber, such as that induced
by DSBs [50,51]. Thus, calculating the ratio between FAR and initial
FAR, we can estimate the quantity representing the fraction of un-
rejoined DSBs. According to the random-breakage model [37,52,53],
the relation between FAR and the number of the unrejoined DSBs
((L1(t) + L2(t))_Y ) can be calculated using the following equation:

FAR(t) = Fmax

<
1 *

4
1 +K(L1(t) + L2(t))_Y

0
1 * K

M0

15

exp*K(L1(t)+L2(t))_Y
�
, (8)

where Fmax is the maximum fraction of the DNA that can enter the gel
plug, M0 is the average DNA length in a chromosome, and K is the
detection limit length. In this study, Fmax was set to 1, M0 = 180 Mbp,
and K = 4.9 Mbp as estimated by Belli et al. [37]. Finally, the fraction
of unrejoined DSBs is calculated as the relative FAR, and the FAR
values were scaled by applying FAR(t0), where t0 is the time when the
irradiation was stopped.

2.3. Protectable damage fraction

By integrating the TLK model into the Geant4-DNA application,
we calculated the fraction of the damage produced via indirect action
(protectable damage). Experimentally, the protectable damage fraction
can be measured from the maximum degree of protection (DP) at an
infinite dimethylsulfoxide (DMSO) concentration [54,55]. DMSO has
been used as scavenger of radiolytic free radical species, in particular
hydroxyl radical. DMSO is permeated among the cells before irradiation
at various concentrations. The experimental DP is defined as follows:

DPexp =
ln SF0 * ln SFÿ

ln SF0
, (9)

where SF0 and SFÿ are the measured SF at 0 mol of DMSO and the
assumed SF at infinite DMSO concentration, respectively. Moreover, the
maximum DP can be obtained as the value at the point of intersection
of the regression where the concentration of DMSO is infinite (1/x =0),
with the equation given by:

1
DPexp

= k 1
x
+ yÿ, (10)

where x is the density of DSMO, k is the slope, and yÿ is the intersection
(at the limit of infinite DMSO concentration). Similarly, the DP can be
calculated with the SFs of the Geant4-DNA application as follows:

DPmethod1 =
ln SFwChem * ln SFwoChem

ln SFwChem
, (11)

where SFwChem and SFwoChem are the calculated SFs with the initial DSB
yields, which were simulated with- and without- chemistry simulations,
respectively. In this study, DPmethod1 is calculated with SFwChem and
SFwoChem at 1 Gy, where it is not affected by the SF enhancement known
as the stochastic effect [33].

By using Nikjoo’s classification, as it was attempted in the previous
study [22], it was also possible to calculate the fraction of protectable
DSBs that cannot be classified as DSB without indirect damage by

DPmethod2 =
NDSBind

+ NDSBhyb

NDSBdir
+ NDSBmix

+ NDSBind
+ NDSBhyb

, (12)

where NDSBdir
, NDSBind

,NDSBmix
and NDSBhyb

are the numbers of DSBdir,
DSBind , DSBmix and DSBhyb, respectively. We neglected the contribu-
tion of DSBmix to the protectable damage fraction, because it cannot

moleculardna

Ref.: Sci. Rep. 10, 20788 (2020)



The Geant4-DNA approach

Physical stage
step-by-step modelling of 

physical interactions of 
incoming & secondary 
ionising radiation with 

biological medium 
(liquid water)

Physico-chemical/chemical stage 
•  Radical species production
•  Diffusion
•  Mutual chemical interactions

Geometrical models
DNA strands, chromatin fibres, chromosomes, whole cell nucleus, cells… 

for the prediction of damage resulting from direct and indirect hits

•  Excited water molecules
•  Ionised water molecules
•  Solvated electrons

DIRECT DNA damage INDIRECT DNA damage

t=0 t=10-15s t=10-9~10-6 s

Biological repair

Prediction of biological 
parameter yields using semi-
empirical biological repair 
model from nDSB and 
complex DSB fraction. 

•  Protein/enzyme kinetics
•  DNA rejoining
•  Cell survival

Prediction Block



DNA damage and biological models 

■ Prediction models are able to link DNA damage to biological endpoints:
■ Belov model: Prediction model of protein/enzyme accumulation yield from the number 

of DSBs and irreparable fraction. In Geant4-DNA applications, the irreparable fraction is 
assumed to be the fraction of complex DSBs w.r.t the total number of DSBs.

■ Two-Lesion kinetic (TLK) model: The TLK model model links the number of simple-
/complex-DSBs and cell survival, considering the rejoining of DSBs and lethality of the 
residual DNA damage.

■ Local Effect Model (LEM)-IV: The LEM-IV calculates cell survival from a number of lethal 
damage that considers the induction of DSBs and their spatial distribution and fast-
/slow-rejoining of DSBs.

■ Geant4-DNA examples offer such biological prediction models:
■ wholeNuclearDNA: No biological prediction model provided (Physics only)
■ dsbandrepair: Oleg model, TLK model and LEM-IV model
■ moleculardna: Oleg model, TLK model
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Validation and verification: time evolution of foci yields
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moleculardna:  for gamma-ray (137Cs) dsbandrepair:  for proton

Ref.: Sci. Rep. 10, 20788 (2020)



Validation and verification: DNA rejoining & cell survival
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moleculardna: proton, TLK model, HSGc-G5 cell 

dsbandrepair: 
alpha, LEM-IV model

moleculardna: proton, TLK model, V79 cell 

dsbandrepair: 
alpha, TLK model

Ref.: Cancers 13, 6046 (2021), Phys. Med. 105, 102508 (2023), Phys. Med. 124 (2024) 103422
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Where to find more information ?
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https://geant4-dna.org/

Contact us
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Thank you for your attention!
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Extensions of Geant4-DNA
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■ GATE 
(http://www.opengatecollaboration.org/)
■ GATE is a particle transport simulation toolkit based on 

Geant4 and dedicated to numerical simulations in medical 
imaging and radiotherapy. GATE can perform Geant4-DNA 
physics and chemistry simulations, directly in the platform 
which proposes a Python interface.

■ TOPAS-nBio
(https://github.com/topas-nbio/TOPAS-nBio)
■ TOPAS-nBio is based on Geant4-DNA. The goal is to provide 

user friendly interface, making Monte Carlo simulations 
easy-to-use with focus on radiation biology at sub-cellular 
scales.

■ MPEXS-DNA
(https://wiki.kek.jp/display/mpexs/MPEXS+Project)
■ MPEXS-DNA is a newly developed MC code based on 

Geant4-DNA physics/chemistry models that offer high 
computing performance by using a GPU.


