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17.30-19.00    
 
 
 
 
 
 
 
19.30               

 
Registration at the “Congress Centre” – Hotel San Marco, Verona 
 

Registration Desk will remain open from Monday Oct. 26 to Friday Oct. 30 
throughout the Symposium Scientific Sessions. 
               
  
Opening Cerimony: 
Opening lecture: H.H Rossi Lecture: Herwig Paretzke, Germany 
Microdosimetry, Track Structures and their Impact on Radiation 
Risk Assessment 
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Chair: Peter O’Neill, Larry Toburen 
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Chantal Houée Levin, France 
Do oxygen free radicals exert a retro-control on the production of 
superoxide ions by NADPH oxidase? A radiolysis study. 
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Computational study on full-length human Ku70 with double 
stranded DNA: dynamics, interactions and functional implications 
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Tatsuhiko Sato, Japan  
Analysis of cell-survival-fraction data for various heavy ion 
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Monte Carlo evaluation of DNA fragmentation spectra induced by 
different radiation qualities 
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Misrepair of DNA Double Strand Breaks causes the peak of LET-RBE 
relationship on cell killing 
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cells from mutation carriers predisposed to breast cancer 
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Chair: Hooshang  Nikjoo, Stanizlaw Pszona 
 
 
Amin I. Kassis, USA  (invited) 
Molecular and cellular radiobiological effects of Auger emitting 
radionuclides 
 
Roger Howell, USA   (invited) 
Closing the gap between dose and effect for Auger electron and 
other internal emitters 
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Fang-yuh Hsu, Taiwan 
Cellular dosimetry and microdosimetry for internal electron 
emitters 
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Radiation-induced DNA damage complexity and repair 
 
Chair: Melanie Spotheim Maurizot  
 
 
 
Session V – GENOMIC INSTABILITY, GENE EXPRESSION AND 

SIGNALLING  
 
Chair: David Brenner, Marco Durante 
 
 
Anna Saran, Italy  (invited) 
Long-range radiation damage to unexposed mouse brain: 
mechanisms and significance 
 
Sally Amundson, USA (invited) 
Radiation induced changes in gene expression: novel responses at 
low dose. 
 
Svetlana Sorokina, Russia 
Delayed effects of chronic low-dose high-LET radiation on mice in 
vivo 
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The importance of the radiation track structure in the stimulation of 
intercellular induction of apoptosis in transformed cells following 
exposures of very low doses of high and low-LET radiation. 
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Session VI – Low Dose effects 
 
Chair: Dudley Goodhead, Roger Howell 
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Tissue population action in low dose cancer risk. 
 
Marianne Sowa, USA 
Lack of evidence for low-LET radiation induced bystander response 
in normal human fibroblasts and colon carcinoma cells 
 
Peter Jacob, Germany 
Possible expression of a bystander effect with a dose threshold in 
lung cancer mortality of Mayak workers 
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Dose response prediction for Radiation induced chromosomal 
instability 
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14.30 – 18.00 

 
Refresher Course:  
 
W. Bonner, USA  
H2AX phosphorylation in response to DNA double-strand break 
formation 
 
Chair: Keiji Suzuki 
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Chair: André Wambersie,  Peter Jacob 
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Do Non-Targeted Effects Matter in Radiation Carcinogenesis? 
 
David Brenner, USA (invited) 
A new view of radiation-induced cancer 
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Breast cancer risk due to mammography screening 
 
Markus Eidemüller, Germany 
Breast cancer risk among Swedish hemangioma patients and 
possible consequences of radiation-induced genomic instability 
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Session X – PHYSICS AND RADIOBIOLOGY FOR SPACE RADIATION 

PROTECTION  
 
Chair: Francis Cucinotta, Tatsuhiko Sato 
 
 
Marco Durante, Germany (invited)   
Cellular effects induced by energetic heavy ions: from DNA breaks 
to chromosomal rearrangements  
 
Sylvain Costes, USA  (invited) 
Evidence of DSB clustering and consequences for Radiation Induced 
Foci kinetic for low and high LET. 
 
Gunther Reitz , Germany 
Effective Dose Determination for Astronauts Using the MATROSHKA 
Experiment  
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Refresher Course:  
 
Lennart Lindborg, Sweden  
Microdosimetry and radiation quality determinations in medicine 
and radiation protection 
 
Chair: Anthony Waker 
 
  
  
Session XI – PROGRESS IN EXPERIMENTAL MICRODOSIMETRY  
 
Chair: Reinhard Schulte, Bernd Grosswendt 
 
 
Stefano Agosteo, Italy  (invited) 
Silicon microdosimetry 
 
Yigal Horowitz, Israel 
Thermoluminescence solid state nanodosimetry – The peak 5A/5 
dosimeter  
 
Vladimir Bashkirov, USA 
Ion Time Projection Chamber for precise imaging of ionizing particle 
track structure 
 
Stanislaw Pszona, Polonia 
Single track nanodosimetry – from Track Ion Counter to Jet Counter 
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Replacement Tissue Equivalent Proportional Counter for the 
International Space Station 
 
Shiuchi Tsuda, Japan 
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Spectrometry of linear energy transfer with track etched detectors 
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Sofia Rollet, Austria 
Microdosimetric assessment of the biological quality of a 
therapeutic proton beam: comparison between numerical 
simulation and experimental measurements 
 
Anthony Waker,  Canada 
Spectroscopic dosimetry with a Tissue Equivalent Proportional 
Counter for in vivo neutron activation facility 
 
Akram Mohammadi, Japan 
Influence of voxel size on specific absorbed fractions in a mouse 
voxel phantom for photons and electrons 
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Isoeffect-dose: A concept for biological weighting of absorbed dose 
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From radiation-induced chromosome damage to cell death: 
modelling basic mechanisms and applications to Boron Neutron 
Capture Therapy 
 
Thomas Friedrich, Germany 
Impact of tissue type and effect level on RBE 
 
Ivan Petrovic, Serbia 
Interpretation of radiobiological results obtained after proton and 
carbon irradiations of melanoma cells using numerical simulations 
with GEANT4 code 
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Refresher Course:  
 
Keith Baverstock, Finland  
Can a systems approach help radiobiology? 
 
Chair: Sylvain Costes 
 
 
Session XV – SYSTEMS BIOLOGY  
 
Chair: Keith Baverstock, Werner Friedland 
 
 
William Morgan, USA  (invited) 
New Experimental Techniques for Radiation Systems Biology: The 
Pacific Northwest National Laboratory’s Integrated Systems Biology 
Effort to Understand Cancer Risks from Low Doses of Ionizing 
Radiation 
 
Francis A. Cucinotta, USA (invited) 
Biophysics Model of the ATM Signal Transduction Pathway  
 
Gastone Castellani, Italy 
Systems Biology and dynamics of ionizing radiation response by 
multiscale analysis of gene expression measurements. 
 
Pavel Kundrat, Germany 
Modelling of intercellular induction of apoptosis in oncogenic 
transformed cells and radiation effects on the phenomenon 
 
 
Coffee-Break 
 
 
Session XVI – ONGOING RESEARCH INITIATIVES AND OPEN 
QUESTIONS  
 
Chair: Mark Hill, Phil Hahnfeldt 
 
 
Mary Helen Barcellos-Hoff, USA 
U.S. Department of Energy Low Dose Program 
 
Mauro Belli, Italy 
MELODI – the "Multidisciplinary European LOw Dose Initiative” 

 
Guenther Reitz, Germany  
ICRP “Task Group 67” Report: Radiation Protection in Space 
 
Andrea Ottolenghi, Italy 
The risks to healthy tissues from the use of existing and emerging 
techniques for radiation therapy 
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Panel Discussion :  
 
Do non-targeted effects impact the relation between 
Microdosimetry and Risk? 
 
 
Chair: D.T. Goodhead 
Discussants:  
Mary Helen Barcellos-Hoff (USA), Dudley T. Goodhead (UK), William Morgan 
(USA), Peter Jacob (Germany), Herwig Paretzke (Germany) 
 
 
 
 
Symposium Closure 
 
 
Lunch at the “Hotel San Marco” 
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H. G. Paretzke

HMGU-Institute of Radiation Protection and Physics Department, Technical University of Munich

Radiation protection is concerned with the protection of man and its environments against inappropriate risk levels of
negative health effects of exposures to ionising radiation. To fulfil this task, one has to be able to measure and predict
radiation exposures and assess their possible effects. The great radiation physicist Harald H. Rossi (1917-2000) was
working for decades on both aspects and significantly influenced many radiation physicists with his ideas of
measurements and effect assessment. He introduced the concepts and instruments of microdosimetry as early as 1959 and
had great influence on recommendations of ICRU and ICRP. Low pressure proportional counters, the Rossi-counter, have
been proven to be excellent measurement tools in mixed fields of non-directly ionising radiation. The concepts of
microdosimetry are essentially based on the determination and further use for evaluation of energy deposition frequencies
in one -typically spherical- target volume of interest. This  information reduction to "dose" in "one microvolume" of the
full complexity of charged particle tracks has advantages and shortcomings. Some of these aspects will be discussed in
this lecture. With our present, advanced knowledge of the more systemic reactions of irradiated, living objects to radiation
tracks radiation risk assessment has become more complicated but closer to reality, and close also to prove the validity of
Harald Rossi's late concerns about the uncritical use of a LNTH for  low dose health risk estimations

THE 2009 ROSSI-LECTURE: MICRODOSIMETRY, TRACK STRUCTURES AND THEIR IMPACT
ON RADIATION RISK ASSESSMENT

F. Cucinotta (1), I. Plante (2), A. Ponomarev (2), Myung-Hee Kim (2)

1 NASA; 2 USRA, Houston, USA

The physical description of heavy ion transport in tissue and shielding materials is of interest in radiobiology, cancer
therapy, and space exploration, including a human mission to Mars. Galactic cosmic rays (GCR) consist of a large number
of ion types over a wide energy range. Energy loss processes occur continuously along the path of heavy ions, and are
well described by described by linear energy transfer (LET),  straggling and multiple scattering algorithms. Nuclear
interactions occur infrequently with mean free paths of several centimeters, however lead to much larger energy
deposition than atomic-molecular collisions and alter the composition of heavy ion beams while producing secondary
nuclei often in high multiplicity events. We review the main nuclear interaction processes of importance and theoretical
approaches for their description. Nuclear fragmentation, elastic scattering, and knockout-cascade processes are described
in quantum and Monte-Carlo approaches. Results of the quantum multiple scattering fragmentation (QMSFRG) model for
the production of heavy ion fragments and light nuclei through the distinct mechanisms of nuclear abrasion and ablation,
coalescence, and cluster knockout are shown to be in excellent agreement with available experimental data for nuclear
fragmentation cross sections. A new computer model of the NASA Space Radiation Laboratory (NSRL) called the GCR
Event Based Risk Model (GERM code), and applications to stochastic models of biological

NUCLEAR INTERACTIONS IN HEAVY ION TRANSPORT AND EVENT-BASED RISK MODELS
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M. Dingfelder, I. G. Jorjishvili, L. H. Toburen

East Carolina University, USA

Monte Carlo (MC) simulations of charged particle tracks provide detailed information on highly inhomogeneous spatial
distributions of energy depositions, interaction types, and radical species produced. Heavy ions and in particular heavy
charged and highly relativistic (HZE) particles are of special interest. They are considered in Medical Physics as a source
of radiation for cancer treatment and they pose a potential risk to men’s vision of deep space travel.  MC track structure
simulations rely on reliable interaction cross sections. Liquid water serves as a surrogate for soft tissue while calcium is a
major component of bone. Ionization cross sections for charged particles are calculated within the framework of the
(relativistic) plane-wave Born approximation (PWBA) or the (relativistic) Bethe approximation. The present model of the
dielectric response function (DF) of liquid water has been modified and updated to better reflect new data from inelastic
X-ray scattering experiments using synchrotron radiation.   We have adopted a model for the DF of calcium. It is based on
available experimental and theoretical information. We are currently on the way to calculate and update interaction cross
sections for protons with calcium and liquid water and implementing them into the track structure simulation code
PARTRAC.

This work is supported by the NASA Grant NNJ04HF39G.

HEAVY ION TRACK STRUCTURE SIMULATIONS IN LIQUID WATER AND BONE

I. Plante (1),  F. Cucinotta (2)

1 NASA/JSC (USRA) ; 2 NASA/JSC; USA

Heavy ions biophysics is important for space radiation risk assessment [1] and hadrontherapy [2]. The characteristic of
heavy ions tracks include a very high energy deposition region close to the track (<20 nm) denoted as the track core, and
an outer penumbra region consisting of  individual secondary electrons (d-rays). A still open question is the
radiobiological effects of d-rays relative to the track core. Of importance is the induction of double-strand breaks (DSB)
[3] and oxidative damage to the biomolecules and the tissue matrix, considered the most important lesions for acute and
long term effects of radiation. In this work, we have simulated a 56Fe26+ ion track of 1 GeV/amu with our Monte-Carlo
code RITRACKS [4]. The simulation results have been used to calculate the energy depiction and initial chemical species
in a "voxelized" space, which is then visualized in 3D. Several voxels with dose >1000 Gy are found in the penumbra,
some located ~0.1 mm from the track core. In computational models, the DSB induction probability is calculated with
radial dose [6], which may not take into account the higher RBE of electron track ends for DSB induction. Therefore,
these simulations should help improve models of DSB induction and our understanding of heavy ions biophysics.
References:
[1] Nat. Rev. Cancer 8 465 (2008).
[2] New J. Phys. 10 075005 (2008).
[3] Radiat. Res. 86 185 (1981).
[4] New J. Phys. 10, 125020 (2008).
[5] Costes SV et al. PLoS Comput. Biol. 3, e155 (2007).

3D VISUALIZATION OF MONTE-CARLO SIMULATION’S OF HZE TRACK STRUCTURE AND
INITIAL CHEMICAL SPECIES
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C. Houée Levin, M. Ostuni, M. Gelinotte, T. Bizouarn, L. Baciou

CNRS-University Paris Sud , France

The NADPH oxidase is a protein complex that catalyzes the single electron reduction of oxygen to superoxide anion in
response to invasion by bacteria, viruses… and/or in oxidative stress. It consists in several protein subunits. Four of them
(named p40phox, p47phox, p67phox and Rac) are cytosolic whereas two are membrane proteins (p22phox and gp91phox)
and contain the redox components (two hemes and a flavin molecule) and host NADPH during functioning. Upon
appropriate stimuli, rearrangements of numerous protein-protein interactions lead to the translocation of the cytoplasmic
complex to the membrane, into the active form of the complex. In order to study the dynamics of interactions and the
functioning of the system, we have constructed a “cell-free” system by producing the recombinant cytosolic proteins in
our laboratory. The membrane subunits are isolated from bovine blood. The functional system is reconstituted in vitro in
the presence of arachidonic acid acting as an activator, which mimicks the cellular activation. The amount of superoxide
produced is followed by the reduction of cytochrome c. We have submitted each component of the system alone in
aqueous solution to oxygen free radicals produced by gamma radiolysis, and observed that after reconstitution, the
production of superoxide is always weakened. However if the complete system is irradiated during the assembly phase,
which takes a few minutes, the production of superoxide is either inhibited or slightly boost

DO OXYGEN FREE RADICALS EXERT A RETRO-CONTROL ON THE PRODUCTION OF
SUPEROXIDE IONS BY NADPH OXIDASE? A RADIOLYSIS STUDY.

W. Friedland, P. Jacob, P. Kundrat

Helmholtz Zentrum München, Institute of Radiation Protection, Germany

The biophysical simulation code PARTRAC enables, by combining track structure calculations with DNA models on
diverse genomic scales, to predict DNA damage yields and patterns for various radiation qualities. To improve the
predictive capability for later endpoints like mutagenesis or cell survival, continuative models for repair of
radiation-induced DNA damage are needed, complementing the PARTRAC code by some 12 orders of magnitude on
temporal scale. For the NHEJ pathway of DSB rejoining a stochastic model has been developed; it describes step-by-step
by Monte Carlo method attachment and dissociation of repair enzymes involved in this pathway and diffusion motion of
DNA ends. Initial DNA lesion patterns from PARTRAC represent damage complexity; its influence on repair kinetics and
outcome is implemented via cleaning steps for such DNA ends. Model parameters have been taken from measured
attachment kinetics of repair enzymes and adaptation to DSB rejoining kinetics after gamma-irradiation. Four alternative
scenarios have been studied, representing different hypotheses on the origin of the slow repair phase. In three scenarios,
calculated dose-dependent yields of misrejoined DSB and chromosomal aberrations are in surprisingly good agreement
with measurements. However, the evident overestimation of residual DSB after low-dose irradiation reveals the need of
model refinements. Nevertheless, the simulation represents a promising step towards systems radiation biology modelling.

MECHANISTIC SIMULATION OF RADIATION DAMAGE TO DNA AND REPAIR ON THE
TRACK TOWARDS SYSTEMS RADIATION BIOLOGY MODELLING
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C. Villagrasa (1), Z. Francis (1), S. Incerti (2)

1  IRSN/DRPH/SDE/LDRI; 2 IRSN/DRPH/SDE/LDRI; France

The ROSIRIS project aims to study the radiobiology of integrated systems for medical treatment optimisation using
ionizing radiations and evaluation of the associated risk.  In this frame, one of the research axes is the interpretation of the
initial radio-induced damages in DNA created by ionizing radiation (and detected by pH2AX foci analysis) from the track
structure of the incident particles.  In order to calculate the track structure of ionizing particles at a nanometric scale we
used the Geant4 Monte Carlo Code. Geant4 (OOP architecture in C++) offers a common platform, freely available for all
users and a relatively easy to use extension interface. Nevertheless, the actual energy cut-off for electromagnetic
processes in GEANT4 is set to 250 eV using the low energy processes. But still it is not a suitable value for nanometric
applications.   To minimize this cut-off value, all the needed interaction types were studied and the corresponding
available cross sections were reviewed in the literature, mostly based on the plane-wave Born approximation (PWBA) for
inelastic interactions and on semi-empirical models for low energies. The extensions that have been introduced in the code
will be presented (Geant4-DNA processes), allowing the simulation of electron interactions (8.22 eV – 1 MeV), protons
(100 eV – 100 MeV) and alpha particles (1 keV – 10 MeV) in liquid water. Simulations with photons from 250 eV can
also be done using the Livermore data tables.

TRACK STRUCTURE CALCULATIONS AT MOLECULAR SCALE FOR THE UNDERSTANDING
OF INITIAL RADIO-INDUCED DAMAGES IN DNA

S. Hu (1), H. Wang (2), J. Pluth (3), F. Cucinotta (4)

1 Universities Space Research Association, Division of Space Life Sciences; 2 Department of Radiation Oncology,
Emory University School of Medicine, Atlanta, GA; 3 Lawrence Berkeley National Laboratory, Berkeley, CA; 4 NASA,

Johnson Space Center, Houston, TX 77058, USA

The Ku70/80 heterodimer is the first repair protein in the initial binding of double-strand break (DSB) ends following
DNA damage.  In this study we construct a full-length human Ku70 structure based on its crystal structure, and perform
20 ns conventional molecular dynamic simulations on this protein and several other complexes with short DNA duplexes.
The trajectories of these simulations indicate that, without the topological support of Ku80, the residues in the bridge and
C-terminal arm of Ku70 are more flexible than other experimentally identified domains. We studied the two missing loops
in the crystal structure and predicted that they are also very flexible. Simulations reveal that they make important
contribution to the Ku70 interaction with DNA. Targeted molecular dynamic (TMD) simulation was also performed for
one system with a faraway 14bp DNA duplex. The TMD trajectory and energetic analysis disclose the detailed
interactions of the DNA-binding residues during the DNA dislocation and reveal a possible conformational transition for a
DSB end when encountering Ku70 in solution. Free energy analysis indicates Ku70 alone is able to bind DNA with
relatively high affinity, with consistent contributions from various domains of Ku70 in different systems. The functional
implications of these domains in the processes of Ku heterodimerization and DNA damage recognition and repair can be
characterized in detail based upon this analysis.

COMPUTATIONAL STUDY ON FULL-LENGTH HUMAN KU70 WITH DOUBLE STRANDED
DNA: DYNAMICS, INTERACTIONS AND FUNCTIONAL IMPLICATIONS
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T. Sato (1), R. Watanabe (1), Y. Kase (2), C. Tsuruoka (2), M. Suzuki (2) Y. Furusawa (2), K. Niita (3)

1 Japan Atomic Energy Agency; 2 National Institute of Radiological Science; 3 Research Organization for Information
Science and Technology

Many studies had been devoted to measure the survival fractions of cells irradiated by various kinds of HZE particles.
Those data were generally expressed as a function of LET. However, it is well known that RBE for HZE particles cannot
be uniquely determined from their LET, since the spatial divergence of ionization due to the production of delta-rays is
not taken into account in the concept of LET. Thus, the ion-species dependences were clearly observed in the LET-RBE
curves of the survival fraction data.  We therefore reanalyzed the survival fraction data [1,2], using the
microdosimetric-kinetic (MK) model implemented in the PHITS code. In the MK model, the cell-survival fractions can be
simply expressed as a function of the saturation-corrected dose-mean lineal energy y*, which can be obtained from the
probability density of lineal energy y. The probability densities of y at the cell locations in each experiment were
calculated by the improved PHITS code [3], considering the contribution from secondary particles produced in the
upstream apparatuses such as range shifter. It is found from the analysis that the MK model successfully accounts for the
cell survival-fractions under a variety of irradiation conditions, using only y* parameter, i.e. the ion-species dependences
cannot be observed in the y*-RBE curves.
[1] Y. Furusawa et al, Radiat. Res. 154, 485 (2000)
[2] C. Tsuruoka et al, Radiat. Res. 163, 494 (2005)
[3] T. Sato et al, Radiat. Res. 171, 107 (2009)

ANALYSIS OF CELL-SURVIVAL-FRACTION DATA FOR VARIOUS HEAVY ION IRRADIATIONS BASED ON THE
MICRODOSIMETRIC-KINETIC MODEL IMPLEMENTED IN THE PHITS CODE

M. H. Barcellos-Hoff

New York University, NY, USA

Aloke Chatterjee, an internationally known radiation biophysicist, former senior scientist and deputy director of the Life
Sciences Division of Lawrence Berkeley National Lab, passed away peacefully, surrounded by loved ones, on Saturday,
June 20, 2009 at his home in Clayton, CA at the age of 68. The cause was heart failure.   Aloke was born November 29,
1940 in Kolkata, India and came to the United States in 1966. In 1970 - the same year he married his wife, Cathy – he
came to Berkeley Lab after getting his Ph.D. in chemical physics from Notre Dame University. His bachelor's and
master's degrees in physics were obtained from St Stephen’s College at the University of Delhi. At Berkeley Lab his
research centered on radiation track structure. He was specifically interested in identifying the molecular mechanisms
associated with damage to DNA, which are considered critical to radiation effects.  From 1989 to 2001, Aloke served as
the deputy director of the Life Sciences Division. During much of this period, he also served as department head for that
division’s Radiobiology group. Aloke Chatterjee also served on numerous review panels for DOE and NIH. His expertise
in low-dose ionizing radiation led him to become the first director of NASA's Specialized Center of Research and
Training (NSCORT), which, among other things, looked at the effects of radiation in space on biological functions at the
cellular and molecular level. He served two consecutive five-year terms as NSCORT's director

IN MEMORIAM: ALOKE CHATTERJEE (1940-2009)
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D. Alloni (1), A. Campa (2), M. Belli (2), G. Esposito (2), A. Facoetti (3), W. Friedland (4), M. Liotta (5), L.
Mariotti (3), H. Paretzke (4), A. Ottolenghi (3)

1 LENA - Laboratory of Applied Nuclear Energy, Pavia; 2 Technology and Health Department, Istituto Superiore di Sanità, and INFN Sezione di Roma1, Gruppo Coll. Sanità, Roma, Italy; 3 Nuclear
and Theoretical Physics Department, University of Pavia and INFN Sezione di Pavia, Pavia, Italy; 4 Institute of Radiation Protection, Helmholtz Zentrum München, Neuherberg, Germany; 5 Physics

Department, University of Milano, Milano, Italy

We have investigated DNA fragment spectra induced in human fibroblasts by irradiation with nitrogen and iron ions of
different energies and doses with the Monte Carlo code PARTRAC. The simulations data for both types of ions were
analyzed in terms of DNA mass distribution as a function of fragment size, to have a direct comparison with the available
experimental data. A relevant result obtained from the simulations is the large production of very small fragments in the
size range lower than 1 kbp, usually not accessible experimentally. In particular, the simulations with nitrogen ions were
compared with the experimental results published by Höglund and Stenerlöw (Radiat. Res. 155, 818 (2001)). The
agreement between the PARTRAC and the experimental DNA mass distributions is very good in all cases. In the analysis
of the experimental data the fragment number distribution is obtained from the mass distribution using the mean fragment
size of each size range. This unavoidable approximation is good for intermediate and large fragment sizes, but it
introduces large errors for the smallest fragments. In fact, the PARTRAC and the experimental fragment number
distributions are in excellent agreement except for the point at the smallest size range, which is greatly underestimated by
the experimental evaluation. Thus, experimentally the total DSB yield is heavily underestimated, and so is the RBE for
DSB production, since gamma rays do not produce a large number of very small fragments.

MONTE CARLO EVALUATION OF DNA FRAGMENTATION SPECTRA INDUCED BY
DIFFERENT RADIATION QUALITIES

G. Schettino (1), M. Ghita (1), D. Richard (2), K. Prise (1)

1 Queen's University Belfast, UK; 2 Queensland Institute of Medical Research, Australia

Cellular response to radiation damage is made by a complex network of pathways and feedback loops whose
spatiotemporal organization is still unclear despite its decisive role in determining the fate of the damaged cell. Revealing
the dynamic sequence of the repair proteins is therefore critical in understanding how the DNA repair mechanisms work.
There are also still open questions regarding the possible movement of damaged chromatin domains and its role as trigger
for lesion recognition and signalling in the DNA repair context. The single-cell approach and the high spatial resolution
offered by microbeams provide the perfect tool to study and quantify the dynamic processes associated with the induction
and repair of DNA damage. We have followed the development of radiation induced foci for three DNA damage markers
(i.e., gamma-H2AX, 53BP1 and hSSB1) using normal fibroblasts (AG01522), human breast adenocarcinoma cells
(MCF7) and human fibrosarcoma cells (HT1080) stably transfected with GFP fusion proteins following irradiation with
the QUB X-ray microbeam (carbon X-rays <2 µm spot). The size and intensity of the foci has been analysed as a function
of dose and time post irradiation to investigate the dynamics of the above mentioned DNA repair processes and monitor
the remodelling of chromatin structure that the cell undergoes to deal with DNA damage.

SPATIO-TEMPORAL INVESTIGATIONS OF DNA DAMAGE REPAIR USING MICROBEAM
FACILITIES
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Y. Furusawa, M. Aoki

Natl Inst Radiol Science, Chiba, Japan

Repair of DNA double strand break plays very important roles in radiobiological effects, rather than induction of initial
breaks. However the detail of the repair system and cell killing at high LET beams is still not well known. We studied the
LET dependence of sensitivity on Chicken DT-40 cell lines; ku70-- (NHEJ deficient), rad54-- (HRR deficient), ku70--

rad54-- (double deficient), and wild cells using ion-beams from the Heavy Ion Medical Accelerator in Chiba at NIRS.  The
double deficient strain showed the steepest survival curve, HRR deficient strain follows, and wild strain was the third.
The NHEJ deficient strain showed a double phased survival curve. The initial part of the curve was extremely same to that
of the double deficient strain. The final part of the curve was much more resistant compare with that of wild strain. The
RBEs for repairable strains showed a typical LET dependence, i.e., RBE increase with LET, show a peak at around 200
keV/µm, and then decrease. However, that for irreparable strains does not showed a peak of RBE, and simply decreased
with LET above 100 keV/µm, as well as initial yield of DNA dsb in cells.  We can conclude that the repair causes the
peak of LET-RBE from the difference in LET-RBE spectrum between cell strains that have different repair system but the
same genetic background.

MISREPAIR OF DNA DOUBLE STRAND BREAKS CAUSES THE PEAK OF LET-RBE
RELATIONSHIP ON CELL KILLING

M. Frankenberg-Schwager, A. Gregus

University of Goettingen, Germany

Women who are carriers of a BRCA mutation have a high risk to develop breast cancer and are advised to undergo early
and frequent mammography screening. BRCA1/2 proteins are partners in a complex required for the error-free repair of
radiation-induced DNA double-strand breaks by homologous recombination. Since an un- or misrepaired double-strand
break may lead to genomic instability and finally to cancer, we asked the question whether mammography is a suitable
screening method for familial predisposed women.  We have used fibroblasts of three BRCA1, three BRCA2 mutation
carriers, one Fanconi anaemia patient with a biallelic mutation (BRCA2-/-) and three controls. BRCA1+/- cell lines have
protein truncations increasing from 27.6% (C 2860) to 62.5% (C 2899) to 76.7% (C 2852). BRCA2+/- cell lines (C 2902,
C 2845, C 2851) carry the same mutation, allowing to study the influence of the genetic background of carriers. Confluent
cells were irradiated with 29 kV mammography X-rays and chromosomal anomalies (Giemsa and chromosome X, 1, 9, 13
and 17-specific FISH) were scored at 1.mitosis and at several population doublings post-irradiation.   Aneuploidy with
great variation of chromosome numbers as typical for cancer cells was observed for three mutated cell lines (C 2860
(BRCA1+/-), C 2902 (BRCA2+/-) and FA 145 (BRCA2-/-)) several population doublings after exposure to only the
lowest dose applied (0.5 Gy). The yield of dicentrics was enhanced 70-fold (FA 145) to 1790-fold (C 286)

CHROMOSOMAL INSTABILITY INDUCED BY 29 KV MAMMOGRAPHY X-RAYS IN CELLS
FROM MUTATION CARRIERS PREDISPOSED TO BREAST CANCER
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A. Kassis

Harvard Medical School, Boston, USA

Although the general radiobiologic principles underlying external beam therapy and radionuclide therapy are similar,
significant differences in the biophysical and radiobiologic effects from the two types of radiation continue to accumulate.
In this talk, I will address the unique features that distinguish the molecular and cellular radiobiological effects of Auger
electron emitting radionuclides consequent to (i) the physical characteristics of the decaying atom and its subcellular
localization, (ii) DNA topology, and (iii) the bystander effect. Based on these experimental findings, it is postulated that
the ability of track structure simulations as primary tools in modeling DNA damage and cellular survival at the molecular
level would be greatly enhanced when these contributions are factored in.

MOLECULAR AND CELLULAR RADIOBIOLOGICAL EFFECTS OF AUGER EMITTING
RADIONUCLIDES

R. Howell

UMDNJ New Jersey Medical School Cancer Center, USA

Unlike most external beams of radiation, radionuclides produce complex radiation fields within the body when they are
internalized.  While these radiation fields often seem intractable, the unique patterns of energy deposition produced by
different classes of radionuclides provide experimental opportunities to explore radiobiology at a spatial level of detail not
readily achievable with most other sources of radiation.  This presentation will examine microdosimetry aspects of the
extreme radiotoxicity of Auger electrons and their exquisite capacity to irradiate specific sites.  Auger electron emitters
will be compared and contrasted to their alpha and beta particle emitting counterparts.  Additionally, the implications of
recent discoveries in atomic and molecular physics on the interpretation of the Auger effect will also be addressed.
Finally, a glimpse of the potential of radionuclides to contribute to future progress in radiobiology and a variety of fields
of study will be offered.

CLOSING THE GAP BETWEEN DOSE AND EFFECT FOR AUGER ELECTRON AND OTHER
INTERNAL EMITTERS
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C.-J. Tung (1), Y.-S. Huang (2), T.-C. Chao (1), C.-C. Lee (1), F.-Y. Hsu (2)

1 Chang Gung University, Taiwan; 2 National Tsing Hua University, Taiwan

Cellular dosimetry and microdosimetry of internal sources are important for applications in the targeted radionuclide
therapy such as radioimmunotherapy, the intracellularly localized radinuclide including organically bound tritium, and the
boron neutron capture therapy. For these applications, the mean absorbed dose to the target per emission from the source,
or the cellular S-value, has been calculated for different subcellular source-target configurations. The single-event lineal
energy has also been calculated for similar configurations. In radiobiological applications, the cell nucleus was generally
taken as the target for dosimetric and microdosimetric calculations. On a cellular level, the question is how many
radioactive atoms are required in a cell in order to apply the cellular S-value. With very few atoms per cell, the stochastic
quantity of specific energy should instead be applied. In the present work, Monte Carlo simulations were performed to
deal with this question assuming different electron energies and cell dimensions. Another question is what parameter
should be used to characterize the target size in defining the energy deposition per unit length. For the energy deposition
from crossers, the parameter of mean chord length seemed appropriate. However, this parameter is inappropriate for
insiders, starters and stoppers due to the lack of definition of the chord length. Here Monte Carlo simulations were also
performed to calculate the specific energy deposition

CELLULAR DOSIMETRY AND MICRODOSIMETRY FOR INTERNAL ELECTRON EMITTERS

P. O'Neill

University of Oxford, Oxford, UK

The various biological effects of ionising radiation arise in part as a consequence of both the spatial distribution of lesions
defined by the radiation track and chemical modifications to DNA. Ionising radiation appears to be uniquely responsible
for the production of clustered DNA damage sites, in which two or more elemental lesions are formed within one or two
helical turns of the DNA through passage of a single radiation track. A percentage of DNA double strand breaks (DSB)
are characterised by the presence of base lesions, abasic (AP) sites or SSB close to the break ends.  Predictions from
biophysical models indicate that significant levels of DNA lesions are formed in clusters and that their complexity
increases with increasing LET of the radiation.  As a consequence, it has been hypothesised that they pose problems for
the DNA repair machinery.  Low LET experiments have verified that the yield of bistranded non-DSB clusters is about
four to eight times that of prompt DSB  in mammalian cells.    Recently, significant advances have been made in the study
of the reparability of clustered DNA damage induced by ionising radiation.  Drawing on examples from the literature, I
will discuss reduced reparability of clustered DNA damage and the consequences of inefficient repair in terms of enhance
mutability and latent DSB formation.  The  consequences of inefficient repair of complex DNA damage will be discussed
in the context of low dose radiation-induced carcinogenesis

RADIATION-INDUCED DNA DAMAGE COMPLEXITY AND REPAIR
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A. Saran, M. Mancuso

ENEA, Ente per le Nuove Tecnologie, l'Energia e l'Ambiente, BAS-BIOTECMED, Rome, Italy

Radiation-induced bystander effects have been shown in single-cell systems and in more complex three-dimensional
human tissue systems in vitro for an array of biological endpoints having implications in cancer development. However,
the carcinogenic potential of such responses has only recently been shown in the mouse. The mechanisms behind
long-range radiation effects in vivo remain largely unknown. We have investigated some of the factors in radiation
bystander signaling in mouse central nervous system CNS, namely, how soon after irradiation the bystander effects can be
initiated and how far the bystander signal can be propagated once it is triggered in vivo, the dependence on radiation dose,
whether the same signal can produce different responses in different genotypes. A main focus of our investigation has
been on the role of gap-junction intercellular communication (GJIC) in propagating radiation stress signals in vivo
through the CNS. We show that GJIC is critical for transmission of long-range bystander damage in mouse CNS. Our data
provide a novel hypothesis for transduction of distant bystander effects and suggest that the highly branched nervous
system, similar to the vascular network, may play an important role.

LONG-RANGE RADIATION DAMAGE TO UNEXPOSED MOUSE BRAIN: MECHANISMS AND
SIGNIFICANCE

S.Amundson

Columbia University Medical Center, NY, USA

The radiation bystander effect is an established aspect of low dose response, but the regulatory mechanisms have not been
well elucidated. Global gene expression profiling of exposed or bystander primary human lung fibroblasts showed
bystander cells mount a full NFkB response, but a muted p53 response.  While common p53-regulated radiation response
genes like CDKN1A were expressed at elevated levels in the directly exposed cultures, they showed little or no change in
the bystanders. In contrast, genes regulated by NFkappaB, such as PTGS2, IL8 and BCL2A1, responded identically in
bystander and irradiated cells.  This altered balance of signaling is likely to lead to different outcomes in irradiated cells
and their bystanders, perhaps leading to greater survival of bystanders and potentially increasing the risk from any
long-term damage they have sustained.  Extending our studies to a 3D human skin model, we found structural alterations
consistent with measured global gene expression alterations after high or low dose exposures, and in bystander tissue.  A
disturbance of cell cycle dominates in the high dose exposed tissues, followed by a shift toward terminal differentiation at
24 hours.  Tissues exposed to low doses appear to mount a more protective response, and return to a state closer to that of
the un-irradiated controls.  Network analysis revealed TP53 as the major hub involved in response to high dose exposure,
and a new potential regulator of low dose response, HNF4A.

RADIATION INDUCED CHANGES IN GENE EXPRESSION:  NOVEL RESPONSES AT LOW
DOSE.
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S. Sorokina (1), S. Zaichkina (1), O. Rozanova (1), G. Aptikaeva (1), A. Akhmadieva (1), H. Smirnova (1), S.
Romanchenko (1), O. Vakhrusheva (1), A. Dyukina (1), V. Peleshko (2)

1 ITEB RAS; 2 Institute of High Energy Physics; Pushchino, Russia

The delayed effects of chronic high-LET radiation in the dose range of 0.5-16 cGy (0.43 cGy/day) in the radiation field
behind the concrete shield of the accelerator of 70 GeV protons (Protvino) on SHK mice have been investigated. The dose
dependence, adaptive response (AR), and genetic instability in F1 and F2 generations from males irradiated with a dose of
0.5 cGy and males exposured to combination of irradiation with a dose of 16 cGy and the immunomodulator bendazole
hydrochloride (BH) were examined in bone marrow cells using the micronucleus (MN) test.  It was found that: 1)
irradiation of mice with these doses leads to an increase in the level of cytogenetic damage compared with the level of
spontaneous lesions and induces no AR in polychromatic erythrocytes (PCE); 2) the levels of spontaneous PCE with MN
in F1 and F2 from males irradiated with doses of 0.5 and 16 cGy and in unirradiated mice are the same; 3) in F1 and F2
from males irradiated with a dose of 0.5 cGy, the sensitivity to irradiation (1.5 Gy of X-rays) does not differ from that of
the descendants of unirradiated males; in F1 that was irradiated by the scheme of AR, AR is absent, whereas in F2
generation AR is induced; 4) in F1 and F2 from males irradiated with a dose of 16 cGy, the radiosensitivity increases and
AR does not occur; 5) the combined exposure to (BH) and 16 cGy induces no AR in F0 but induces AR in F1 and F2. The
magnitude of the AR was equal to that of the descendants of unirradiated males.

DELAYED EFFECTS OF CHRONIC LOW-DOSE HIGH-LET RADIATION ON MICE IN VIVO

A. Abdelrazzak (1), G. Bauer (2), P. O'Neill (1), M. Hill (1)

1 Gray Institute for Radiation Oncology & Biology, University of Oxford, UK; 2 Institut fur Medizinische Mikrobiologie
und Hygiene, Universitat Freiburg, Germany

Ionising radiation (IR) is recognized as a major risk factor for cancer induction in living cells. Ionising radiation not only
induces effects in irradiated cells but also initiates stress-inducible signals which may also influence non-irradiated cells.
Our previous studies have shown that low doses of radiation to normal non-transformed cells can stimulate apoptosis and
selectively eliminate transformed cells from co-culture via cytokine and ROS/RNS signalling. The aim of the study was to
identify the importance of the radiation track in stimulating these cellular signalling processes. We have irradiated
non-transformed 208F cells with either densely ionizing alpha-particles, sparsely ionizing gamma-rays or ultrasoft X-rays
and determined the levels of apoptosis in co-cultured non-irradiated transformed 208Fsrc3 cells. We have shown that low
doses of any of these radiations to non-transformed 208F cells lead to an increase in the level of apoptosis in co-cultured,
non-irradiated transformed 208Fsrc3 cells as a result of signalling through ROS/RNS and TGFbeta. Using ultrasoft x-rays
enabled us not only to vary the dose to the cells but also the percentage off cells irradiated. Although no difference was
observed in the IIA response of transformed cells between different radiation qualities at medium to high doses, radiation
quality is important at low doses. The results indicate that the stimulation of IIA by IR require both sufficient energy
deposition within irradiated cells and fraction of cells irradiated. In conclusion, radiation-induced apoptosis may represent
a natural anticancer mechanism, stimulated by extremely low doses of IR, selectively removing transformed cells, but not
non-transformed cells.

THE IMPORTANCE OF THE RADIATION TRACK STRUCTURE IN THE STIMULATION OF INTERCELLULAR INDUCTION OF
APOPTOSIS IN TRANSFORMED CELLS FOLLOWING EXPOSURES OF VERY LOW DOSES OF HIGH AND LOW-LET RADIATION
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P. Hahnfeldt

Tufts University School of Medicine, Boston, USA

One factor limiting tumor cell proliferation is local shortage of space to grow, a condition that may be alleviated by cell
migration, and, paradoxically, reduced cell proliferation capacity and increased cell death within the mass.  We developed
an agent-based computer model of the interaction of cancer stem cells and their non-stem progeny to study early tumor
dynamics.  Simulations show that three basic components of tumor growth -- cell proliferation, migration, and death --
combine in unexpected ways to control tumor progression and thus, clinical cancer risk.  Increased proliferation capacity
in non-stem cells and limited cell migration are shown to lead to space constraints that inhibit stem cell proliferation and
tumor growth.  By contrast, even slight increases in cell death e.g. from low-dose radiation, lead to a paradoxically
accelerated long-term growth owing to the liberation of cancer stem cells and formation of self-metastases.  Accelerated
growth can be explained by the proliferation of quiescent tumor cells, most notably stem cells, into space made available
by cell attrition.  Importantly, the process favors the creation of stem cells via the symmetric division of
previously-quiescent stem cells, as cancer stem cells tend to be more resistant.  This study reveals an unexpected
population-level contribution to carcinogenesis risk following radiation exposure, while at the same time informing the
stem cell debate in favor of a minority presence of such cells.

TISSUE POPULATION ACTION IN LOW DOSE CANCER RISK

M. Sowa, W. Goetz, J. E. Baulch, D. N. Pyles, J. Dziegielewski,  S. Yavino, A. R. Snyder, S. M. de Toledo, E.
I. Azzam, W. F. Morgan

Cellular Biology and Biochemistry - Pacific Northwest National Laboratory, Richland, USA

Purpose:  To investigate radiation induced bystander responses and to determine the role of gap junction intercellular
communication and the radiation environment in propagating this response.   Materials and Methods: We use medium
transfer and targeted irradiation to examine radiation induced bystander effects in primary human fibroblast (AG1522)
and human colon carcinoma (RKO36) cells.  We examined the effect of variables such as gap junction intercellular
communication, linear energy transfer (LET), and the role of the radiation environment in non-targeted responses.
Endpoints included clonogenic survival, micronucleus formation and foci formation at histone 2AX over doses ranging
from 10 to 100 cGy. Results: The results show no evidence of a low-LET radiation induced bystander response for the
endpoints of clonogenic survival and induction of DNA damage.  Nor do we see evidence of a high-LET, Fe ion radiation
(1 GeV/n) induced bystander effect.  However, direct comparison for 3.2 MeV a-particle exposures showed a statistically
significant medium transfer bystander effect for this high-LET radiation.   Conclusions:  From our results, it is evident that
there are many confounding factors influencing bystander responses as reported in the literature. Our observations reflect
the inherent variability in biological systems and the difficulties in extrapolating from in vitro models to radiation risks in
humans.

LACK OF EVIDENCE FOR LOW-LET RADIATION INDUCED BYSTANDER RESPONSE IN
NORMAL HUMAN FIBROBLASTS AND COLON CARCINOMA CELLS
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P. Jacob (1), R. Meckbach (1), M. Sokolnikov (2), V. Vostrotin (2), E. Vasilenko (3)

1 Helmholtz Zentrum München; 2 Southern Urals Biophysics Institute; 3 Mayak Production Association

Lung cancer mortality data for male workers hired at the Mayak Production Association before 1973 have been analyzed.
The two-step clonal expansion (TSCE) model of carcinogenesis was found to describe the data significantly better than
empirical models. Smoking, alcohol consumption, lung dose rate from a-radiation due to incorporation of plutonium, and
lung dose rate from external radiation were found to influence significantly the TSCE model parameters. In the preferred
TSCE model, the dependence of the initiation rate on lung dose rate from a-radiation is a bystander-type dose response
with a threshold at about 10 mGy/a. The same threshold value was found for the hyperplastic growth rate. In the empirical
models, the dependence of the excess relative risk on lung dose from a-radiation contains a threshold in the order of
(100-200) mGy. Although there is no evidence for an effect of the a-radiation in the low dose-rate range, an alternative
TSCE model indicates a small effect that could be revealed by a data set with more statistical power. According to these
results, models without a threshold generally overestimate strongly average risks in cohorts with low exposures to
plutonium. In the preferred TSCE model, effects of external radiation on the hyperplastic growth rate were best described
by a linear dependence in the low and moderate dose-rate range without a threshold. Accordingly, the ERR in the
preferred empirical model depends linearly on external dose.

POSSIBLE EXPRESSION OF A BYSTANDER EFFECT WITH A DOSE THRESHOLD IN LUNG
CANCER MORTALITY OF MAYAK WORKERS

S. Andreev, Y. Eidelman

Institute of Biochemical Physics RAS

Ionising radiation induces chromosome aberrations (CA) in first post-irradiation cell cycle and delayed aberrations
observed in descendants of irradiated cells. The latter are believed to be a manifestation of chromosomal instability
phenotype (CIN). One of the basic questions is to explain why unstable CA can be observed after many cell generations.
To predict dose response for CIN a mechanistic model is elaborated. It focuses on relationship between radiation induced
DNA double strand breaks (dsb), CA in first mitosis and lesion transmission through the cell cycle. CA in later mitoses
are assumed to be formed owing to dsb generation de novo in each cell cycle and CA transmission from previous cycle.
Monte Carlo simulation of processes underlying CIN (dsb induction, repair, first mitosis CA formation, cell cycle
kinetics, chromosome lesions transmission) is performed to quantify dose response for CIN triggered by low LET
radiation. Variation of CIN dose response with time of cell proliferation is predicted. This finding implies that
proliferating cells population has some kind of “memory” about initial DNA damage, or dose, manifested in the form of
dose dependence of delayed CA. This occurs despite dose independence for dsb generation rate and elimination of cells
with unstable CA. Dose dependence turns into dose independence at times when steady state between CA formation and
elimination is established.

DOSE RESPONSE PREDICTION FOR RADIATION INDUCED CHROMOSOMAL INSTABILITY
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K. Prise, G. Schettino

Queen's University Belfast, UK

Microbeams have undergone a renaissance since their introduction and early use in the mid 60s. Recent advances in
imaging, software and beam delivery have allowed rapid technological developments in microbeams for use in a range of
experimental studies. Microbeams allow the effects of single radiation tracks to be determined in a highly quantified way.
More importantly, they allow radiation to be targeted to specific regions within a cell to probe subcellular radiosensitivity.
They are also playing an important role in our understanding of bystander responses, where cells not directly irradiated
can respond to irradiated neighbours. Although these processes have been studied using a range of experimental
approaches, microbeams offer a unique route by which bystander responses can be elucidated. Without exception, all of
the microbeams currently active have studied bystander responses in a range of cell and tissue models. Together these
studies have considerably advanced our knowledge of the underpinning mechanisms. Much of this has come from
charged particle microbeam studies, but increasingly, X-ray and electron microbeams are starting to contribute
quantitative and mechanistic information on bystander effects. A recent development has been the move from studies with
2-D cell culture models to more complex 3-D systems where the possibilities of utilizing the unique characteristics of
microbeams in terms of their spatial and temporal delivery will make a major impact.

MICROBEAMS IN RADIATION BIOLOGY: REVIEW AND CRITICAL COMPARISON

K. Kobayashi (1), N. Usami (1), M. Maeda (2), M. Tomita (2)

1 Photon Factory, IMSS, KEK; 2 Radiat. Safety Res. Center, CRIEPI; Japan

We already reported our microbeam irradiation system using synchrotron monochromatic X-rays.  Our system adopted a
precise slit system to make an X-ray microbeam, which enables us to change the beam size arbitrarily larger than 5 micron
square.  Using this advantage of our system, we have measured dose-survival relationships of V79 cell with two different
beam sizes, namely, 10-micron square beam aiming at nucleus only and 50-micron square aiming at whole cell.  This
work revealed that hypersensitivity in low dose region is more enhanced in nucleus-irradiated cells than in whole-cell
irradiated cells.   These results suggest that intracellular communication between nucleus and cytoplasm plays an
important role in determining the cell death in low dose region.  For further investigation, we have developed a method to
irradiate cytoplasm only without irradiating cell nucleus. In order to shield the nucleus in the uniform irradiation field, we
made a gold mask, 15 micron in diameter and 20 micron thick, on a very thin (200 nm thick) SiN film.  The thickness of
the gold was determined to decrease the intensity of 5.35 keV X-rays to less than one-thousandth.  It was mounted on a
small X-Y stage and set in the system between the slit system and the sample stage.  Using a scintillater dish, we adjusted
the position of the mask and the size of the beam, and irradiated V79 cells, leaving the nuclei unirradiated.  Survival curve
of cytoplasm-irradiated cells will be presented.

DEVELOPMENT OF AN X-RAY MICROBEAM SYSTEM TO IRRADIATE CYTOPLASM ONLY
OF MAMMALIAN CELLS USING SR X-RAYS.
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G. Garty, Y. Xu, M. Grad, G. Randers-Pehrson, D. Attinger, D. J. Brenner

RARAF - Columbia University, NY, USA

Current microbeam systems typically irradiate cells adhered to a thin membrane. The cells are mechanically moved to the
location of the microbeam where they are individually targeted, either by a precision mechanical stage or by deflecting the
beam slightly to hit individual cells (Point & Shoot). There are two drawbacks to this procedure. First, it only allows
irradiation of adherent cells, which can be made to adhere to the membrane. Second, the positioning of the cells limits
irradiation throughputs to under 10,000 cells/hour, limiting the possibility to probe rare endpoints such as mutagenesis and
oncogenesis.    We describe here a completely novel miocrobeam technology, under development at RARAF – the Flow
and Shoot (FAST) microbeam. In this system, cells undergo controlled flow through a microfluidic channel intersecting
the microbeam path. They are imaged and tracked in real time, using a high-speed camera and dynamically targeted, using
a magnetic Point & Shoot system. With the proposed FAST system, we expect to reach a throughput of 100,000 cells per
hour, which will allow experiments with much higher statistical power. The implementation of FAST will also allow
irradiation of non-adherent cells (e.g. lymphocytes) which are of great interest to many of our users.   We present here the
design of the FAST microbeam and results of first tests of cell imaging and tracking as well as a discussion of the
achievable throughput.

DESIGN OF A NOVEL FLOW-AND SHOOT (FAST) MICROBEAM

W. Bonner

National Cancer Institute, Bethesda, USA

Within 10 min of DNA double-strand break (DSB) formation, hundreds to thousands of H2AX molecules in the
chromatin flanking the break site are phosphorylated on serine residue 139 (in mammals). Because of this amplified
response, virtually every DSB site in a nucleus can be visualized within 10 min of its formation using an antibody to
phosphorylated H2AX (?-H2AX). This large amount of biological amplification makes this assay unsurpassed in its
sensitivity for the DSB. While H2AX phosphorylation has helped our understanding of DNA DSB recognition and repair,
the sensitivity of the assay has also facilitated studies of the involvement of DNA double-strand damage in other
biological contexts. One example is the increasing numbers of DNA double-strand lesions in senescing cells and aging
animals, including humans and mice. Another is the early involvement of DNA double-strand damage in non-target
effects of ionizing radiation and other damaging agents. Phosphorylated H2AX detection may have considerable clinical
utility as an almost immediate measure of the effects of biological agents. In cancer treatment,  chemotherapeutic agents
are used to target replicating tumor cells, often by inducing replication-linked DSBs. H2AX phosphorylation may
potentially provide a quantitative measure of the efficacy of these agents to induce DSB damage in individual patients by
taking into account their differential sensitivities to particular agents.

H2AX PHOSPHORYLATION IN RESPONSE TO DNA DOUBLE-STRAND BREAK FORMATION
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M. H. Barcellos-Hoff

New York University, NY, USA

Many studies have shown that irradiated cells and tissues exhibit large scale alterations in gene expression and that the
progeny of irradiated cells exhibit altered signaling and phenotypes.  Although targeted effects of ionizing radiation like
DNA damage are considered to be paramount to its action as a carcinogen so-called non-targeted radiation effects are
postulated to impact radiation carcinogenesis.  Our prior studies showed that high dose (4 Gy) radiation promotes
malignant progression of unirradiated orthotopically transplanted mammary cells.  Similarly, a recent report shows that a
high radiation dose (3 Gy) increases tumor development in shielded brain of Ptch mutant mice.  These in vivo studies
support the contention that non-targeted radiation effects may be potent mediators of radiation carcinogenesis but both are
high doses, while most occupational radiation exposures of concern to public health are unlikely to be greater than 0.1 Gy.
Thus, despite the importance of these processes in carcinogenesis and a better understanding of underlying molecular
mechanisms of non-targeted effects in cells, the absence of a direct demonstration that signaling induced low dose
radiation modifies carcinogenesis has precluded consideration of its contribution to health effects.   Recent experimental
studies provide further evidence that non-targeted radiation effects could be a significant component of human health risks
following radiation exposure.

DO NON-TARGETED EFFECTS MATTER IN RADIATION CARCINOGENESIS?

D. Brenner (1), I. Shuryak (1), R. Sachs (2)

1 Columbia University, NY, USA; 2 University of California, Berkeley, USA

Biophysical models of radiation carcinogenesis are important for understanding mechanisms and for interpreting or
extrapolating radiation risk. There are two classes of such models: 1) long-term formalisms that track premalignant cell
numbers throughout an entire lifetime but treat initial radiation dose–response simplistically, and 2) short-term formalisms
that provide a detailed initial dose– response even for complicated radiation protocols, but address its modulation during
the subsequent cancer latency period only indirectly. We argue that integration of short- and long-term models is needed.
As an example of this approach, we integrate a stochastic short-term initiation / inactivation / repopulation model with a
deterministic two-stage long-term model. We assume that radiation can act as an initiator of cancer, by inducing
pre-malignant stem cells in stem-cell niches, but also as a promoter of pre-malignant damage, by increasing the average
number of pre-existing pre-malignant stem cells per niche, which in turn is subject to post-exposure homeostatic
regulation. We show that such an approach is useful at high radiation doses, providing some insight into the mechanisms
of radiotherapy-induced second cancers, and also at low radiation doses, shedding some light into the prima facie puzzling
patterns of lifetime radiation risk as a function of age at exposure.

A NEW VIEW OF RADIATION-INDUCED CANCER

15th Symposium on Microdosimetry Oral presentations



H. Bijwaard, F. Dekkers, T. van Dillen

RIVM - National Institute for Public Health and the Environment, NL

Western populations show a very high incidence of breast cancer and in many countries mammography screening
programs have been set up for the early detection of these cancers. Through these programs large numbers of women
(900,000 per year in the Netherlands) are exposed to low but not insignificant X-ray doses. ICRP based risk estimates
indicate that the mammography screening program in the Netherlands may induce 200 fatal breast cancers. The number of
lives saved is estimated to be much higher, but for an accurate calculation of the benefits of screening a better estimate of
these risks is indispensable.  Here it is attempted to better quantify the radiological risks of mammography screening. A
biologically based two-mutation model is applied to breast cancer incidence data obtained from the National Institutes of
Health in the U.S. These data concern female TB patients who received high X-ray breast doses in the period 1930-1950
through frequent fluoroscopy of their lungs.   The derived accurate model fit allows for a more sophisticated extrapolation
of risks to the low exposures and to the higher ages that are involved in mammography screening. It predicts that the
Excess Relative Risk doubles when screening starts at age 40 instead of 50, but remains below 1% for current screening
practises. These results have implications for the frequency of screening, the number of mammograms taken at each
screening, and the minimum and maximum ages for screening.

BREAST CANCER RISK DUE TO MAMMOGRAPHY SCREENING

M. Eidemüller (1), E. Holmberg (2), P. Jacob (1), M. Lundell (3), P. Karlsson (2)

1 Helmholtz Zentrum München, Institute of Radiation Protection, 85764 Neuherberg, Germany; 2 Department of
Oncology, Sahlgrenska University Hospital, SE-413 45 Göteborg, Sweden; 3 Department of Medical Physics,

Radiumhemmet, Karolinska University Hospital, SE-171 76 Stockholm, Sweden

Breast cancer incidence among 17,158 female Swedish hemangioma patients was analyzed with empirical excess relative
risk models and with a biologically based model of carcinogenesis. The patients were treated in infancy mainly by
external application of radium-226. The mean and median absorbed doses to the breast were 0.29 and 0.04 Gy, and a total
of 678 breast cancer cases have been observed. Both models agree very well in the risk estimates with an excess relative
risk and excess absolute risk at the age of 50 years, about the mean age of breast cancer incidence, of 0.25 Gy-1 (95% CI
0.14; 0.37) and 30.7 (105 BYR Gy)-1 (95% CI 16.9; 42.8), respectively. Models incorporating effects of radiation-induced
genomic instability were developed and applied to the hemangioma cohort. The description of the radiation risk was
significantly improved with a model of genomic instability at an early stage of carcinogenesis.

BREAST CANCER RISK AMONG SWEDISH HEMANGIOMA PATIENTS AND POSSIBLE
CONSEQUENCES OF RADIATION-INDUCED GENOMIC INSTABILITY
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M. Durante

GSI, Darmstadt, Germany

Risk from exposure to energetic heavy ions is considered one of the main problems for human space exploration. Late
stochastic risk estimates, particularly cancer, are affected by large uncertainties. Basic cell biology studies to elucidate the
mechanisms involved in genetic damage are necessary reduce the uncertainty and eventually design effective
countermeasures. DNA damage is normally considered the primary cellular event leading to late effects, but it is the
damage processing that makes the difference between sparsely- and densely-ionizing radiation. Beamline live cell
microscopy analysis is a useful tool to visualize and monitor the evolution to cell damage. This damage is then translated
into chromosomal aberrations. Our recent experiments in human cells show that the movement of damaged DNA sites is
short-range, and the relative position of interphase chromosome domains and particle tracks play an important role in the
formation of chromosomal rearrangements.

CELLULAR EFFECTS INDUCED BY ENERGETIC HEAVY IONS: FROM DNA BREAKS TO
CHROMOSOMAL REARRANGEMENTS

S. Costes (1), T. Neumaier (2), J. Chen (1), P. A. Yang (1), S. Thalhammer (2), M. H. Barcellos-Hoff (3)

1 Lawrence Berkeley National Laboratory;  2 HMGU; New York University Langone School of Medicine, NY, USA

High Z energy ions (HZE) deposit their energy by two main mechanisms, direct ionization due to dense energy deposition
along track (high-LET component) and sparsed energy deposition resulting from secondary electrons moving away from
the track (delta-rays, low-LET component). In this work, high content image analysis was performed to characterize
Radiation Induced Foci (RIF: phosphorylated variant histone H2AX - yH2AX and p53 binding protein 1 - 53BP1), as a
function of time and dose following exposure to X-rays and HZE.  The imaging approach used could separate the high
and low-LET RIF within the same cell exposed to HZE. Doing so, we could unambiguously show that RIF formation is
faster along the track as the maximum RIF frequency is reached within 5 min pos-IR, but that their resolution is slower
(5-10 hrs half life). In contrast, RIF from delta-rays has a delayed formation kinetic with maximum frequencies reached
30 min post-IR. Live cell imaging of 53BP1-GFP exposed to HZE confirmed these results. Similarly, computing the
kinetic response following exposure to X-ray, we show that RIF kinetic and RIF yield are dose dependent, with doses
higher than 1 Gy eliciting faster RIF formation but lower RIF yield and slower resolution.  Finally, studying various ions,
we noticed that RIF frequencies reach a maximum value of ~1 RIF/ µm along the track when LET is greater than 150
keV/µm. Taken together, these data suggest the clustering of DSB within units which are ~1 µm.

EVIDENCE OF DSB CLUSTERING AND CONSEQUENCES FOR RADIATION INDUCED FOCI
KINETIC FOR LOW AND HIGH LET
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G. Reitz

German Aerospace Center (DLR), Germany

For assessment of the astronaut’s radiation exposure, the effective dose can be determined by using radiation transport
codes with anatomical models or by applying tissue-equivalent phantoms with dedicated radiation detectors placed at
positions of radiation relevant organs.  MATROSHKA is an ESA multi-user experiment unit developed and manufactured
under ESA contract by DLR for studies of depth dose distribution of the different components of the orbital radiation field
at different sites of the organs, occurring in astronauts being exposed during an EVA or inside the International Space
Station (ISS).  The facility comprises an anthropomorphic phantom to simulate the human body, active and passive
detectors for space radiation dosimetry, data acquisition and processing electronics. MATROSHKA was launched with
PROGRESS on January 29, 2004 and until now used for one outside and two inside exposures.  The MATROSHKA
experiment delivered a unique set of data from the evaluation of numerous detectors. This paper concentrates on the
results of passive detector systems. A short overview of the MATROSHKA facility and its instrumentation is followed by
the results on skin and organ dose measurements and the calculation of effective dose. The data received serve as baseline
for further verification and benchmarking of current radiation transport codes and in combination with the codes as
requisite for an improved risk assessment for future long term missions.

EFFECTIVE DOSE DETERMINATION FOR ASTRONAUTS USING THE MATROSHKA
EXPERIMENT

L. Lindborg

Biophysics group, Dep. of Oncology-Pathology, Karolinska Institute, Sweden

Different radiation beams may for the same absorbed dose give different results for a specific biological end point. This is
often referred to as a difference in radiation quality. The observed difference may need to be corrected for. In radiation
therapy a change of total absorbed dose may be needed, while different radiation quality factors may be applied in
radiation protection. Differences in radiation quality are thus important to identify in many practical situations either by
measurements or a combination of measurements and calculations. The lecture will discuss some of the more commonly
used quantities in particular, LET, and lineal energy, y, their distributions and averages. The numerical values of those
quantities are dependent on whether focus is on targets in the micrometer range (chromosomes, cell nucleus etc) or in the
nanometer range (DNA structures). Some examples on how microdosimetric results have been used in medical
applications and radiation protection situations will be given.

MICRODOSIMETRY AND RADIATION QUALITY DETERMINATIONS IN MEDICINE AND
RADIATION PROTECTION
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S. Agosteo, A. Pola

Politecnico di Milano and INFN-Milano, Italy

Silicon detectors are being studied as microdosimeters since they can provide sensitive volumes of micrometric
dimensions. They can be applied for assessing single event effects in electronic instrumentation exposed to complex fields
around high-energy accelerators or in space missions. When coupled to tissue-equivalent converters, they can be used for
measuring the quality of radiation therapy beams or for dosimetry. The use of micrometric volumes avoids the
contribution of wall effects to the measured spectra. Further advantages of such detectors are their compactness,
cheapness, transportability and a low sensitivity to vibrations. Anyway, the following problems should be solved when a
silicon device for microdosimetry: i) the sensitive volume has to be confined in a region of well-known dimensions; ii) the
electric noise limits the minimum detectable energy; iii) corrections for tissue-equivalency should be made; iv) corrections
for shape equivalency should be made when referring to a spherical simulated site of tissue; v) the angular response
should be evaluated carefully; vi) the efficiency of a single detector of micrometric dimensions is very poor and detector
arrays should be considered. Several devices are being proposed as silicon microdosimeters, based on different
technologies (telescope detectors, silicon on insulator detectors and arrays of cylindrical p-n junctions with internal
amplifications), in order to satisfy the issues mentioned above.

SILICON MICRODOSIMETRY

L. Oster (1), E. Fuks (2), Y. Horowitz (2), A. Horowitz (3), S. Marino (4), M. Rainer (5), A. Rosenfeld (6)

1 Sami Shamoon College of Engineering; 2 Physics Department, Ben-Gurion University, Beer-Sheva 84105, Israel; 3 Crystal Growth Division, NRC-N,
Beer-Sheva, Israel; 4 Radiological Research Accelerator Facility, Columbia University, New York, USA; 5 Australian National Science and

Technology Organization, Sydney, Australia; 6 Center for Medical Radiation Physics, University of Wollongong, Australia

It has been demonstrated that peak 5a (a low temperature component of peak 5 arises from recombination between a
locally trapped  e-h  in a trapping center/luminescent center  complex of ~20Å dimensions (a “2-hit” process) [1]. Peak  5
arises from delocalized recombination arising from a singly-trapped electron (a “1-hit” process).  The intensity  ratio of
peak 5a to peak 5 thus represents a measure of ionization density in a nm volume  correlatable with radiation damage in
biological systems. Accurate  use   of this “solid-state nanodosimeter” has been hampered  by  the  low  intensity  of peak
5a relative to peak 5  of  ~ 0.05 following low-ionization density irradiation in samples which  are  naturally cooled
following the 400oC pre-irradiation anneal.  This  led to  precision of ~ 50 %  (1 SD)  in the measurement of the 5a/5 ratio.
Recently  we have demonstrated the development of a new material  which improves the precision of measurement [2]. In
this paper we report on measurements of the  peak 5a/5 ratio for a large variety of radiation fields increasing  from 0.11 ±
0.02 following 90Sr/90Y irradiation to 0.43 ± 0.016 for 1.3 MeV protons to 0.80 ± 0.04 for 20.7 MeV I ions.

1. Horowitz, Y.S., Oster, L., Biderman, S. and Einav, Y., (2003) “Localized transitions in the thermoluminescence of
LiF:Mg,Ti:Potential for nanoscale dosimetry” J. Phys. D. Appl. Phys., 36, 446-459.
2. Fuks, E., Horowitz, Y.S. and Oster, L.,(2008)  “Investigation of the properties of compos

THERMOLUMINESCENCE SOLID STATE NANODOSIMETRY - THE PEAK 5A/5 DOSIMETER
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V. Bashkirov (1), R. Schulte (2), F. Hurley (3)

1 Loma Linda University; 2 Loma Linda University Medical Center; 3 Loma Linda University

A new instrument for precise imaging of the track structure of ionizing radiation is described. The new instrument utilizes
the concept of single-ion registration in  low-pressure gas models of condensed matter. The use of gaseous media permits
expanding condensed matter dimensions up to a million times, and positive ion registration grants an unprecedented fine
resolution in space and ionization quantity. The instrument operates as an ion time projection chamber (TPC):   positive
ions    induced by ionizing radiation in a gas volume are collected under an electric field onto a planar ion detector; drift
time measurements and 2D detector readout provide a full 3D track structure reconstruction.  This required development
of a novel two-dimensional ion detector able to operate in various multi -atomic gases with single-ion sensitivity. First
track structure 3D images in propane, air, and water vapor obtained with the prototype of this novel TPC are presented.
Further plans to improve the performance of the instrument are discussed.

ION TIME PROJECTION CHAMBER FOR PRECISE IMAGING OF IONIZING  PARTICLE
TRACK STRUCTURE

S. Pszona

The Andrzej Soltan Institute for Nuclear Studies, Poland

In a view of the fact, that the DNA molecule (nm size) is main target of biological effects of ionizing radiation. So, at
nanometre level the single particle interaction is responsible for the initiations of radiation damage to biologically
important molecules. Therefore the single track structure of an interacting particle at nanometre segments has to be taken
into account. The first operated set up for single track nanodosimetry studies was described at Fifth Symposium on
Microdosimetry in 1975. This set up was called Track Ion Counter, TIC, and was the results of works done at
Radiological Research Laboratory, Columbia University in 1972-1973 . The idea of TIC is based on single ion counting
of ions created at gas volume of nanometre size when irradiated by single charged particle. After almost 30 years the idea
of TIC was successfully developed by a group from Weizmann Institute of Science as an   . The device of this type are
now operated at PTB and at Loma Linda Univerasity. Another line of development of an experimental nanodosimetry was
based on  modified idea of differential pumping in order to get the higher sizes of nanosites up to 30 nm (in unit density
scale) known as Jet Counter.  One of pecularities of this device is an ability to study the low energy electrons interaction
with the nanosites. The recent experiment with Jet is motivated by target radio therapy and application of Auger emitters
(low energy electrons) I-125. The details will be presented.

SINGLE TRACK NANODOSIMETRY – FROM TRACK ION COUNTER TO JET COUNTER
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D. Perez-Nunez, L. Braby

TEXAS A&M UNIVERSITY, USA

The Tissue Equivalent Proportional Counter (TEPC) used on the International Space Station (ISS) have exceeded their
planned useful lives, and are scheduled to be replace with the new units taking advantage of improved technology.
Requirements for the new detectors include resolution and vibration resistance equivalent to the old detectors, lower
electronic noise, isotropic response reduced weight, and a total wall of 0.5 gm/cm2. The new detector produces the
resolution and vibration resistance of the cylindrical detector with the isotropic response and compact size of a spherical
detector. The cathode structure consists of A-150 conductive tissue equivalent plastic layers separated by thin
polyethylene insulating layers perpendicular to the anode. Each conductive layer is held at the electrical potential needed
to produce uniform electric field strength along the anode wire. The new design contains the whole preamplifier inside the
vacuum chamber to reduce electronic noise. Also the vacuum chamber uses a novel design with a 0.020 inch aluminum
wall in order to achieve the total thickness of 0.5 g/cm2 that is the typical shielding provided by the thinner parts of a
space suit. The vacuum chamber has a new bayonet clamping system that reduces the total detector weight to less than
half of the old TEPC. These detectors will be used with an advanced electronic system being developed at Johnson Space
Center and will replace the TEPC systems currently in use on the space station.

REPLACEMENT TISSUE EQUIVALENT PROPORTIONAL COUNTER FOR THE
INTERNATIONAL SPACE STATION

S. Tsuda (1), T. Sato (1), D. Satoh (1), F. Takahashi (1), A. Endo (1), S. Sasaki (2), Y. Namito (2), H. Iwase
(2), S. Ban (2), M. Takada (3)

1 Japan Atomic Energy Agency (JAEA); 2 KEK; 3 NIRS

Deposit energy distribution is basic information for understanding of biological effects of energetic heavy ion beams. To
estimate relative biological effectiveness, RBE, lineal energy, y, can be an appropriate physical index because it can treat
each energy deposition by a single event and delta-rays. In the present work, a wall-less tissue equivalent proportional
counter, wall-less TEPC, has been designed and used for the measurement of the y distributions for heavy ions in order to
verify a biological dose calculation model incorporated in the PHITS code. The wall-less TEPC has a cylindrical detection
volume whose height and diameter are both 1 mm. The simulated site diameter was equivalent to a thickness of 0.72 µm
tissue.  A lineal energy distribution was obtained in the wall-less TEPC irradiated by 500 MeV/u argon broad beam in the
y form 2 to 200 keV/µm. It is found that the dose-mean value of y obtained by the wall-less TEPC is 50-60 % of the LET
of the argon ions in water, since the delta-rays with relatively low y can be measured. On the other hand, the dose-mean
value of y measured by a general TEPC with a tissue equivalent plastic wall is almost equal to the LET. The result
indicates that the practical energy deposit in a micrometer-size site would be overestimated in the case of the LET-based
estimation. The measurements using the wall-less TEPC will enable us to investigate the lineal energy distributions by
kinds of heavy ions with different Z and LET.

MICRODOSIMETRY FOR HEAVY ION BEAMS USING A WALL-LESS TISSUE EQUIVALENT
PROPORTIONAL COUNTER
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K. Brabcova, I. Jadrnickova, F. Spurny

UJF AV CR, Czech Republic

Track etched detectors (TED) were exposed in carbon beam with energy 290 MeV/nucleon at HIMAC-BIO facility.
Configuration of beam was either mono energetic (MONO), or spread-out-Bragg-peak (SOBP). For both arrangements,
sets of TED were exposed behind increasing thickness of filters from the entrance up to the depths behind Bragg peak.
We tested five different types of TED; they all are polyallyl diglycol carbonates, however, according to different
production condition and additives, they differ in detector abilities. TED are able to classify particles according to their
linear energy transfer in range from 10 to 400 keV.um-1 approximately, thus we are able to compile relevant LET spectra,
or even to count other radiation quantities. Employed method enabled detail description of therapeutic beams as well as
depth-dose distribution in tissue. The paper will also discuss the possibilities of combination of several TED to achieve
the best goal.

SPECTROMETRY OF LINEAR ENERGY TRANSFER WITH TRACK ETCHED DETECTORS IN
CARBON ION BEAMS, MONO AND SOBP

S. Rollet (1). M. Wind (1), P. Beck (1), M. Latocha (1), P. Colautti (2), D. Moro (2), E. Gargioni (3), B.
Grosswendt (4), J. Herault (5)

1 AIT - Austrian Research Center; 2 INFN Laboratori Nazionali di Legnaro; 3 University Medical Center
Hamburg-Eppendorf; 4 PTB-Physikalisch-Technische Bundesanstalt; 5 Centre Antoine-Lacassagne Biomedical

Cyclotron

To preserve the vision using protons treatment for ocular melanoma (especially for posterior pole tumors) and to minimize
the damage to healthy tissue, the radiation quality must be precisely assessed. The physical quality of a therapeutic proton
beam at the Centre Antoine Lacassagne in Nice (France) has been previously measured using microdosimetric techniques.
The measurements were performed with a mini-TEPC (Tissue Equivalent Proportional Counter) with a sensitive volume
of less than 1 mm3. The chamber was filled with a tissue-equivalent gas mixture at low pressure in order to simulate a
tissue site size with a diameter of 1 µm. The counter was inserted in an eye-phantom and placed at the treatment position
in front of the therapeutic beam. Several lucite layers with different thicknesses were inserted into the beam to simulate
measurements within different depths of compensator in front of the eye that shapes the beam. Experimental data showed
a significant increase of the beam quality in the distal edge of the Spread Out Bragg Peak (SBOP). In this paper, the
numerical simulation of this experimental set-up are done with the FLUKA Monte Carlo radiation transport code and with
a recently developed particle-track MC code. The simulated microdosimetric spectra are compared with the measured
ones at different depth in tissue for a monoenergetic proton beam (E=61.5 MeV) and for a modulated SBOP.

MICRODOSIMETRIC ASSESSMENT OF THE BIOLOGICAL QUALITY OF A THERAPEUTIC PROTON BEAM: COMPARISON
BETWEEN NUMERICAL SIMULATION AND EXPERIMENTAL MEASUREMENTS
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A. Ibrahim, A. Waker

Faculty of Energy Systems and Nuclear Science, University of Ontario Institute of Technology (UOIT), Canada

Introduction: The accelerator based in vivo neutron activation facility at McMaster University has been used successfully
for the measurement of several minor and trace elements in human hand bones due to their importance to health. Materials
and Methods: In this study we present the results of the investigation of spectroscopic dosimetry measurements conducted
with a TEPC at the position of hand irradiation in the facility. The lineal energy measurements were conducted in the
proton beam energy (Ep) range of 1.884 to 2.5 MeV to study the quality factor (QICRP60), microdosimetric averages,
absorbed dose and dose equivalent of neutron fields generated via the 7Li(p, n)7Be reaction. Results and Conclusions: We
have observed a continuously increasing trend in absorbed dose with increase in Ep mainly due to an increase in neutron
yield and mean neutron energy. However, microdosimetric averages and QICRP60 demonstrated an interesting trend such
that maximum values were observed at Ep=1.884 MeV (En=33±16 keV) and then continued to decline with increasing Ep
until achieving a minimum value at Ep=2.02 MeV. Following this minimum the microdosimetic quantities started
increasing with further increases in Ep. The series of measurements conducted with thermal and fast neutron fields
demonstrates that the 14N(n, p)13C produced 580 keV protons in the detector play an important role in the response of
the counter under 2.02 MeV proton energy (En = 250 keV).

SPECTROSCOPIC DOSIMETRY WITH A TISSUE EQUIVALENT PROPORTIONAL COUNTER
FOR AN IN VIVO NEUTRON ACTIVATION FACILITY

A. Mohammadi (1), S. Kinase (2)

1 Radioisotope Drug Delivery Systems Group, Research Unit for Quantum Beam Life Science Initiative, Quantum Beam
Science Directorate, Japan Atomic Energy Agency; 2 Radiation Effect Analysis Group, Division of Environment and

Radiation Sciences, Nuclear Science and Engineering Directorate, Japan Atomic Energy Agency

Photon and electron specific absorbed fractions (SAFs) are evaluated in mouse organs using the voxel based mouse
phantom. In the study, for a mouse voxel phantom two different voxel sizes are considered for evaluation of voxel size
effect on SAFs for self and cross-irradiation. For this purpose two voxel phantoms were constructed, both with cubic
voxels, one with 0.1 mm sides and the other with 0.4 mm sides. A comparison of their organ masses shows that changing
the voxel size from 0.1 mm cube to 0.4 mm cube does not have an appreciable effect on the masses of organs. For
instance, the difference between two voxel phantom masses for the eyes is highest (about 8.7%) and for the kidneys is
lowest (about 0.01%). The sources are considered to be mono-energetic in the energy range of 10 keV to 4 MeV and the
radiation transport was simulated using the Monte Carlo method. The SAFs depend on organ mass for self-irradiation and
on geometry effect, i.e source and target shape, and distance between them, for cross-irradiation. In voxel phantom it is
important to choose the voxel size carefully since it affects on accuracy of results. Clearly, the smaller size reconstructs
more realistic anatomy. Thus comparison of SAFs for self and cross-irradiation in organs of the phantoms with 0.1 mm
and 0.4 mm voxel size would show how the values of SAFs depend on voxel size. Also the SAFs in organs of two
phantoms would help us to find relation between the parameters which affect on the SAFs.

INFLUENCE OF VOXEL SIZE ON SPECIFIC ABSORBED FRACTIONS IN A MOUSE VOXEL
PHANTOM FOR PHOTONS AND ELECTRONS
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A.Wambersie

Université Catholique de Louvain, Brussels, Belgium

When reporting radiation therapy procedures, ICRU recommends to specify absorbed dose at all clinically relevant points.
However, the medical outcome does not only depend on absorbed dose but also on a number of other factors such as dose
per fraction and radiation quality (RBE). Therefore, weighting  factors have to be applied to absorbed dose when different
types of treatments are to be compared or to be combined. This has led to the concept of "isoeffect absorbed dose"
proposed by ICRU and IAEA. The isoeffect absorbed dose DIsoE is the absorbed dose of a treatment with a reference
irradiation that would produce the same effect on the target volume as the actual treatment. It is the product of the
absorbed dose (in Gy) used in the  treatment and a weighting factor WIsoE (dimensionless).     DIsoE = D x WIsoE In
fractionated photon-beam therapy, the dose per fraction is one of the main parameters that the radiation oncologist has the
freedom to adjust. The weighting factor for an alteration of the dose per fraction is evaluated using the linear-quadratic
(a/ß) model.  For therapy with protons and heavier ions, radiation quality has to be taken into account.  A "generitc proton
RBE" of 1.1 is recommended in a joint ICRU-IAEA Report for clinical applications. For heavier ions (e.g., carbon-ion
beams), the situation is more complex  as the RBE varies markedly with particle type and energy and depth in tissue.

ISOEFFECT-DOSE: A CONCEPT FOR BIOLOGICAL WEIGHTING OF ABSORBED DOSE IN
PROTON AND HEAVIER-ION THERAPY

F. Ballarini (1), S. Bortolussi (1), A. M. Clerici (2), C. Ferrari (2), N. Protti (1), S. Altieri (1)

1 University of Pavia, DFNT and INFN-Pavia; 2 Department of Surgery, Experimental Surgery Laboratory, University
of Pavia; Italy

Cell death is a crucial endpoint in radiation-induced biological damage, since any cancer therapy aims to kill tumour cells
and cell death is a reference endpoint to characterize the radiation action in biological targets. Starting from Lea’s target
theory, many models have been proposed to interpret radiation-induced cell killing. After discussing the main models of
cell survival, in this paper we will present a theoretical approach based on the experimentally observed link between
chromosome aberrations and cell death [1]. A mechanistic model and a Monte Carlo code originally developed for
chromosome aberrations were extended to simulate radiation-induced cell death adopting a one-to-one relationship
between the average number of “lethal aberrations” (dicentrics, rings and deletions) per cell and –lnS, being S the fraction
of surviving cells. Although the observation by Cornforth and Bedford was related to normal fibroblasts exposed to X
rays, in the present work the approach was applied also to intermediate- and high-LET radiation. The good agreement
between simulation outcomes and literature data provided a model validation for normal cells exposed to different
radiation types. The same approach was then successfully applied to simulate the survival of cells enriched with Boron
and irradiated with thermal neutrons at the Triga Mark II reactor in Pavia, to mimic a typical BNCT treatment.
1. M. Cornforth and J. Bedford (1987), Radiat. Res. 111, 385-405

FROM RADIATION-INDUCED CHROMOSOME DAMAGE TO CELL DEATH: MODELLING
BASIC MECHANISMS AND APPLICATIONS TO BORON NEUTRON CAPTURE THERAPY
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T. Friedrich, T. Elsaesser, M. Durante, M. Scholz

GSI Darmstadt, Germany

The relative biological effectiveness (RBE) quantifies the enhanced effect of ions compared to that of photons. Both
experiments and model calculations suggest that RBE depends on the resistance of a cell or tissue type against photon
radiation and thus on the ratio of the parameters a and ß of the linear quadratic model.  Based on clonogenic cell survival
experiments reported in the literature we demonstrate that the correlation between RBE and the ß/a-ratio for different cell
lines can be empirically described by a linear relationship within the uncertainty limits of the experimental data. This
picture is confirmed by simulations with the Local Effect Model (LEM) which is used to predict the increased RBE of
ions for treatment planning in the GSI pilot project in carbon ion therapy and in several future clinical carbon ion
facilities.  The correlation between RBE and the ß/a-ratio is most prominent for low doses and thus small effect levels,
whereas it decreases and finally vanishes with increasing dose. We discuss possible implications of these findings for
RBE modelling and treatment planning, also taking into account the variability of involved quantities, reflected by
associated error limits.

IMPACT OF TISSUE TYPE AND EFFECT LEVEL ON RBE

I. Petrovic (1), A. Ristic-Fira (1), G.A.P. Cirrone (2), F. Di Rosa (2), F. Romano (2), G. Cuttone (2)

1 Vinca Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia; 2 Istituto Nazionale di Fisica Nucleare,
Laboratori Nazionali del Sud, Catania, Italy

Effects of gamma-rays, protons and 12C ions on the HTB 140 human melanoma cells have been extensively studied in the
dose range from 2 to 24 Gy. Irradiations were performed at INFN-LNS with the 62 MeV/u protons - at full energy Bragg
peak and along spread out Bragg peak (SOBP), and 12C ions - along Bragg curve, including their distal declining edges.
Although surviving fractions at 2 Gy were large in all cases, rather high values of relative biological effectiveness were
obtained with respect to gamma-rays, showing better effectiveness of 12C than protons. Significant cell inactivation on
the distal declining end of the Bragg curve was higher for 12C than for protons. Proliferation capacity was lower for
protons than for 12C. This is due to the different quality of damage produced in the irradiated cells. The ratio of
irreparable to reparable damages is bigger for 12C than for protons, enabling greater number of cells to maintain active
proliferation instead of undergoing repair. As radiation dose is proportional to particle fluence and linear energy transfer
(LET) variations of these parameters were examined, particularly for the distal Bragg curve fall off. Detailed numerical
simulations of dose, particle energy, fluence and LET distributions as functions of depth were carried out with the
GEANT4 code. The role of secondary particles produced by 12C was investigated as well. These simulations enabled
better insight and understanding of the measured radiobiological parameters.

INTERPRETATION OF RADIOBIOLOGICAL RESULTS OBTAINED AFTER PROTON AND CARBON IRRADIATIONS OF
MELANOMA CELLS USING NUMERICAL SIMULATIONS WITH GEANT4 CODE
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K. Baverstock

University of Kuopio, Finland

The term “systems biology” has many interpretations, some trivial. At the other end of the spectrum of meanings is the
“systems approach” based on the early work of Bertalanffy on “General System Theory”. A system can be described as
any “ensemble of things that belong together”.  A “systems approach” treats the ensemble as a whole from the outset
rather than studying its individual components in isolation and then reassembling the whole. In the context of biology a
systems approach involves a re-framing of the subject away from traditional molecular pathways in favour of studying the
“state” of the system: phenotypic transitions are seen as transitions between system states. I will review the theoretical
basis for this approach with an emphasis on the cell as the system, although the principles apply equally to tissues,
organisms and populations. Particular attention will be paid to the terminology of systems, such as “complexity”,
“emergence”, “non-linearity” etc. and the concepts or “tools” entailed, e.g., state space, attractors, etc..   Radiobiology is
the biology that ensues when a system has been perturbed by exposure to radiation. As such it must be securely based in
biology which in turn has its foundations in physics. An important impediment to “systems thinking” is the inapplicability
of the Newtonian-Cartesian paradigm to complex systems, resulting in complex phenomena sometimes being
counter-intuitive.

CAN A SYSTEMS APPROACH HELP RADIOBIOLOGY?

W. Morgan

Pacific Northwest National Laboratory, Richland, USA

Improving risk prediction, especially for low doses of ionizing radiation, can be made by linking mechanisms of cellular
and molecular processing of radiation damage to macroscopic processes at the tissue, organ and organism levels.
Traditionally however, radiation research has been a qualitative science in which parts of the process are studied
individually by individual investigators.  Systems biology is enabling a transition from this qualitative science to a
quantitative and ultimately predictive science.  This transition is possible by advances in technology that have created a
wealth of new information revealing the enormous complexity underlying biological processes.  In higher organisms cells
operate in networks to form tissues and organs.  Cells regulate their internal functions through networks of interacting
proteins. The Pacific Northwest National Laboratory’s (PNNL’s) systems radiation biology program focuses on
understanding cellular networks responding to low doses of ionizing radiation.  The program takes advantage of PNNL’s
expertise in this area and the laboratories traditional strengths in mass spectrometry, high-performance computers, and
imaging technologies. It brings together biologists, mathematicians, computational scientists, chemists, physicists and
investigators with expertise in instrumentation and applied technologies.  This presentation will describe the program, its
goals and the research strategy proposed to attain these goals.

NEW EXPERIMENTAL TECHNIQUES FOR RADIATION SYSTEMS BIOLOGY:  THE PACIFIC NORTHWEST NATIONAL
LABORATORY’S INTEGRATED SYSTEMS BIOLOGY EFFORT TO UNDERSTAND CANCER RISKS FROM LOW DOSES OF

IONIZING RADIATION
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F. Cucinotta

NASA, USA

The ATM signal transduction pathway plays a central role in the response of cells to radiation. Because the ATM pathway
has been well studied by experiment, it a good candidate for the development of detailed biophysics models of radiation
effects that include initial DNA and oxidative damage, protein regulation and cellular responses. The ataxia telangiectasia
(AT) disorder is a rate recessive disease where both copies of the ATM gene are mutated, however AT heterozygotes
occur more frequently representing 2 to 5% of the general population.  DNA damage responses do not differ dramatically
between wild type and cells deficient in on copy of the AT gene, however recent studies have shown that AT
heterozygotes display altered transcription responses compared to wild-type cells. We have developed a mathematical
model of the DNA damage response including ATM signal transduction and the phosphorylated form of the histone
variant H2AX, denoted as gammaH2AX, and downstream events including regulation of transcription. We describe a
mathematical approache to integrate DNA damage responses with cellular functions following high and low dose
irradiation, and to investigate gene dosage effects on responses to ionizing radiation. Differences between deterministic
and stochastic models are discussed.

BIOPHYSICS MODEL OF THE ATM SIGNAL TRANSDUCTION PATHWAY

G. Castellani, D. Remondini, I. Zironi, L. Miglioli, C. Sala, L. Turrino, E. Giampieri

Dipartimento di Fisica, Università di Bologna & INFN-Bologna, Italy

We selected, from public databases (Gene Expression Omnibus (GEO), ArrayExpress (EBI) and Stanford Microarray
Database (SMD)) sets of gene expression measurements derived from  experiments of response to ionizing radiations.
Among various experimental designs, we mainly selected those with a time series design in order to identify dynamical
responses of selected genes and reconstruct gene networks by a correlation based method. This method, jointly with
statistical analysis (Analysis of Variance with false discovery rate correction for repeated measurements (FDR)) allows to
identify global variations in large gene expression datasets at different scales and is indicative of co-regulation changes.
To reduce the dimensionality of the problem and introduce a-priori biological knowledge, the correlation  method has
been extended  by mapping the array onto gene pathways and ontologies. Multiscale correlation shows that the changes in
correlation profiles is not only founded at several scales (whole array, gene family and pathways) but it also informative
of significant changes induced by ionizing radiation  response and  allows  pathways synthesis into single funtional forms.
This methodology allowed to observe co-regulation between and within several pathways with precise biological
functions. One of the principal results of our study is the identification of a common set of genes influenced by ionizing
radiation exposure belonging to the family of ion channels.

SYSTEMS BIOLOGY AND DYNAMICS OF IONIZING RADIATION RESPONSE BY
MULTISCALE ANALYSIS OF GENE EXPRESSION MEASUREMENTS
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P. Kundrat, W. Friedland, P. Jacob

Helmholtz Zentrum München, Germany

The removal of transformed cells via induction of apoptosis through intercellular signalling by surrounding cells is
supposed to represent an important control mechanism limiting carcinogenesis (Bauer 2007 Int J Radiat Biol 83: 873).
Low doses of radiation influence the efficiency of this anti-carcinogenesis process (Portess et al 2007 Cancer Res 67:
1246), indicating possible beneficial effects of low doses of radiation mediated by intercellular communication
(‘non-targeted effects’). Multi-scale modelling studies have been started with the aim to quantitatively understand the
signalling system involved and the effects of radiation, and to enable extrapolations from in vivo experiments to
physiologically relevant conditions. The model takes into account (i) triggering of effector function in cells in the vicinity
of transformed cells, (ii) intercellular signalling between effector and transformed cells, modelled using a chemical
kinetics approach and considering cellular release of superoxide, nitric oxide and peroxidase, followed by a complex
cascade of chemical reactions leading to the formation of apoptosis-inducing signals, and (iii) execution of apoptosis in
attacked cells. The model will be reviewed and its results discussed. Conditions for radiation effects on intercellular
induction of apoptosis to be beneficial will be presented. Relevance to physiological conditions will be discussed.

Acknowledgement: Supported by NOTE IP 036465 (FI6R), Euratom, 6th FP of the EC.

MODELLING OF INTERCELLULAR INDUCTION OF APOPTOSIS IN ONCOGENIC
TRANSFORMED CELLS AND RADIATION EFFECTS ON THE PHENOMENON

M. H. Barcellos-Hoff

New York University, NY, USA

DOE Low Dose Program supports research to expand current understanding of normal tissue responses to low doses of
radiation and the development of new mechanistic models that incorporate the radiation biology from cellular and
molecular actions within tissues to the evolution of cancer as a multi-cellular disease. Since its inception in 1999, Low
Dose Program projects have generated more than 600 peer-reviewed publications, 100 of which were published in the last
year. The current focus, which is coordinated with NASA’s program in space radiation, emphasizes experimental research
on radio-adaptive responses, systems genetics of inter-individual variation and low dose and/or low dose-rate effects on
epigenetics, proteomics, the immune system,  and molecular and cellular hallmarks of aging. Ongoing research in the Low
Dose Program promote  systems biology approaches  that hold promise in providing a modeling framework to facilitate
moving new biological paradigms into the regulatory process.

U.S. DEPARTMENT OF ENERGY LOW DOSE PROGRAM
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M. Belli (1), S. Salomaa (2), A. Ottolenghi (3)

1 Istituto Superiore di Sanità and INFN-Roma1-Sanità, Roma, Italy; 2 Radiation and Nuclear Safety Authority. Helsinki,
Finland; 3 University of Pavia and INFN-Section of Pavia, Pavia, Italy

Although there is a wide consensus on the current international radiation protection system, a number of questions still
remain in risk assessment of low and protracted exposures. The importance of research to reduce uncertainties in these
risks is now recognised globally. In Europe a new initiative, called “Multidisciplinary European LOw Dose Initiative”
(MELODI), has been proposed by a "European High Level and Expert Group on low dose risk research" (www.hleg.de),
aimed at integrating national and EC (Euratom) efforts. Five national organisations: BfS (DE), CEA (FR), IRSN (FR), ISS
(IT), STUK (FI), with the support of the EC, have initiated the creation of MELODI by signing a Letter of Intent (LoI). In
the forthcoming years MELODI will integrate in a step by step approach EU institutions with significant programmes in
the field and will be open to other scientific organizations and stakeholders. A key role of MELODI is to develop and
maintain over time a strategic research agenda (SRA) and a roadmap of scientific priorities within a multidisciplinary
approach, and to transfer the results for the radiation protection system. Under the co-ordination of STUK a network have
been proposed in the 2009 Euratom Programme, called DoReMi (Low Dose Research towards Mutidisciplinary
Integration), that can help the integration process within the MELODI platform. DoReMi and the First MELODI Open
Workshop, organized by BfS in September 2009, are now important inputs for the European SRA.

MELODI – THE "MULTIDISCIPLINARY EUROPEAN LOW DOSE INITIATIVE”

Guenther Reitz

German Aerospace Center (DLR), Germany

A task group, "Task Group 67", of the International Committee on Radiological Protection (ICRP) dealing with radiation
protection in space is preparing a report on the "Assessment of radiation exposure of astronauts in space".
Information will be given on the main aims of that report and on the topics which will be included in.

ICRP "TASK GROUP 67" REPORT: RADITION PROTECTION IN SPACE
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A. Ottolenghi (1,2) A. Facoetti (1,2), V. Smyth (1), R. K. Trott (1,3)

1 Nuclear and Theoretical Physics Department, University of Pavia, Via Bassi 6, 27100 Pavia, Italy; 2 INFN Section of
Pavia, Pavia, Italy; 3 Department of Oncology, University College London, UK

The ALLEGRO consortium (www.allegroproject.eu) on “Early and late health risks to normal/healthy tissues from the
use of existing and emerging techniques for radiation therapy” is a  2 year project started in February 2009 funded  by the
European Commission (EURATOM) to address the many aspects of damage to normal healthy tissues that are not yet
well understood in both conventional treatment techniques and emerging techniques such as protons and heavy ions. The
project includes measurement of radiation doses outside the treatment volume and investigation of the accuracy of
methods of dose calculation in this region. The extensive existing databases of radiation treatments and outcomes are used
to investigate models of normal tissue damage and second primary cancer. The measurements and data analysis are
supported by theoretical modelling and surveys to develop the link between radiobiological mechanisms and empirical
normal tissue complication probability (NTCP) models, and to extend conventional models to apply to the emerging
techniques.  Particular attention is given to the risk of second cancers. Indeed criteria and strategies to quantify (and
model) risks for cancer induction by radiotherapy and to optimise treatment plans in radiotherapy to minimise the risk of
second cancers, still need to be established. An overview of the consortium strategy and of the ongoing activities will be
presented, together with the results achieved during the first part of the project.

THE RISKS TO HEALTHY TISSUES FROM THE USE OF EXISTING AND EMERGING
TECHNIQUES FOR RADIATION THERAPY
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2 Kyushu University, Fukuoka, Japan

15th Symposium on Microdosimetry Poster presentations



1 Karolinska Institutet, Sweden; 2 Stockholm University, Sweden; 3 University of Ioannina, Sweden
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East Carolina University, USA
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1 East Carolina University, USA; 2 Kansas State University, USA

Department of Medical Radiation Physics, Oncology-Pathology, Karolinska Institutet and Stockholm University, Sweden
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Gray Institute for Radiation Oncology & Biology, University of Oxford, UK
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1 INFN-Genova, Italy; 2 CNES, France; 3 State Univ. Rio de Janeiro, Brazil; 4 ORNL, USA; 5 Univ. Medical Center Hamburg-Eppendorf, Germany; 6
Hanyang Univ., Korea; 7 Technical Univ. Darmstadt, Germany; 8 Inst. for Radiat. Protection and Dosimetry (IRD), Brazil; 9 PTB, Germany; 10 INFN-
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Viagrande, Catania, Italy; 3 Institute of Radiology and Radiation Oncology, University of Catania, Italy; 4 Istituto
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1 Faculty of Pharmaceutical Sciences, Nagasaki International University, Japan; 2 Faculty of Pharmaceutical Sciences,
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Italy
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1 INFN-LNL, Italy; 2 Padova University, Italy; 3 INFN-Padova, Italy; 4 Physikalisch-Technische Bundesanstalt,
Germany

1 INFN-LNL, Italy; 2 University of Trento, Italy
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(1) Nuclear Science Technology and Development Center, National Tsing Hua University, Hsinchu, Taiwan; 2
Department of Radiation Oncology, Changhua Christian Hospital, Changhua, Taiwan; 3 Department of Radiology,
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15th Symposium on Microdosimetry Poster presentations
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1USNA, USA; 2 Johns Hopkins University, Baltimore, MD, USA; 3 Marshall Space Flight Center, NASA, Huntsville, Al,
USA
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15th Symposium on Microdosimetry Poster presentations
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Clinical Chemistry & Laboratory Diagnostics, Heinrich-Heine-University, Medical School, Düsseldorf, Germany; 3
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