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Abstract. Funded within the European Metrology Research Programme (EMRP) [1], the joint research project
“Biologically weighted quantities in radiotherapy” (BioQuaRT) [2] aims to develop measurement and simulation
techniques for determining the physical properties of ionising particle tracks on different length scales (about 2
nm to 10 μm), and to investigate the correlation of these track structure characteristics with the biological effects
of radiation at the cellular level. Work package 1 develops micro-calorimeter prototypes for the direct
measurement of lineal energy and will characterise their response for different ion beams by experiment and
modelling. Work package 2 develops techniques to measure particle track structure on different length scales in
the nanometre range as well as a measurement device integrating a silicon microdosimeter and a nanodosimeter.
Work package 3 investigates the indirect effects of radiation based on probes for quantifying particular radical
and reactive oxygen species (ROS). Work package 4 focuses on the biological aspects of radiation damage and
will produce data on initial DNA damage and late effects for radiotherapy beams of different qualities. Work
package 5 provides evaluated data sets of DNA cross-sections and develops a multi-scale model to address
microscopic and nanometric track structure properties. The project consortium includes three linked researchers
holding so-called Researcher Excellence Grants, who carry out ancillary investigations such as developing and
benchmarking a new biophysical model for induction of early radiation damage and developing methods for the
translation of quantities derived from particle track structure to clinical applications in ion beam therapy.

1 Introduction
In cancer treatment using ionising radiation
(radiotherapy), dosage is quantified by the absorbed dose
to water expressed in the derived SI unit gray. Several
novel and advantageous radiotherapy modalities like
proton and ion beams require an additional weighting
factor to account for increased tumour cell mortality for a
given absorbed dose (as compared to a high-energy photon
beam). The growing use of radiotherapy modalities whose
biological effect differs from that of conventional highenergy photon beams raises the need to establish a new
dosimetric concept which allows a transparent separation
of the physical processes (dependent on modality) from the
biological ones (independent of modality) in order to
a

ensure consistency of dose prescription across the different
techniques. This will allow for better comparisons and
evaluations of clinical results using different and new
radiation therapies, which in turn are expected to result in
optimised treatment planning through a better
understanding and choice of radiation qualities.
Radiation quality is conventionally characterised by
specifying the energy spectrum of the ionising particles
outside the human body. An alternative characterisation of
radiation quality for charged particles is the linear energy
transfer (LET), i.e. the average energy loss of the particle
per path length [1]. While already accounting for the
interaction of the radiation within the human body, LET
has the same shortcoming as absorbed dose, namely that it
is an average value. More precisely, both quantities are
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expectation values of statistical distributions originating
from the stochastic nature of radiation interaction which is
governed by the so-called track structure.
For a single ionising particle, the track is the entirety of
all loci of interactions, the types of interactions and related
and energy transfers occurring at these points and the
induced chemical consequences of the radiation
interaction such as bond breaks in biomolecules (e.g. the
DNA) or water molecules. The latter effect, water
radiolysis, leads to the formation of radicals that, in turn,
can react with biomolecules to produce the so-called
indirect damage (as opposed to direct damage induced by
the direct interaction of ionising particles with
biomolecules) [4].
The physical part of the aforementioned radiation
weighting factors accounting for the different biological
effectiveness of different radiation qualities is determined
by the microscopic details of the particle track structure.
Microdosimetry [5] and nanodosimetry [6,7] have been
developed to quantify the properties of the physical part of
track structure in terms of stochastic microscopic
quantities related to the transfer of energy to cells in tissue
and the ionisation in chromosomes or DNA. For instance,
one such quantity in microdosimetry is the lineal energy,
defined as the ratio of the energy imparted to a particular
micrometric target and the mean chord length of a passing
particle track within the target volume. For nanometric
targets, on the other hand, applying a mean energy required
for producing an electron-ion pair for converting
ionisation to energy is no longer possible. Hence, in
nanodosimetry quantities like the ionisation cluster size
are used, defined as the number of ionisations produced
within a nanometric target by a particular track.
In both, micro- and nanodosimetry, distinct radiation
qualities differ in the probability distributions that are
obtained for respective stochastic quantities when
measuring track structure. However, neither of these two
microscopic dosimetry methods on its own entirely can
describe the biological effects as function of the
distribution of energy or ionisation depositions. In
addition, present day microdosimeters and nanodosimeters
measure ionisation in gases or semiconductors that are not
necessarily representative of the energy deposition and
ionisation in tissue.

2 The BioQuaRT project
Given the complexity of the initiation and occurrence
of biological processes on various scales which depend on
both ionisation and non-ionisation events, a multi-scale
approach is therefore needed to lay the foundation for new
physical quantities relating track structure to relative
biological effectiveness in proton and ion beam therapy.
Realising this approach is the purpose of the joint research
project BioQuaRT (Biologically Weighted Quantities in
Radiotherapy) which started in June 2012 and runs for
three years.
Within BioQuaRT measurement and simulation
techniques for determining the physical properties of
ionising particle track structure on different length scales
from about 2 nm (diameter of DNA double helix) to about

10 μm (diameter of cell nucleus) are developed to allow a
multi-scale characterisation of the radiation qualities used
in ion beam therapy. A comprehensive multi-scale
simulation tool is being developed that will include data
for radiation interaction cross sections with DNA and the
production rates of radical species, where both kind of data
are experimentally determined within the project.
Furthermore, it will be investigated at the cellular level
how these track structure characteristics correlate with the
biological effects of radiation such as to benchmark an
extension of the multi-scale simulation predicting
biological consequences of track structure.
The project draws upon the metrological expertise of
several European National Metrology Institutes (NMIs)
and Designated Institutes (DIs, according to the rules of
the mutual recognition arrangement, MRA), which
maintain leading-edge expertise in micro-calorimetry,
nanodosimetry, chemical probes, and Monte Carlo track
structure codes as well as in radiobiology (biological
experiments needed to validate some predictions of the
physical models). The project consortium is reinforced by
so-called Researcher Excellence Grants (REGs) that have
been awarded to three researchers at institutes outside the
NMI/DI community. In addition, the project benefits from
interaction with 13 associated collaborators [2].

3 Status of the individual work packages
3.1 Microdosimetry
Energy deposition at the micrometre scale determines both
direct and indirect radiation damage which occurs by
reactions of the DNA with radical species formed by water
radiolysis. Traditional microdosimeters like tissueequivalent proportional counters (TEPCs) and silicon
devices primarily measure ionisation distributions. These
are then converted to imparted-energy based
microdosimetric quantities by multiplication with the
mean energy required to produce an electron-ion pair.
However this proportionality factor between ionisation
and energy distributions depends on the particle kind and
its energy. Therefore, when considering only a single
constant factor, the conversion from ionisation to energy
distribution is subject to a significant systematic
uncertainty in mixed-radiation fields.
Further systematic uncertainties are linked to the fact
that proportional counters measure ionisation in a (tissue
equivalent) gas whereas the radiation interaction in
biological systems occurs in the condensed phase. On the
other hand, silicon microdosimeters measure ionisation in
the condensed phase, but in a material that is not tissue
equivalent. To determine the required corrections for
condensed phase effects or tissue non-equivalence, a
micro-calorimeter with carbon absorber is developed that
will allow the direct measurement of lineal energy in tissue
equivalent material.
The micro-calorimeter under development [8, 9] is
based on the technology of an Inductive Superconductive
Transition Edge Detector (ISTED) [10]. The detector is
based on the principle of a DC Superconducting QUantum
Interference Device (SQUID) and consists of a
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superconducting loop, interrupted by two micro-bridge
junctions, around a mixed superconducting and tissueequivalent absorber. This detector is extremely sensitive to
changes in magnetic field, via the SQUID, with the
radiation absorbing element located within the loop.
Energy imparted to the absorber causes Cooper pairs in
the superconductor to break resulting in a change in
inductance which can be measured by the SQUID loop.
Since the binding energy of the Cooper pairs is of a few
meV the detector has the potential to be up to 1000 times
more sensitive than a semi-conductor detector and 10000
times more sensitive than a tissue-equivalent proportional
counter (TEPC).

will play an essential role in deriving microdosimetric
spectra from the measured signal distributions. For the
heat transfer simulations finite element calculations using
Comsol Multiphysics software were executed to
characterise the temperature equilibration within the
absorber and heat losses to the silicon substrate [11].
To validate the operation of the micro-calorimeters
and, in the future, to investigate the assumption made in
ionisation-based microdosimeters that there is a
proportionality between ionisation and energy deposition,
comparisons will be performed with a silicon-microtelescope [12,13] and a mini-TEPC [14] that both have
been tested extensively in proton beams [15, 16].
3.2 Nanodosimetry

Figure 1. Top: electron micrograph of one of the prototype
devices showing the SQUID loop and the absorber (about 15 μm
diameter) deposited in the centre. Bottom: current-voltage
characteristic for one of the prototype SQUIDS before and after
irradiation. (Figures reproduced from reference [9]).

A number of prototype detectors with absorber
diameters between 5 and 25 ȝm has been produced (an
example is shown in figure 1) and electronically
characterised and a preliminary radiation experiment was
performed to test their radiation hardness. As an example,
figure 1 shows the current-voltage characteristics of one of
the SQUIDs before and after irradiation. A shift in the
temperature observed to obtain the same characteristic was
explained as a change in heat sinking of the cables rather
than a physical change of the device [9].
Apart from the prototype production and electronic
testing of these micro-calorimeters, work performed so far
has involved Monte Carlo particle transport simulations
and heat transfer simulations. The former is performed
using Geant4 to aid the design of the prototypes [9] and

In nanodosimetry, the ionisation component of the particle
track structure is characterised by the relative frequency
distribution of the ionisation cluster size. Ionisation cluster
size thereby means the number Ȟ of ionisations generated
in a target volume by a primary particle and its secondary
electrons. To date, three types of nanodosimeter have been
developed that measure frequency distribution of
ionisation cluster size in a gas, where the respective target
volumes correspond to different sizes of nanometric
targets in biological matter. The Jet Counter at NCBJ
detects positive ions produced by primary particles passing
centrally through a pulse of nitrogen gas simulating
biological target sizes of about 2 nm and 20 nm by
adjusting the density of molecules [17, 18]. The StarTrack
Counter at INFN detects electrons generated in a sensitive
volume of propane equivalent to a 20 nm biological target
intersected by the primary particle track at a defined
distance from the target centre [19, 20]. The PTB Ion
Counter also detects positive ions produced in a gas target
corresponding to a target of about 2 nm in diameter [21,
22].
The equivalence of the ionisation cluster size
distribution measured in these devices and the
corresponding nanometric targets in condensed matter,
such as liquid water or biological tissue, is based on a
density scaling approach, whose validity is supported by
Monte Carlo simulations [23] and experimental
investigations [22].
Within the BioQuaRT project, measurements are
carried out in which two of the nanodosimeters are used to
measure the same radiation quality of carbon ions as
provided by the ion accelerator facilities of Warsaw
University Heavy Ion Laboratory (HIL, Poland) [24] and
of the National Nuclear Physics Institute Laboratories at
Legnaro (LNL, Italy). To this end, the Jet counter has been
modified and relocated to HIL, and the PTB Ion Counter
has been significantly modified to make it transportable for
operation at HIL, LNL and PTB. In addition, the detection
scheme of the PTB Ion Counter has been redesigned to
allow the use of alternative detectors for the primary
particles. Using a new position sensitive primary particle
detector, arbitrary beam conditions can now be simulated
(see Figure 2).
A total of four measurement campaigns have already
been conducted for comparing the PTB Ion counter with
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the other nanodosimeters by measuring the same radiation
qualities of carbon beams [25, 26]. The purpose of these
comparisons is to investigate the correlation between
nanodosimetric distributions of ionisation cluster size for
different simulated target size as well as different impact
parameter of the particle track with respect to the target
volume. Furthermore, the Jet Counter’s unique capability
of recording ionisation cluster size distributions created by
electrons has been pushed toward the nanodosimetric
characterisation of delta electrons by measuring ionisation
cluster size distributions produced by the Auger emitting
nuclide 125I [27].
A further goal of the nanodosimetry work package is a
prototype experimental multi-scale characterisation of the
track structure for the ion beams that are used in the
radiobiological studies in work package 4. For this goal,
the usability of a silicon micro-telescope [13] for primary
particle detection allowing simultaneous measurement of
lineal energy and ionisation cluster size has been
demonstrated. Furthermore, the possibility to measure
with gas mixtures simulation DNA material composition
has also been successfully tested.
3.3 Indirect Effects
Indirect damage to DNA caused by ionising radiation is
the result of the radiolysis of water and a complex
subsequent chain of chemical and biochemical reactions
[4, 28]. The vast literature of radiation chemical yield of
biologically significant reactive species in aqueous
environments has been reviewed and a data base has been
produced that will be made accessible through the
BioQuaRT web site [2]. Particular focus lay on the effect
of radiation type and energy on the relative amounts and
spatial distribution of different species produced with the
goal of identifying specific probes and techniques best
suited to determine the relative amounts and distributions
of species produced and to relate these quantitatively to
biological effectiveness.
Further work directed at investigating options for
characterising the spatial distribution of biologically
significant reactive species in aqueous environments has
been started selecting coumarin as the initial probe. This
was chosen because of the known specific reaction of
coumarin-3-carboxylic acid with OH radicals to form a
stable fluorescent product, which can be detected with
high sensitivity. Feasibility of direct imaging methods and
characterisation by magnetic resonance techniques (EPR,
NMR), that characterise the environment surrounding
radiation induced species [29], will be theoretically
evaluated and a test system will be developed based on a
selected method.

Figure 2. Broad beam ionisation cluster size distributions
measured with the PTB Ion Counter nanodosimeter for two
radiation qualities of carbon ions. Inset: Ionisation cluster size
distributions for 45 MeV carbon ions and different distance d (in
multiples of the target diameter D). (reproduced from [24]).

3.4 Radiobiology
In this work package, biological experiments on cultured
cells are conducted based on a known number of particle
tracks (traversing the cell or the cell nucleus) to provide a
set of biological data to use as benchmarks for the
predictions of the multi-scale model that is developed in
WP5.
These biological data comprise three different
biological endpoints: First, the formation of Ȗ-H2AX foci
[29], which occur within minutes at loci of (initial) DNA
double strand breaks (DSBs) and disappear when these
DSBs are removed. The other two endpoints are the
induction of micronuclei [31] and of dicentric
chromosomes (see for example a recent review by
Rothkamm et. al. [32]). These two biological endpoints
can be observed as a consequence of the partial failure of
the cell to repair the initial DNA damage induced by the
irradiation.
Measurements performed so far used the PTB ion
microbeam where accelerated protons and He ions are
available over a large range of linear energy transfers
(LET). Working protocols for the irradiation of human cell
types, Human Umbilical Vein Endothelial Cells
(HUVECs) and Normal Human adult dermal Fibroblasts
(NHDF), and the subsequent measurement of Ȗ-H2AX foci
have been established, as well as working protocols to
quantify dicentric chromosomes and micronuclei in
Chinese Hamster Ovary (CHO) cells. Irradiations with
protons accelerated to an energy of 3 MeV and 10 MeV,
and alpha particles of 8 MeV and 20 MeV were conducted,
featuring linear energy transfers (LET) of 18 keV/μm, 5
keV/μm, 160 keV/μm and 37 keV/μm, respectively.
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Figure 3. Micrograph of human fibroblasts. The nucleus of each
cell (stained in blue) was targeted by five 20 MeV alpha particles.
After the irradiation, biological assays were performed to detect
induced DNA double strand breaks through the Ȗ-H2AX foci
(bright spots).

Earlier irradiation runs conducted during the first part
of the project have been tailored to the set-up of all the
biological assays at the PTB ion microbeam, particularly
those to measure “late” effects of ionising radiation, that is
those effects that become apparent after cells have
attempted, and possibly failed, to restore the correct
genomic integrity after the radiation insult (micronuclei
and dicentric chromosomes among them). While typical
microbeam irradiations for “early effects experiments”,
such as those for measurement of Ȗ-H2AX foci, involve
relatively small number of viable cells, “late effects”
assays necessitate a relatively large number of viable cells
and this has required a series of experiments to make the
experimental work sustainable.
Results from all biological experiments conducted at
the PTB ion microbeam will be presented in future,
dedicated reports.
3.5 Multi-scale model
Work package 5 is intended to assemble different results
of the already presented work packages in a global model
that allows predicting the biological damage to cells
depending on the radiation quality.
From a practical point of view, the deliverable of this
work package is a software code that can be used to
simulate ionising radiation interaction with biological
matter at cellular (micrometric) and subcellular
(nanometric) scale. This multi-scale code should give the
relevant information on the energy deposition at both
scales in the target geometry that allows characterising,
differentiating and predicting the biological effects of the
different radiation qualities starting from the physical
irradiation parameters.
The simulation of the initial interactions (physical
stage) between the ionising radiation and the biological
target is performed using Monte Carlo simulation
techniques. This method requires interaction crosssections between the projectile and the target material. The
first task in work package 5 provides evaluated data sets of

cross-sections for the interaction of charged particles with
ingredients of the DNA that are obtained at PTB [33, 34]
to be used in the Monte Carlo codes. The cross sections for
electron scattering on some of the DNA constituents have
already been implemented into the PTB track structure
code PTra. Simulations based on this augmented code
indicate that using only cross section of water in track
structure simulations may lead to an underestimation of
radiation damage to the DNA (see Figure 4).
While the determination of a comprehensive cross
section data set for radiation interaction with all DNA
constituents for all particles of interest is still in progress,
calculations have already been performed, using liquid
water cross-sections, in order to study and determine the
parameters allowing the correlation of the energy
deposition at micrometric and nanometric scale depending
on the radiation quality. The Monte Carlo code Geant4DNA [35], was used to simulate proton, alpha particle and
carbon ion tracks to obtain the microdosimetric and
nanodosimetric distributions characterising the track
structure for a large range of linear energy transfers.
Besides the conventional homogeneous micrometric target
also a more realistic geometrical model representing the
chromatin structure of the DNA was used [36].

Figure 4. Simulation results for the mean number of ionisations
produced by monoenergetic electrons in a cylindrical target
volume having the size of one convolution of the DNA double
helix. The target volume was surrounded by liquid water and
filled with liquid water (blue symbols) and a mixture of DNA
constituents (red symbols) at unit density, respectively.

A first attempt was made to correlate microdosimetric
distributions and nanometric clusters of ionisation or
energy deposits which can be understood in terms of the
secondary electron spectra for the different radiation
qualities [37]. The results obtained using liquid water
material will be consolidated by using the augmented
Monte Carlo codes with the experimental DNA crosssections and the DNA target structure. Results of work
package 2 will contribute to this validation by giving
information about the microdosimetric spectra of the
radiations in coincidence with the ionisation clusters size
produced at nanometric scale.
The simulation of both, the physical and the chemical
stage of the irradiation are needed in the model in order to
account for total (direct and indirect) early effects on
DNA. Starting from the simulation of the chemical stage
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available in the Geant4-DNA package, results on the
spatial distribution of radiation-induced radicals obtained
in work package 3 will be included to improve this model.
All the aforementioned data and simulation tools are
used in this work package to simulate (at nanometric scale)
the microbeam irradiations being performed in work
package 4. The initial objective is to identify and
determine the parameters in the simulation that are
significant for a correlation to the experimental Ȗ-H2AX
results. The outcome of these early radiation-induced
damages in terms of late effects will enable the realisation
of a software tool for the prediction of the biological
consequences of charged particle irradiation.

3 Researcher Grants
As mentioned before, three so-called Researcher
Excellence Grants (REGs) are linked to the joint research
project. One of these REGs is directly integrated into
BioQuaRT while the other two address issues that go
beyond the scope of this project.
The research activities of the first REG are part of
BioQuaRT work packages 1 and 2, i.e. microdosimetric
and nanodosimetric characterisation of proton and carbon
ion beams, for which the researcher inter alia designed a
setup for joint measurements with micro-calorimeters,
mini-TEPC and Si-based microdosimeters in high-energy
ion beams with adjustable positions along the depth-dose
curve of a Bragg peak.

The second REG, awarded to the university hospital
MRI of Technical University Munich, started in June 2013
and develops methods which allow a translation of novel
dosimetric quantities derived from particle track structure
to clinical applications in ion beam therapy.
The third REG researcher works at Lisbon Technical
University institute IST-ID. Started in November 2013, the
research develops and experimentally benchmarks a new
biophysical model for induction of early radiation damage
and resulting cell killing.
In addition to the REGs, an early stage researcher
mobility grant has been awarded to a PhD student from the
Belgium nuclear research institute SCK.CEN for extended
research stays with INFN at Legnaro to investigate means
for optimising the response of mini tissue-equivalent
proportional counters in therapeutic proton and carbon ion
beams.

4 Dissemination
A project web site has been established to inform
interested stakeholders on the progress of this joint effort
towards realising a comprehensive and systematic
investigation of the links between the physical distribution
of ionisation and the biological effects of ion beam
radiation qualities [2].
In addition, the project organises three stakeholder
dissemination workshops. The first one was held as a
satellite workshop of the 12th Neutron and Ion Dosimetry
Symposium (NEUDOS-12) on 7 June 2013 in Aix-enProvence, France. The programme included presentations
on the five work packages as well as from the MITRA
project [31] and the Marie Curie Action ARDENT [39].
All presentations have been posted on the BioQuaRT web
site [40].
The second workshop will take place at the Austrian
ion beam therapy facility MedAustron on 7-9 May 2014
[41]. The final dissemination workshop is planned to be
incorporated into the 34th meeting of the European Society
for Therapeutic Radiology and Oncology (ESTRO 34) in
spring 2015 [42].
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