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Abstract. The BioQuaRT project within the European Metrology Research Programme aims at correlating
ion track structure characteristics with the biological effects of radiation and develops measurement and
simulation techniques for determining ion track structure on different length scales from about 2 nm
to about 10 pm. Within this framework, we investigate methods to translate track-structure quantities
derived on a nanometre scale to macroscopic dimensions. Input data sets were generated by simulations
of ion tracks of protons and carbon ions in liquid water using the Geant 4 Monte Carlo toolkit with
the Geant4-DNA processes. Based on the energy transfer points — recorded with nanometre resolution —
we investigated parametrisations of overall properties of ion track structure. Three different track structure
parametrisations have been developed using the distances to the 10 next neighbouring ionisations, the radial
energy distribution and ionisation cluster size distributions. These parametrisations of nanometric track
structure build a basis for deriving biologically relevant mean values which are essential in the clinical
situation where each voxel is exposed to a mixed radiation field.

1 Introduction

High energy ion beams are progressively used for the treat-
ment of cancer patients, as the tumor can be targeted
with higher accuracy and organs at risk can be spared
more effectively compared to conventional photon ther-
apy [1]. However it is still a current topic of interest to
find a reliable way to estimate the biological effectiveness
of ion beams. Benefiting from a multi-scale approach, the
BioQuaRT! project [2,3] aims at creating a new dosimet-
ric quantity to define the local radiation quality, which
strongly influences the biological response. In the long run,
this quantity should be integrated into clinical treatment
planning systems which simulate and optimise the treat-
ment for each individual patient. Within this framework
we studied the spatial distribution of energy depositions
on the nanometer scale. Several descriptors of the spatial
structure of energy depositions can be defined and are can-
didates for the new dosimetric quantity mentioned above.
With regard to a future clinical use of nanometric track
structure properties in clinical applications it is impor-
tant to develop methods that enable a fast calculation of
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the track structure properties describing the relevant fea-
tures of the spatial distribution. We therefore present here
three parametrisations which can be used to extract track
structure properties for each desired energy in a clinical
energy range without the need to perform a full nanomet-
ric Monte Carlo simulation for each patient.

These parametrisations may be useful for treatment
planning, where the three-dimensional patient geometry
is represented by voxels with a size of ~1 mm?. These
voxels are exposed to a mixed radiation field where sev-
eral particle types with different energies hit a voxel from
different directions. The methods presented in this paper
can be the basis for the development of a data base of
parametrisations that enables a fast computation of the
relevant track structure parameters for different particle
types and energies present in a mixed radiation field. This
is crucial as treatment planning typically involves the eval-
uation of various possible treatment plans, and it would
not be feasible to perform a full track structure simula-
tion with nanometre resolution for each particle type and
energy present in each voxel.

2 Monte Carlo simulations of track structure
with nanometre resolution

The underlying data have been produced using the Geant4
Monte Carlo toolkit [4] (version 9.6) and, in particular,
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the Geant4-DNA processes [5,6] that are included in the
Low Energy Package. The models in Geant4-DNA allow
simulating the transport in liquid water of electrons, pro-
tons, helium particles and heavier ions like carbon ions.
The simulated processes are ionisation, excitation and
charge change for protons and helium particles and also
include elastic scattering, vibrational excitation and at-
tachment for electrons down to the electron volt scale.
For other ions, as carbon, the energy loss is mainly due to
the ionisation process. In Geant4-DNA the corresponding
cross-sections were calculated from the ones of protons us-
ing an speed scaling procedure. The energy loss through
charge exchange is not explicitly taken into account but,
the use of an effective charge of the ion takes into account
the screening effect of the shell electrons of the incident
particle depending on the ion speed and the media. Thus,
using this approximation, we believe that the simulation
for carbon ions is accurate enough for the methodologi-
cal approach presented in this paper. The Geant4-DNA
processes are simulated in a step-by-step basis (not con-
dense history approximation) and the low energy cut for
the electron transport allows simulating the energy depo-
sition with nanometric resolution, that is what is currently
known as a track structure simulation. In particular, a cut
of 7.4 eV for the electron transport was used in this work
(validity limit for the elastic scattering). For more details,
the reader is referred to reference [6]2.

For the calculations performed in this work, tracks of
protons and carbon ions were simulated within a homo-
geneous liquid water cube of 20 pm side length. The pri-
mary particles started in the centre of the volume at point
(0,0,0) and travelled 10 pm along the z-direction.

For each track, the position with respect to the cen-
tre of the cubic volume and the amount of deposited en-
ergy was recorded for each individual ionisation of a water
molecule. Those ionisations could be produced either by
the projectile or by a secondary electron. The different
energy deposits correspond to the five different ionisation
shells of the water molecule used in the code: 10.79 eV,
13.39 eV, 16.05 eV, 32.3 eV for the four valence levels and
539 eV corresponding to the K-shell of the oxygen atom.

Simulations were performed for initially mono-
energetic protons or carbon ions in a clinical relevant en-
ergy range: protons of energies 1 MeV, 3 MeV, 5 MeV,
10 MeV, 25 MeV, 50 MeV and 100 MeV and carbon ions
of energies per nucleon of 10 MeV, 40 MeV, 70 MeV,
100 MeV, 175 MeV, 250 MeV, 325 MeV and 400 MeV
were used. In a second step we cut a track segment of
1 pm length out of the full track starting 1 gm behind the
point where the simulation was started. We found that
this procedure ensures that the considered track segment
also contains energy depositions by secondary electrons
created further upstream. The energy loss of the primary
particles along the first 2 pum path length remains be-
low 6% of their initial energy for the energies and par-
ticles simulated, so that we can consider a constant en-
ergy for the projectile. Between 100 and 500 tracks per

2 Geant4 DNA, www.geant4-dna.org. (Accessed: 2015-03-
24))

Eur. Phys. J. D (2015) 69: 216

energy were simulated which lead to at least 13000 en-
ergy transfer points within the considered track segment
for the higher proton energies (50 MeV and 100 MeV) and
a significantly higher number for all other radiation quan-
tities. These tracks are the basis for the evaluations in
the following sections. Indeed, for the analysis leading to
the parametrisations, we used the position of the energy
transfer point and the amount of energy deposited for all
ionising interactions occurring in the simulated tracks.

3 Track structure parametrisations

We present three track structure parametrisations. The
K-next neighbours parametrisation links the energy of the
projectile to the ionisation pattern of the track using the
distances to the 10 next neighbouring ionisations. A sim-
ilar method to characterize track structure was already
presented by reference [7]. The radial dose distribution is
exploited for the second parametrisation which gives the
amount of energy respectively dose which is delivered at
a certain distance from the track core depending on the
energy of the incident projectile. The third model concen-
trates on ionisation cluster size distributions and is based
on the fact that a higher number of ionisations in a small
volume results in a higher number of lesions on the DNA
and an increased yield of double strand breaks [8,9].

3.1 K-next neighbours

For the K-next neighbours parametrisation we made use of
the Statistics Toolbox provided by MATLAB (The Math-
Works, Inc.?) to characterise the ionisation patterns of the
tracks by calculating the distances between K-next neigh-
bours. Figure 1 gives the average euclidean distances from
one energy transfer point to the next ten neighbouring
transfer points for proton energies as indicated in the fig-
ure legend. In Figure 2 the same is shown for carbon ions.
We calculated the distances to the next ten neighbouring
ionisations for each ionisation point in all available tracks
for the respective energy. Data was then divided into ten
subgroups and we took the arithmetic mean value of the
arithmetic mean values from each subgroup. The corre-
sponding error is then given by the standard deviation
of the mean values from the subgroups. Considering the
average distances up to the tenth next neighbour of an
ionisation ensures that the result is not dominated by the
densely spaced ionisations in the track core. As one can
see in Figures 1 and 2 the average distances to the next
neighbours increase linearly with increasing order of the
neighbour.

Therefore a linear function was fitted to the distances
as a function of the neighbour:

d=d0+S(E)-K

where d is the distance and K the order of the neighbour.
Data for each primary particle type and energy was fitted

3 www.mathworks.com
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Fig. 1. Distances between K-next neighbour ionisation points
for protons. Distances were determined for each ionisation in
all available tracks for the particular energy. The results were
then divided into ten subgroups. Each value shown is an av-
erage over the mean values from the 10 subgroups with the
corresponding standard deviation. The lines are the linear fits
to the data points.
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Fig. 2. Distances between K-next neighbour ionisation points
for carbon ions. Distances were determined for each ionisation
in all available tracks for the particular energy. The results
were then divided into ten subgroups. Each value shown is an
average over the mean values from the 10 subgroups with the
corresponding standard deviation. The lines are the linear fits
to the data points.

using equal weights for the data points. Figure 3 shows
the obtained energy-dependent slope s for protons plotted
versus the energy of the incident projectile. Apparently
the slope s and energy E follow a linear relationship as
well:

s(E)=cE+ s

with

nm

MeV’

and so = (0.32 £ 0.19) nm with 95% confidence inter-
val. For carbon ions the situation is slightly different. The
slope increases with increasing projectile energy as well,
but the relationship is best described by a power function

(see Fig. 4):
E\"
s(B) = <MeV> ’

;= (0.18 £ 0.02)
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Fig. 3. The slope of the linear fits to the relation between
order of neighbours and distances for all available proton ener-
gies. Errorbars show the 95% confidence intervals of the slope
resulting from the linear regression. The solid line is the fit
curve from a linear regression to the data points.
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Fig. 4. The slope of the linear fits to the relation between
order of neighbours and distances for all available carbon ion
energies. Errorbars representing the 95% confidence intervals
from the fits in Figure 2 are located within the marker symbol.
The relation between energy of the incident projectile and the
slope of the fit is best described by a power law.

with a; = (0.21 £ 0.07) nm and b; = (0.35 £ 0.05). The
comparison of the parametrisations for protons and car-
bon ions shows that the increase of the slopes for carbon
ions is less steep with increasing energy. This is due to the
fact that carbon ions tend to have more branches with
close ionisations (independent from the track core) to-
wards lower energies. Protons tend to produce ionisations
that are more homogeneously distributed, which leads to
a linear increase of the slope with energy.

3.2 Radial dose distribution

The second model describes the relation between the en-
ergy of the projectile and the amount of energy or dose
which is delivered at a certain distance from the track
core.

In the analysis, for each simulated track ionisation en-
ergies were summed up in concentric rings around the pri-
mary particle trajectory. The cylinder rings had a radial
spacing of one nanometre. To obtain the absorbed dose,
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Fig. 5. Absorbed dose as a function of the distance to the
track core for protons with an incident energy of 1 MeV. The
result shown is averaged over 100 tracks. The spacing in the
distance is 1 nm.

the summed energy was divided by the product of water
density, the area of the respective concentric ring and the
length of the tracks. The following results were obtained
by averaging over all available tracks.

Figure 5 shows the dose distribution in the track of
1 MeV protons. The results agree with those from [10]
who also analysed radial dose distributions using data pro-
duced with Geant4-DNA. In our analysis, the logarithm
of the distance and the logarithm of the dose show a lin-
ear behaviour up to a distance of approximately 30 nm for
protons and approximately 150 nm for carbon ions. This
observation suggests that the relation of absorbed dose
and radial distance from the track core is described by a
power function.

Therefore we fitted the logarithm of our absorbed dose
data as a function of the logarithm of the radial distance
by polynomials of degree one for all available energies for
protons and carbon ions. An example is shown in Figure 6
for 3 MeV protons. The data points marked in red were
excluded for the analysis. For larger distances this can
be done without losing important information as the ab-
sorbed dose in these regions is relatively low and the aim
of this parametrisation is to characterise the basic prop-
erties of the track structure. The first data point at 1 nm
(representing all ionisations with » < 1 nm) was also ex-
cluded as it includes the projectile ionisations which can
be easily reconstructed from the mean free path. Finally
the absorbed dose D depending on the radial distance
from the track core r can be calculated with the following
power law:

r

b
D(r):a2< >2><1Gy.
The data fitting was performed in two steps. In the first
step, both parameters as and by were varied. From this
first step, the mean value of the parameter b, was found
to be —2.35 which is close to the well-known quadratic
decrease of dose with distance [11]. The standard devia-
tion of the different by values was 0.1. Therefore, in the
second step of the fitting, b was fixed at —2.35 and only
parameter as was allowed to vary.

nm
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Fig. 6. Logarithm of the absorbed dose for protons with an
incident energy of 3 MeV as a function of the distance to the
track core. The blue line is the linear fit for data points in
black. The data points marked with red crosses were excluded
for the fit.
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Fig. 7. Energy of the incident particle divided by the square
of its charge number versus the fit parameter a. The error-
bars represent the 95% confidence level of the fit to the loga-
rithm of the absorbed dose. Data points for protons are rep-
resented by squares, carbon ions by circles. The blue line
corresponds to the best-fit model curve a2(E) = kgz with
k =1.83 x 10° MeV.

In the final data fitting, the parameter which varies
with particle energy and particle type is as. The squares
in Figure 7 show the data obtained for the factor as for
protons of different energy while the circles show the val-
ues obtained for carbon ions. The z-axis of Figure 7 is
the energy of the incident projectile divided by the square
of its charge number. The data of both types of particles
seem to follow the same relationship. The best fit could
be achieved with the following hyperbolic function:

kZ?
a (E) = E 5
with k& = (1.83 & 0.05) x 10° MeV with 95% confidence
interval. Using this formula the basic properties of the
radial dose distribution can be calculated for protons and
carbon ions for each desired energy in the clinical energy
range.


http://www.epj.org

Eur. Phys. J. D (2015) 69: 216

10 T T
-1
10 1
>
o
=
S .-
o 10 E
2 -o-1 MeV
oy -®-3 MeV
2 4 -5 MeV
S10F  |-m-10Mev
= —A-25 MeV
-A-50 MeV
10‘4- -¥-100 MeV

lonisation cluster size

Fig. 8. lonisation cluster size distributions of protons of differ-
ent energies. On the z-axis the ionisation cluster size is shown
while the y-axis gives the corresponding relative frequency. The
probabilities for large cluster sizes are significantly higher for
the 1 MeV protons and decrease with increasing energy of the
incident proton.

3.3 lonisation cluster size distributions

The third model deals with ionisation cluster size distribu-
tions which describe the probabilities for ionisation clus-
ters of a particular size to occur [12-16]. It is generally
accepted that damage on subcellular structures — in par-
ticular the DNA — caused by ionisations or excitations
is pivotal regarding the occurence of radiobiological ef-
fects [17,18]. Statistical parameters of ionisation cluster
size distributions [19] can be used to correlate the spa-
tial distribution of energy depositions with biological ef-
fects. Ionisation cluster size distributions were calculated
for all available energies for protons and carbon ions by
scoring the number of ionisations inside cylindrical tar-
get volumes. The size of the cylinders was chosen so that
the volume resembles the geometry of a DNA segment
which is a common practice in nanodosimetry [9,20,21].
The cylinders for this work have a height of 3.4 nm and
a diameter of 2.3 nm. 10 million cylinders per track were
placed at randomly distributed sites within a cuboid which
was determined by the outermost ionisations. A margin of
10 nm was added around this cuboid in order to avoid ef-
fects caused at the edge of the volume. The orientation
of the cylinders was randomly chosen and cylinders could
overlap. By counting the number of ionisations in each
cylinder where an ionisation occured the conditional ioni-
sation cluster size distributions could be determined. The
relative frequency for each cluster size is shown for clusters
up to a size of 10 in Figures 8 and 9. These frequencies
are estimators for the conditional probability to obtain a
particular ionisation cluster size given that at least an ion-
isation occurs. As can be seen the relative frequencies for
cluster sizes are decreasing with increasing energy of the
incident projectile.

Comparing the distributions for protons with those for
carbon ions reveals that for the 10 MeV /u carbon ions the
relative probabilities for cluster sizes between 2 and 10 do
not decrease linearily in the semi-logarithmic representa-
tion as do the other distributions. The relative frequency
for clusters sizes between 2 and 6 is equal and even lower
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Fig. 9. lonisation cluster size distributions for carbon ions of
different energy per nucleon. On the z-axis the ionisation clus-
ter size is shown while the y-axis gives the corresponding rela-
tive frequency. As for protons, carbon ions with lower energies
show significantly higher frequencies for large cluster sizes.

compared to carbon ions with higher energies. The fre-
quency for extremely large cluster sizes of seven ionisa-
tions or more in one cylinder is significantly higher. This
might explain the enhanced biological effectiveness in tu-
mor cell killing of carbon ions of energies close to the Bragg
peak to some extent.

In order to gain an energy-dependent parametrisa-
tion of these distributions we calculated the first mo-
ment M;(Q) of the relative frequency distribution P(v|Q)
where @ is the radiation quality and v the cluster size. The
mean ionisation cluster size can be calculated by summing
up the products of the cluster size v and the corresponding
probability:

M(Q) = vP(|Q).

We calculated the mean ionisation cluster size for each
projectile energy from the particular ionisation cluster size
distributions and plotted M; as a function of the primary
particle energy. The result for protons is shown in Fig-
ure 10. M; is decreasing with increasing energy. The same
is shown for carbon ions in Figure 11. Both data sets
can be fitted with a modified power law consisting of two
terms:

b3
Ml(E):ag <Me\/> + c3.

For protons the fit results in a3 = 0.67 £ 0.04, by =
—0.58 £ 0.08 and ¢3 = 1.32 4= 0.04 while for carbon ions
the parameters of the best fit are a3 = 3.64 £ 1.77,
bs = —0.13+£0.13 and c¢3 = —0.15 + 2.14 with 95% confi-
dence intervals. The blue lines in Figures 10 and 11 show
the fit curves.

This parametrisation is able to predict the mean ion-
isation cluster size just from knowing the energy of the
projectile. The same works for other properties of the dis-
tribution as well, for example the cumulative probability
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Fig. 10. Mean cluster size M; plotted against the energy of
the incident proton. The blue line shows the best fit curve

b
£ ) 3 4+ ¢3 where

for a power function with two terms: as (McV

as = 0.67, bs = —0.58 and c3 = 1.32.
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Fig. 11. Mean ionisation cluster size M; plotted against the
energy of the incident carbon ion. The blue line shows the
best fit curve for a modified power function with two terms:

as (va)bs + ¢3 where az = 3.64, b3 = —0.13 and c3 = —0.15.

for clusters with more than two ionisations
o0
R(Q) =) P(rQ),
v=2

or further combinations of moments of the distribu-
tion that seem to be promising measures regarding their
potential to predict radiobiological effects [22].

4 Conclusions

We presented three track structure parametrisations. The
first model can be used to easily derive the distances to
the ten next neighbouring ionisations from the projectile
energy. For each energy the slope of the distance depend-
ing on the order of the neighbour was determined. The
fitting results show that this slope for protons is increas-
ing linearly with proton energy while for carbon ions the
slope increases with energy according to a power law. Go-
ing from high to low energies this means that the distances
of the energy depositions are decreasing faster for carbon
ions resulting in a higher probability for double strand
breaks.

Eur. Phys. J. D (2015) 69: 216

In the second model we described the radial dose dis-
tribution around the track core. The distribution can be
characterised with a power law where the dose is decreas-
ing with an exponential factor of —2.35 which is close to
the well-known quadratic decrease of dose with distance
described in the clinical used LEM model [11]. The second
parameter which is the prefactor of the power law varies
with projectile energy and was fitted with a hyperbolic
function. The higher the energy the smaller is the factor
and hence the dose absorbed around the track core. With
this parametrisation one is able to determine the radial
decrease of dose around the track core for protons and
carbon ions in a clinical energy range with sufficient pre-
cision up to distances where a relevant amount of dose is
absorbed.

The third model uses ionisation cluster size distribu-
tions which are widely used in the field of nanodosime-
try to characterise track structure. Cluster size distribu-
tions have been calculated for protons and carbon ions in
a clinical relevant energy range. The results show decreas-
ing probabilities for larger clusters with increasing energy
which is also reflected by the mean cluster size M;. We
fitted M7 as a function of the projectile energy with a
two-term powerlaw. The resulting functions for protons
and carbon ions enable us to give a mean cluster size
for each desired energy in the range between 1 MeV and
100 MeV for protons and 10 MeV/u and 400 MeV /u for
carbon ions. With the help of such energy-dependent de-
scriptions of nanodosimetric quantities like M7, a basis
is created for a fast calculation of track structure prop-
erties. The ionisation cluster size distributions and the
associated statistical parameters are measurable quanti-
ties [23-27] and could in the future — when practical in-
struments have been developed — be used in the clinic to
characterise track structure and radiation quality of the
treatment beam. In combination with a model predict-
ing the radiobiological outcome — for example the RMF
model that is linking double-strand break induction to
reproductive cell death [28,29] — these parametrisations
can be useful to achieve a higher accuracy for biological
optimisation of treatment plans.

As mentioned above in Section 2 future versions of
Geant4-DNA will probably describe the energy loss of
carbon ions in more detail. As soon as more elaborate
models become available, these simulations could easily
be repeated to derive slightly modified parameters.

The presented track structure parametrisations pro-
vide a method to calculate essential track structure char-
acteristics fast for each desired energy in the clinical en-
ergy range for protons and carbon ions. These models do
not claim to give a detailed description of the track struc-
ture with nanometre resolution. Instead, they can quickly
provide the crucial features of track structure for varying
radiation quality.

In combination with adequate weighting methods (still
to be developed) the parametrisations defined in this pa-
per can be used to characterise the overall track struc-
ture of a mixed radiation field. Nuclear fragments in this
radiation field can be taken into account with similar
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parametrisations that can be obtained with the presented
method for all required particle species.

With an appropriate biological model added on top
to predict the radiobiological outcome these parametrisa-
tions will be useful as an input for a treatment planning
system based on track structure derived specifiers of lo-
cal radiation quality. Using such parametrisations there
will be no need to re-simulate track structure properties
in each step of the iterative optimisation process with
the objective to find the optimal treatment plan for each
individual patient.

This work was carried out within the EMRP Joint Research
Project BioQuaRT. The EMRP is jointly funded by the EMRP
participating countries within EURAMET and the European
Union.
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