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Radiolysis of water

Formation of single-strand breaks by reaction of hydroxyl radical 
adducts of DNA bases with nitroimidazoles. From O’Nell and 
Wardman 2009, based on extensive search survey by von Sonntag 
(2006), cf. (Bamatraf et al. 1998, Wardman 2007a, 2009b)

• DNA damage.
• Formation of single-strand breaks.
• Identification of clustered damage.

• Free radicals in radiation biology
• Reactive oxygen
• Radical repair by thiols
• Cell signaling and bystander response

• Cancer treatment and diagnosis
• Radiosensitizers –nitric oxide
• Hypoxia
• Radiation detector – Fricke dosimeter
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Radiolysis of water
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Radiolysis of water

• Track structure Monte Carlo codes are usually difficult 
to obtain.

• Geant4 Collaboration’s1 project: Geant4-DNA2,3.
• Steep learning curve.

• University of California San Francisco, Massachusetts 
General Hospital & SLAC National Laboratory 
developed TOPAS3 to facilitate MC for radiotherapy.

• TOPAS-nBio4,5,6 to facilitate MC track-structure 
simulations.

1Agostinelli, S. et al. (2003) Nucl. Inst. and Methods in Phys. Res. A, 506(3), 250–303.
2Incerti, S. et al. (2010) Med. Phys., 37(9), 4692–4708.
3Bernal, M. A. et al. (2015) Physica Medica, 31(8), 861–74.
4Perl, J. et al. (2012) Med. Phys., 39, 6818–6837.
5McNamara, A. et al. (2017) ‘’, Physica Medica, 33, 207–215.
6Ramos-Mendez, J. et al. (2018) Phys. Med. Biol.. doi:10.1088/1361-6560/aac04c.
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Physicochemical/chemistry 
Stage

• Radical species production
• Diffusion
• Mutual interaction

Cell repair
Modeling

•  DNA repair
•  Micronuclei formation
•  Likelihood of damage

Propagation
•  Genetic

predisposition
•  Determination of cell

fate

Endpoint 
calculation

•  Integration over whole
body

• Integration over 
experienced radiation

•  Determination of
likelihood of side 
effects

• Determination of 
tumor control

Physics Stage 
step-by-step modeling of
physics interactions of
incoming & secondary
radiation with biological

medium

•  Excited water molecules
•  Ionized water molecules
•  Solvated electrons

TOPAS-nBio Monte Carlo 
track structure simulations Mechanistic

Biological modeling

0s t=10-15s t=10-6s t=105s t=108s

Geometrical Stage
DNA strands, chromatin fibers, chromosomes, whole cell

nucleus, cells, … for the prediction of damage resulting from
direct and indirect hits.

Biological stage

DIRECT DNA damages

Biological stage
INDIRECT DNA damages

(dominant at low LET)
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Incerti, S. et al. (2010) Med. Phys., 37(9), 4692–4708.
Bernal, M. A. et al. (2015) Physica Medica, 31(8), 861–74.
Karamitros M. et. al. (2014) J. Comput. Phys. 274 841–82
Karamitros M, et. al. (2011) Prog. Nucl. Sci. Technol. 2 503–8
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Radiolysis of water – Pre-chemical stage (10-15-10-12s)
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Radiolysis of water – Chemical stage (10-12-10-6s)

Α

Β
Prod

d < 2 k/4π(DA+DB)

• Species move under Brownian motion
• Totally diffusion-controlled reactions

A + B        Productsk
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Radiolysis of water – Chemical stage (10-12-10-6s)
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Radiolysis of water – Ongoing work

G-values: Yield of  chemical 
species per 100 eV of  
deposited energy.

First 10 keV
of  deposited
energy

1 MeV e–
Ramos-Mendez J, et. al., Phys Med Biol. 64, 105104-12pp (2018)
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Independent reaction times.

§ Alternative to the step-by-step Monte Carlo for the chemistry stage.
§ It is an stochastic method developed more than 30 years ago1.
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Totally diffusion-controlled reactions

Partially diffusion-controlled reactions

From Green et. al. J. Phys. Chem. 1990

1Clifford et. al. J. Chem. Soc., Faraday Trans 1, 1986
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IRT Independent Reaction Times
(71 reactions, 15 species)

Totally diffusion controlled
(10 reactions)
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[B]: concentration of  the specie
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k[B]: scavenging power/capacity

PV I = 1� exp (�k[B]�t)
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Radiolysis of water – Ongoing work

G-values: Yield of  chemical 
species per 100 eV of  
deposited energy.

First 10 keV
of  deposited
energy
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~150x faster
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Radiolysis of water – Ongoing work
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Conclusion

• TOPAS-nBio wraps and extends Geant4-DNA for track-
structure simulations.

• It provides with high flexibility to combine complex geometry 
volumes with sophisticated scoring routines.

• It facilitates the validation of  Geant4-DNA.
• Still an alpha version, so new users are welcome.
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