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Focus of Session 3

This is a “horizon search”. Horizon depends on point of view.

What are we missing? What do we have?

What new science has come up leading to new possible lines of research?

What old science is not yet adequately investigated by modelling?

But it must ALL relate to the fundamental question of whether radiation 

effects (of whatever type) may be qualitatively different as well as 

quantitatively different for different radiation qualities.

Analysis of quantitative differences in radiation effects for different 

radiation qualities is the key question in track structure-based 

modelling. 

Quantitative differences may become qualitative, e.g. for rare results 

or if effects in opposite directions have to be balanced .

What type of radiation effect is of relevance?
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Modelling end points possibly related to

low-dose late effects and risks

DSB, in particular complex DSB

DNA fragments, in particular short fragments

Cell killing (inactivation, clonogenic survival, reproductive cell death)

Chromosomal aberrations

Micronuclei and unrejoined DSB

Mutations

• Large deletions

• Small deletions and genomic changes (e.g. due to errors of NHEJ pathway )

• (Point-)Mutations (due to non-DSB radiation damage)

Radiation effects on cellular targets other than genomic DNA (e.g. mitochondria) 

Genomic instability

Signalling processes

Bystander effects



PARTRAC: Bottom-up approach for radiation effect modelling

Spatial and temporal energy deposition patterns (i.e. the track structures of the incident 

radiation) set initial conditions for all effects of and responses to such a radiation-

induced disturbance

Computer simulations with the Monte Carlo code PARTRAC are primarily aimed at testing

hypotheses on mechanisms of radiation action 

Important benchmarks are the differences in results obtained after exposure with

• different radiation qualities, such as the relative biological efficiencies (RBE) as a 

function of the linear energy transfer (LET) of the incident radiation

• different doses in order to differentiate between single- and multiple-track effects

PARTRAC calculations may also help experimentalists analyse, interpret and extrapolate

their measurements 

Non-linear(-quadratic) dose response is the typical PARTRAC result; for other dependencies 

(e.g. threshold behaviour) other types of models (e.g. including feedback) are needed 
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Scheme of PARTRAC tools

Modelling of radiation track structures

Track structure development during 

pre-chemical and chemical stage

DNA target models for 

biological effect calculation  

Modelling of DNA damage: 

SSB, DSB, base lesions, clusters  

Analysis of dose-dependent DNA 

fragmentation

Modelling of DNA damage repair and 

formation of chromosomal aberrations
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Radiation physics in PARTRAC: Cross sections

(nuclei and ions)

What we have :

For liquid water

Hydrogen atoms and ions (p or H+); helium atoms and ions (H+, H++):

1 keV (100 eV) – 10 GeV energy

Energy deposit and release of electrons upon 

excitation, ionization, stripping as well as pick-up of electrons

Particles heavier than He:

Scaling of p cross sections with Z²eff = Z² (1 – exp(-125βZ-2/3))² (Barkas)

Applicable only for specific energy >  1 MeV/u  (slabs, no full slowing down)

What is missing:

Multiple ionization in target material

Nuclear reactions (elastic and inelastic, fragmentation)

Slow heavier ions ->  project INITIUM

Materials other than water, transport in heterogeneous medium
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Cross sections for ions heavier than He: scaling of H data

Dingfelder et al. 1999 Radiat Phys Chem 59, 255

Cross sections of ions with the same 

velocity (energy per nucleon) scale 

with Zeff²

Zeff = Z (1 – exp(-125 v/c Z-2/3))

source of figure: Hauptner, 2006
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Radiation Chemistry in PARTRAC 

What we have:

Scheme of dissociation, diffusion and interaction of 7 types of reactive species

Good agreement with experimental results on 

time-dependent yields of various reactive species

LET-dependent yields (after 10-6 s) of various species

What is missing:

Radiation quality dependence of dissociation

Influence of DNA and chromatin during physico-chemical and chemical stage

Influence of biomolecules in cellular water

Details of radical interactions with DNA constituents

Fast algorithms delivering good approximation
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DNA Target Model in PARTRAC

What we have:

DNA structure levels from atomic structure of nucleotides up to chromosome

distribution in G0/G1 interphase nucleus (strand and base pair, helix, 

nucleosome, 30nm fibre, fibre loops, chromatin domains, euchromatin and

heterochromatin, chromosomes, chromosome territories)

Histones

Fibroblast and lymphocyte nuclei

What is missing:

Chromatin structure in other phases of the cell cycle

Further mammalian cell types and other cells used in experiments

Nuclear attachment sites; nucleoproteins in addition to histones

Interrelation between base sequence – genes – chromatin structure

Chromatin dynamics



DNA Model 

5 basic chromatin fiber 
elements with 
50 nm side length build 
up a random-walk fiber 
model; the sequence of 
fiber elements 
determines 46 
unbroken chromosomes 
with atomic resolution 

Hetero- and euchromatic elements
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DNA Damage Model in PARTRAC

What we have:

Strand break induction based on energy deposit in nucleotide specific target volume

(direct effects, DIR) plus interaction of �OH with sugar (indirect effects, IND)

Probability DIR: linear increase from 0 at 5 eV to 1 at (and above) about 40 eV

Target volume: unification of sugar atoms with twice their van der Waals radii

Probability IND: 65 % of �OH-sugar interactions (about 13% �OH-DNA interactions)

Reaction radius of sugar moiety, centered at C5 atom.

DSB: two breaks on opposite strands within 10 bp distance plus 

1% of all strand breaks lead to DSB (without specification of the mechanism)

Dislocation of events in track core if mfp < size of water molecule

What is missing:

Detailed model of strand break induction

Specification of base damage, cross-links and further non-break DNA damage

Effects of (highly) charged particles in target material

Thermal spike effects?  



Strand breaks and DSB from direct and indirect effects

DNA strand breaks

from indirect effects

DSB from

indirect effects

DNA strand breaks

from direct effects

DSB from

direct effects
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DSB induction in experiment and calculation

Friedland 2006 Radiat Prot Dosim 122:116                                           Friedland 2012 

Experimental results: Frankenberg (H, He),                                            (electronic equilibrium, delocalization) 

Rydberg (He), Höglund (B, N, He)



DNA Fragment Distributions

Exp.: Höglund et al, Radiat. Res. 155, 818-825 (2001)
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DNA Damage Response (Repair) Model in PARTRAC

What we have:

DSB repair by NHEJ

Slow repairing fraction attributed to complex DSB

Temporal development of DNA (DSB) ends: sequence of states in 1st-order kinetics

Spatial development of DNA (DSB) ends: diffusive motion limited by nuclear

attachment sites or other end of fragment

Early synapsis of DNA ends determines finally joined ends

Centromere data allow distiction of types of chromosomal aberrations

What is missing:

Models (and parameters) for other/alternative repair pathways

Models (and parameters) for other hypotheses for origin of slow repair

DSB-associated DNA ends tethered by residual histone interactions or enzymes

(MRN-complex)

Chromatin structure and mobility according to polymer physics during repair process



Calculation of DSB repair

after 60Co γγγγ- and N ion irradiation

Friedland et al. 2011 Mutat Res 711:28

Yield of DNA fragments in detectable

range

Friedland et al. 2012 Int J Radiat Biol 88:129



Yield of dicentrics in experiment and calculations

Friedland et al. 2013   

Mutat. Res. in press

Experiment: 

Cornforth et al. 2002 

Radiat Res 158:43 
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Innovative experimental approach:  

Radiation RBE 

micronuclei

RBE

dicentrics

C 55 MeV ion 2.20 +- 0.09 3.21 +- 0.27

117 focused

20 MeV p

1.48 +- 0.07 1.92 +- 0.15

Homogen.

20 MeV p

1.28 +- 0.07 1.41 +- 0.14

KVSF Project ‚LET – Verbund‘
Coordinator: G. Dollinger, UniBW

Partners: G. Multhoff , T. Schmid, TUM  

M. Scholz, T. Friedrich, GSI

W. Friedland, HMGU
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Beyond single cells…

What we have in PARTRAC:

Radiation effects (track structure, chemistry, DNA damage & repair) in individual cells

Successfully benchmarked to extensive ‘classical radiobiology’ data sets

However, cells do not act and respond to radiation in isolation

What is missing:

Detailed experimental data and multi-scale models of intercellular communication, 

heterogeneous populations, 3D systems, tissue, in vivo-like conditions 

– the system and its perturbation by (low-dose) radiation

First steps in this direction:

Bystander effect modelling

Intercellular induction of apoptosis
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Modelling bystander effects in medium-transfer experiments

Non-linear response to bystander signals – derived from data with ICCM dilution

Release of signals upon irradiation

Single or multiple ‘targets’, distribution of cell sensitivities (mitochondria numbers, 

sizes, sensitivities), all cells respond

Primary signals from a few cells, amplified by neighbour cells

Radiation-quality dependence?

Data: Liu et al 2007 Radiat Res 168:627

Kundrát & Friedland 2012 Int J Radiat Biol 88:98

Friedland et al 2011 Radiat Prot Dosim 143:325

Data: Ryan et al 2008 Radiat Res 169:188

Kundrát & Friedland 2012 Int J Radiat Biol  88:743
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� Experimentally studied by G. Bauer 

et al (Freiburg, ~1990-present) 
(reviewed in Bauer, Int J Radiat Biol 2007)

� Involves signalling by cytokines & 

reactive oxygen species

� Selectively removes transformed cells

� Suggested as important  

anti-carcinogenic process

� Modified by low-dose radiation

(Portess et al, Cancer Res 2007)

� Depends on radiation quality

& fraction of cells irradiated

(Abdelrazzak et al, Radiat Res 2011)

TRANSFORMED 
CELL

NEIGHBOUR
(EFFECTOR) 

CELL

↑↓ Peroxidase, NO•↑ O2
•-

↑↓ OH•

↑↓ Membrane damage

↑↓ GSH consumption

↑↓ Apoptosis

↑ TGF-β

Low-dose radiation

Intercellular induction of apoptosis in 

oncogenically transformed (precancerous) cells 
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γ rays

α particles

Intercellular induction of apoptosis in 

oncogenically transformed (precancerous) cells 
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� Accounts for underlying intercellular signalling 

& induction of apoptosis vs. cell proliferation

(incl. non-linear effects)

� Calibration: apoptosis by defined signals 

& under co-culture with normal cells

Left: Transformed rat fibroblasts + H2O2-producing glucose oxidase (GOX)

Middle, right: Transformed or normal fibroblasts + GOX + myeloperoxidase (MPO): mimics HOCl pathway and demonstrates selectivity

Data: Ivanovas et al Anticancer Res 2002

Transformed + normal fibroblasts in co-culture
Data: Herdener et al Free Radic Biol Med 2000

Transformed cells Normal cells

Intercellular induction of apoptosis:

Multi-scale mechanistic model

Kundrát et al 2012 Carcinogenesis 33: 253
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� IIA predicted to outcompete precancerous 

cell proliferation & limit their population 

even if proliferation unlimited and O2
•-

lifetime short as in vivo (without IIA: 

dashed line)

… dormant premalignant lesions

� Opportunity for other anti-carcinogenic 

mechanisms, e.g. immune system

� Physiological relevance of IIA (length of 

dormancy period) given by onset of 

signalling vs. catalase expression (hallmark 

of tumour cells; abrogates signalling �

insensitive to IIA)

● Transformation

TGF-β signalling

IIA active, window of opportunity (dormancy)

time

Membrane-bound
catalase

Intercellular signalling pathways

Intercellular induction of apoptosis:

Potent anti-carcinogenic process
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� Radiation effects, radiation quality: work in progress

� Insights from experiments & modelling:

� Mechanistic modelling of 

radiation-induced 

carcinogenesis & 

cardiovascular disease

Intercellular induction of apoptosis:

Modelling radiation effects

IIA signalling growth

* Transformation          IIA: growth limit � Tumour cell       time

(pre-neoplastic lesion) (catalase)

TGFβ active,

low cell density

� insignificant?

Earlier IIATransforming

agens

More stringent

growth limit

Override

catalase?

Apoptosis

detrimental?


