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Problems of the radiobiology and the nuclear medicine require clarifying the
specifics of radionuclides interactions with unhealthy cells. In this work we aimed
to simulate emitting particles tracks of radionuclides and their radioactive decays at
DNA level inside the cell nucleus. Accordingly, using the Monte Carlo-based track
structure simulation technique, we estimated the radial distribution of deposited
energy and kinetic energy spectra of electrons produced by primary particles
resulting from radioactive decays of different radionuclides within cell nucleus. To
address the possibility of DNA damage, we performed the cluster analysis of track
structures of emitted particles inside the volumes corresponding to the size of the
native double-stranded DNA. For this purpose, G4-RadioactiveDecay and low-
energy electromagnetic packages form Geant4 Monte-Carlo toolkit were combined
together. Besides, a comparative analysis was performed for various low-energy
electromagnetic packages as G4-DNA and G4-Livermore.
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Introduction

Radiation interaction with tissues and track
structure of particles in various kinds of substances
are found with wide applications in radiotherapy
of brain tumors, radiation protection, nuclear
physics and space radiobiology. Motivated
primarily by the interest to use the radionuclide
emissions in the treatment (or to kill) of tumors
(thyroid carcinoma, metastatic tumors) and
directly killing the sparing cells. Nowadays Monte
Carlo simulations has turned out to be useful and
common applicable in utilizing and developing
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for medical physics and nuclear medicine systems
(Amato et al., 2013; Campos, 2008; Buscombe,
2007). In particular, these estimations can be
important in two-step targeting which becomes a
promising approach in cancer treatment enabling
to deliver the toxic substance to the nucleus of
the cell (Fondell, 2011). In this regard, simulation
of the energy deposition from radionuclides
transmitted inside the cell nucleus is required for
the correct estimation of DNA damage resulting
from nuclide decay.
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In this work, we simulated the decays of
Iodine ('*1) and Bismuth (*"*Bi) radionuclides
distribution inside the spherical model of the cell
nucleus. For this purpose, we integrated G4-DNA
low-energy electromagnetic package with the
G4-RadioactiveDecay model at nuclear level and
which are both fully included in Geant4 toolkit
(Agostinelli et al., 2003; Allison et al. 2006).
The radionuclide I is mainly used for treating
thyroid cancer and imaging the thyroid at higher
abundance (Li, 2001, 2002; Booz et al., 1987,
Toncrova, 2005). 12T with the half-life of 59.4 days
emits electron and photons producing the daughter
12Te (Tellurium) nuclide with the energy of 35.4
keV. Since '»Te is an excited state possessing
the half-life of 1.6x10° seconds, it undergoes
further decay proceeding to the stable state of
nonradioactive '»Te nuclide with zero energy.
This transition is characterized by 7% of gamma
emission and 93% of internal conversion. An
example of '*’I radioactive decay is shown in Fig.
la. The second radionuclide ?'*Bi is a radioisotope
also commonly used for nuclear medicine. In
fact, it is used in radioimmunology to treat
patients with leukemia, lymphomas, as well as for
micrometastatic carcinomas (Dadachova, 2008).
It has unique nuclear properties such as a short
45 minutes half-life and high energy (around 8.4
MeV) alpha-particle emission with a high linear
energy transfer. A scheme of the 2'3Bi radionuclide
decay is shown in Fig. 1b. In this decay chain, 2*Bi
(83 protons, 130 neutrons) disintegrates about 98
% by 444 keV electron (beta-minus) emission
resulting in 23Po (84 protons, 129 neutrons) and
about 2 % through the alpha decay with energy
of 5.9 MeV resulting in 2Tl (81 protons, 128

neutrons). The daughter 2'3Po and Tl nuclides
are the excited states with the half-life 0of4.2 us and
2.2 min. At the next step these nuclides transform
to the unstable 2”Pb (82 protons, 127 neutrons) by
alpha and beta emission with energies of 8.4 MeV
and 659 keV respectively. Finally 2*Pb decays to
the nonradioactive stable 2Bi (83 protons, 126
neutrons) by emission of 198 keV beta particles.

Materials and Methods

Simulation of the radioactive decays.
Radioactive decay is a stochastic physics process
where an atom with unstable nuclei transmutes
into daughter nuclides of loses or gains a neutron
or a proton by emitting particles of ionizing
radiation. This physics processes does not require
external interactions for radioactive decays
schemes mentioned in Figure 1.

Monte-Carlo-based technique for simulation
of radioactive decay is available in the extended
example named rdecay0l of Geant4 toolkit. It
is based on data taken from Evaluated Nuclear
Structure Data File (ENSDF) (Tuli, 1996). This
example demonstrates the use of some basic
features of G4-RadioactiveDecay hadronic
package which allows displaying counts of
created particles, their kinetic energies, time of
life, and activity of individual decays (Truscott et
al., 2000).

In the present study, we have adapted low-
energy electromagnetic process and a simple
spherical model of the tumor cell nucleus with
the diameter of 1 pum to this Geant4 code. The
radionuclides were placed in the center of cell
nucleus.

unstable

a) b)

1251 (59.4 d) unstable  3Bi (45.6 m)
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125Te (1.6x10 )
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Figure 1. Radioactive decay schemes of the '*I (panel a) and the 2'*Bi (panel b) radionuclides.
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Track structure calculations and cluster
analysis. The track structures of particles emitted
in I and ?"*Bi radioactive decays are calculated
by the G4-DNA and G4-Livermore low-energy
electromagnetic packages assuming the random
distribution of the particles inside the cell nucleus.
The G4-DNA package is an extension of standard
Geant4 toolkit for simulating the physical
and radiobiological processes at cellular and
nanometer scales (Agostinelli ez al., 2003; Allison
et al., 20006).

The physics of atomic interaction are
characterized by the processes of ionization,
excitation (electronic and vibrational), molecular
attachment and elastic scattering for emitted
electrons and photons. lonization, excitation,
and charge transfer were taken into account for
emitted protons and alpha particles. Decays of
both radionuclides are simulated with lower cut
off energies of 7.4 eV for electrons. Besides, G4-
Livermorepackage: photo-electric effect, Compton
and Rayleigh scattering, gamma conversion
for photons, ionization, multiple scattering for
electrons and positrons, and production threshold
value of low energy emission down to 250 eV.

In our simulation code, spatial energy
depositions of stochastic traveling emitted
particles are defined in the points with coordinates
corresponding to each particle interaction in
the cell nucleus. This allows estimating the
distribution of energy depositions along the
radius of nucleus as well as the energy spectrum
of emitted particles and distribution of the specific
energy (i.e., dose deposit). The specific energy z
which is also sometimes called deposited dose in

cell nucleus can be calculated by z= ¢,/ pV, where
g 1s the energy imparted defined by the sum of
all energy depositions to nucleus solid in a given
volume caused by a single event (ICRU Report
86, 2011). In our calculations, p is the density
of liquid water equaling to 1 g cm™ and V is the
volume of spherical model representing the cell
nucleus (V= 4.18 pm?).

To address the possibility of DNA damage,
we also performed the cluster analysis of track
structures of emitted particles at nanometer scale.
For this purpose we used the cluster analyzing
algorithm developed earlier (Batmunkh et al.,
2013). The diameter of all produced clusters was
set to be 2 nm that corresponds to the diameter
of the native double-stranded DNA. This enables
estimating the frequency distribution of particles
affecting DNA and calculating the number of
DNA segments hit by particles.

Results and Discussion

Track structures of radioactive decays.
For estimation of quantities referred to energy
deposition, we simulated track structures
of 1000 decays from each of '*I and 2“Bi
radionuclides. An example of '®I radionuclide
decay simulations for the lesser number of
events equaling to 10 is shown in Fig. 2. Here,
both low-energy electromagnetic packages G4-
DNA and G4-Livermore were compared for track
structures decays of emitted particles products
from a radionuclide. The depicted 10-event track
structures are characterized by the numerical
results presented in Tables 1-3. The parameters

el |

Figure 2. The track structures of emitted particles from radioactive decays of 10 events for radionuclide '*1.
These estimations are performed using the both low-energy electromagnetic packages of G4-DNA (panel a) and
G4-Livermore (panel b). The cell nucleus is computed as violet spherical solid with 1 um diameter and nuclear
membrane is represented as gray-line connected elliptical volume. The red and green line is emitted electrons
and photons. Track structures of energy depositions within and outside cell nucleus were simulated down to the

nanometer scale and that’s represented as black dots.
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Table 1. The number of emitted particles generated during calculations and their mean energy.

1251 213Bi
Type of the i i
particle Number of emitted Mean energy of Number of emitted Mean energy of
particles emitted particles (keV) particles emitted particles (keV)
Type of the  G4- G4- G4- G4- G4- G4-
}gi"ocess DNA  Livermore G4-DNA Livermore DNA  Livermore G4-DNA Livermore
e 1694 20 0.056 4.75 28658 358 0.24 19.36
Y 1 1 35.49 35.49 3 6 440.5 658.4
v, 10 10 150.3 150.3 - -
0, - - 20 20 656.6 624.2
a - - 12 10 8368 8126
a - - 2 - 8325 -
He - - 1 - 8365 -

Table 2. The number of physical processes generated by Geant4 for the emitted particles.

Number of processes

Process name 1251 23R4
G4-DNA Livgrértl_lore G4-DNA LiVSr‘:IleI'e

RadioactiveDecay 24 27 39 43
Transportation 12 11 77 36
e-_G4DNAlonisation 1685 - 19035 -
e- G4DNAElastic 86245 - 1245054 -
e- G4DNAExcitation 225 - 3169 -
e-_G4DNAVibExcitation 9721 - 140212 -
e- G4DNAAttachment 31 - 437 -
o _G4DNAlonisation - 9571 -
o _G4DNAExcitation - 802 -

o _G4DNAChargeDecrease - 2

o+ G4DNAlonisation - 6

o+ G4DNAExcitation - 4 -
o+ G4DNAChargelncrease - 2

He G4DNAlonisation - -
He_G4DNAChargelncrease - 1 -
He_G4DNAExcitation - -

Photo-electric - 1 - 4
multiple scattering - 75 - 1964
elonisation - 20 - 177
eBremsstrahlung - 3 - 22

ionlonisation - 20 - 372
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Table 3. The mean values of deposited energy (f ), dose deposit (D), and mean specific activity as estimated in
calculations. Specific activity is defined as an activity per unit of mass of the primary radionuclide. Activity of
radioactive decay is expressed as the number of atoms that decay per unit of time. The value of radioactive decay

is expressed here in Ci (Curie) [1 Ci=3.7x10" Bq].

1251 213Bi
Parameter
G4-DNA G G4-DNA G4- Livermore
Livermore
E’ keV 2.98 £0.96 3.41 +£1.21 216.22 £12.27 218.91 +£16.34
D, Gy 0.14 £0.03 1.13 £0.05 8.47 +£0.04 8.37 £0.09
Mean specific activity, Ci/g 2.23x10* 1.14x10* 2.65%x107 2.09%107

which were scored include the number of emitted
particles and their kinetic energies, counts of
physical processes generated during calculations
of "I and *"Bi decays respectively, the mean

deposited energy, E and the mean dose deposit, D
represented as the specific energy z. The numerical
results and plots depicting the track structures
were obtained with the ROOT object-oriented

data analysis framework (Brun ef al., 1997).
Cluster analysis. Limiting the space by the

size of cell nucleus we calculated the frequency
distribution of cluster sizes from all particles’
track structures. Here the cluster size is considered
as the number of ionizations inside the spherical
volume equaling to diameter of the native double-
stranded DNA. Fig. 3a shows the distributions
computed for '] and 2"*Bi. These results show
that the most probable cluster size for the
concerned nuclides equals to 3 ionizations inside.

10° ==
HE
. i
10* |
10° |

10° |

Number of clusters

10' |

Cluster size (ions)

This is enough to produce more than one complex
DNA lesion including double-strand breaks. In
this regard, our data is in agreement with findings
reviewed in (Elmroth et al., 2005).

Furthermore, the curve obtained for 2'*Bi has
a pronounced plateau indicating the formation
of clusters with the higher number of ionizations
equaling to ~24-30. In contrast with this, '*°I
demonstrates the different pattern of distribution
for cluster sizes greater than 20.

Along with the cluster analysis, we estimated
the total energy deposited in produced clusters
(Fig. 3b). The plot demonstrates that number of
created clusters is directly related to deposited
energy in created clusters. Accordingly, decreases
energy deposition when increases cluster size,
but to compare number of clusters, the broader
distributions and  highly-localized energy
deposition in higher cluster size. In the case of

10° ——

-
(=]
=

Total deposited energy in clusters (keV)

=
o
£

Cluster size (ions)

Figure 3. Cluster size distribution (panel a) and distribution of total deposited energy deposited to each created
cluster (panel ) in the case of '*’I and ?"*Bi radionuclides. The cluster diameter is set to be 2 nm.
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213Bj, localized energy deposition is lower on 1-2
ionizations in cluster and also higher-broader
distributions appearing in cluster size more 3 than
for 1.

As above results, we demonstrated that DNA
lesions strongly depends on ionization density of
higher charged radionuclides. In Fig. 2, we can see
that when enable G4-DNA, emitted particles tracks
and energy deposits turned out to be distributed
more densely than G4-Livermore. A comparative
analysis of cluster analysis was performed for G4-
DNA and G4-Livermore packages, that shown in
Fig. 4. For G4-DNA package, cluster size is higher-
broader frequently and total deposited energies
have broader distribution in comparison to G4-

10° ¢
g a) ——G4-DNA

” r ---- G4-Livermore

Number of clusters

10° b

102;— Y

T T

P I
6 18 20 22 24 26 28

L Ll
2 4 6 8 10 12 14 1

Cluster size (ions)

Livermore package. This broader distributions
and highly-localized energy depositions for each
emitted particle in cell nucleus were directly
correlated to complex types of DNA lesions.

For G4-Livermore, deposited energy and
cluster number are most probable at a cluster of 1
1on, and number of created cluster was fewer. It’s
produced to be single-strand or base damage of
DNA lesions. In fact, emitted particles and energy
depositions was distributed very scarcely for G4-
Livermore. Therefore, track structure simulation at
nanometer scale need to enable G4-DNA package
in furthermore. In contrary, mean energy and dose
deposit in cell nucleus were closely equal in the
both packages as shown in Table 3.

10*

b) ——G4-DNA
---- G4-Livermore

10° &

Total deposited energy in clusters (keV)

TR R N PO N N NSRRI S B B B
2 4 6 8 10 12 14 16 18 20 22 2

4 26 28

Cluster size (ions)

Figure 4. Distributions of cluster size (ions) (panel a) and distribution of total deposited energy of each created
cluster (panel b) in the case of '*’I radionuclide, emitted particles generated by G4-DNA and G4-Livermore
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Figure 5. The radial distribution of energy deposited inside the cell nucleus along trajectories of all emitted particles.
The results are represented per event of '*°I (panel @) and *"*Bi (panel ») decay. The radial energy deposition gets
more at 0.3 pm in radius for '*I decays, and for '*Bi decay increase in ionization density is seen at the end of
emitted particles, which also known as Bragg curve and peak occurs about 80 um in radius.
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Radial distribution of energy deposition.
In our study, we also computed the radial
distribution of energy deposited inside the cell
nucleus along all trajectories of emitted particles
of both radionuclides (Fig. 5). Depicted curves
characterize the so-called longitudinal energy
profile, or depth dose distribution of emitted
particles calculated with the G4-DNA package.
The comparison of the data obtained for two
nuclides shows that '*I delivers the maximal
energy at the radius of about 0.3 um while 2*Bi
demonstrates a more expanded pattern of energy
deposition with the peak within the radius of
about 0.3 pm. Considering the effect from a
single nuclide, these facts suggest that '*I is more
convenient to precise killing of individual tumor
cells with minimal damage to neighboring ones
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whereas 2"*Bi can be effectively used for micro
metastases representing lager objects with the
radius of up to 80 um.

Physical characteristics of '*I and *’Bi
decays. In this section, we report the comparison
of several physical characteristics of decays of two
radionuclides. We calculated the total life-time
of decay chain per event for both radionuclides
(Fig. 6) and estimated the kinetic energy spectrum
of primary electrons from 1000 decays of each
radionuclide (Fig. 7) and the distribution of spatial
energy deposition of portion of their electrons
emitted only inside the cell nucleus (Fig. 8). In
the case of 2"*Bi, more electrons of high kinetic
and deposited energies are generated, which leads
to the shorter life time than for '*I. The results on
calculation of the kinetic energy spectrum and the
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Figure 6. The total life time of decay chain of '**I (panel @) and ***Bi (panel b) radionuclides.
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Figure 7. Kinetic energy spectrum of primary electrons per event of '] (panel a) and **Bi (panel b) decay.
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total electron energy deposition of '*I decay were
compared with Monte Carlo simulations of other
authors (Li et al., 2001; Booz et al., 1987).

Our simulations enabled to obtain the spectrum
of specific energy in '*°I and *"*Bi decays inside the
cell nucleus (Fig. 9). To estimate the mean specific
energy, we applied a Gaussian fit to the computed
data. It gave the mean value of 0.14+0.03 Gy for
15T and 8.47+0.04 Gy for 2"*Bi decay. According
to definition of the absorbed dose (ICRU Report
86, 2011) these values can be considered as the
dose absorbed inside the cell nucleus. From our
estimations it can be also concluded that '’ may
deliver smaller dose with lover probability than
213Bi‘
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Conclusion

We developed the combined package for
simulation the track structures of particles
emitting from radionuclides placed inside a
cell nucleus. The simulation code integrates
G4-RadioactiveDecay and G4-DNA (and also
G4-Livermore) sub-packages of Geant4 toolkit
(version 9.6). Using this approach, we estimated
the spatial distribution of energy deposition from
decays of '»I and 2"“Bi radionuclides placed
inside the cell nucleus. In particular, the radial
distribution of deposited energy along the radius
of cell nucleus was estimated, which is most
important for directly tumor cell killing. In our
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Figure 8. The spatial distribution of energy deposition per event of emitted electron inside the cell nucleus from

15T (panel @) and 2*Bi (panel b) decays.
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Figure 9. The spectrum of the specific energy per event in the cell nucleus, adjusted to Gaussian distribution. Panel
a shows the distribution for decay of '*I; panel b represents the distribution for decay ?*Bi.
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analysis, we also calculated the total life-time of
decay chain per decay, kinetic energy spectrum of
the emitted electrons and total deposited energy
per decay. Our simulations are in the concordance
with the data indicating that 2'*Bi exhibits a shorter
time of decay chain than '*°1.

In our analysis, we performed the cluster
analysis of spatial distribution of energy
deposition from particles emitted inside the 1
um-diameter cell nucleus. In order to address the
possibility of DNA damage, we calculated the
frequency distribution of emitted particles using
the cluster size of 2 nm, which corresponds to
the diameter of the native double-stranded DNA
helix. Our calculations demonstrate that for 2*Bi
the probability of ionization inside a cluster is
higher than for '%I. 2'*Bi also exhibits the broader
distribution of energy deposition in clusters than
1], A comparative analysis of cluster analysis
was performed for G4-DNA and G4-Livermore
packages. We was illustrated that when enable
G4-DNA, emitted particles tracks and energy
deposits turned out to be distributed more densely
and cluster size and total deposited energies
per cluster have broader distribution than G4-
Livermore. As the results, appeared DNA lesions
strongly depends on ionization density.

Our study suggests that the package we use may
be utilized in solving not only radiation research
problems, but it also may have wide applications
in educational and practical purposes.
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