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Monenupos Hue dHeprosbiieNneHus B p ci g X 2°1 u 213Bi,
IPOMCXOIAIUX B AApe KJIETKU

BEHINOTHEHO MOIENUPOB HUE P CH 0B p muonykiuaos ‘2°1 u 213Bi, npoucxons-
mmx B cpepuaeckoM oObeMe, COOTBETCTBYIOIIEM p 3Mepy sap KieTku. C HCImomb-
30B HHEM IIOOXOJ , OCHOB HHOTO H P CYETe CTPYKTYPHI TPEK HCIyCK €MBIX U CTHII
MetonoM Monre-K piio, olleHeHbl p U JIbHOE P CIIpejie/ieHUe Mepeil HHON DHepruu
U CHEKTPbl KMHETHMYECKOW DHEPrHU BJIEKTPOHOB, BO3HHUK IOIMUX B p CH O X. Y4er
Bo3MoxHOcTU ToBpexaeHusd HHK kijieToxk BbIIOJHEH IyTeM KJI CTEPHOrO H JIU3
CTPYKTYphl TPEKOB HCITyCK €MbIX 4 CTHI] B 00BEM X, COOTBETCTBYIOLINX AU METPY
H TuBHOU aByHHTeBON JHK. [Ind 3TO# enn HCHombh30B H MOAENBHBIN MOAXO/, OCHO-
B HHBII H COBMECTHOM IPUMEHEHMHU Nporp MMHbIX 11 KeToB G4-RadioactiveDecay
u G4-DNA cuctemsl mozienupoB Hus Geant4.

P 6or BemonHen B JI 6op Topuu p au LUOHHOIM O6uosnorun OUSU.
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Simulation of Energy Deposition from '2°I and 2'®Bi Decays
in the Cell Nucleus

We modeled the radioactive decays of '2°I and 2'3Bi radionuclides inside the
spherical volume simulating a cell nucleus. Using the Monte-Carlo-based track struc-
ture simulation technique, we estimated the radial distribution of deposited energy and
the kinetic energy spectra of electrons produced by primary particles resulting from
decay. To address the possibility of DNA damage, we performed the cluster analysis
of track structures of emitted particles inside the volumes corresponding to the di-
ameter of the native double-stranded DNA. For this purpose, G4-RadioactiveDecay
and G4-DNA program packages form the Geant4 Monte Carlo toolkit were combined
together.

The investigation has been performed at the Laboratory of Radiation Biology,
JINR.
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INTRODUCTION

Precise estimation of energy deposition in malignant cells plays a crucial
role in nuclide diagnostics and therapy. Nowadays Monte Carlo technique has
turned out to be a useful and common applicable method for simulation of ra-
diation transport in relatively small volumes corresponding to the size of the
cell nucleus [1-3]. 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 [4]. 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.

In this work, we simulated the decays of Iodine (*2°I) and Bismuth (?>'3Bi)
radionuclides inside the spherical model of the cell nucleus. For this pur-
pose, we integrated G4-DNA low-energy electromagnetic package with the G4-
RadioactiveDecay model at nuclear level, which are both fully included in Geant4
toolkit [5,6]. The radionuclide '2°I is mainly used for treating thyroid cancer
and imaging the thyroid at higher abundance [7-10]. '2°1 with the half-life
of 59.4 d emits electrons and photons producing the daughter 12°Te (Tellurium)
nuclide with the energy of 35.4 keV. Since ?°Te is an excited state possessing
the half-life of 1.6 - 1077 s, it undergoes further decay proceeding to the sta-
ble state of nonradioactive '2°Te nuclide with zero energy. This transition is
characterized by 7% of gamma emission and 93% of internal conversion. An
example of '2°I radioactive decay is shown in Fig. 1,a. The second radionuclide
213Bi 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 [11]. 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. 1,b. In this decay chain, 2'3Bi (83 protons, 130 neutrons)
disintegrates about 98% by 444 keV electron (beta-minus) emission resulting in
213po (84 protons, 129 neutrons) and about 2% through the alpha decay with
energy of 5.9 MeV resulting in 2°°T1 (81 protons, 128 neutrons). The daughter
213Po and 2°9T1 nuclides are the excited states with the half-life of 4.2 pus and
2.2 min. At the next step, these nuclides transform to the unstable 2°°Pb (82 pro-
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Fig. 1. Decay schemes of '*°I (a) and *'*Bi (b) radionuclides

tons, 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 2°9Bi
(83 protons, 126 neutrons) by emission of 198 keV beta particles.

1. METHODS

1.1. Simulation of the Radioactive Decays. Radioactive decay is a stochastic
physics process where an atom with unstable nuclei transmutes into daughter
nuclides losing or gaining a neutron or a proton. This physics process does not
require external interactions for decays schemes mentioned in Fig. 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) [12]. 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 [13]. In the present study,
we have integrated a simple spherical model of the tumor cell nucleus with the
radius of 1 pm to this Geant4 code. The radionuclide was placed in the center of
cell nucleus.

1.2. Track Structure Calculations and Cluster Analysis. The track struc-
tures of particles emitted in '2°I and 2'®Bi radioactive decays are calculated by the
G4-DNA low-energy electromagnetic package 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 nanometric levels [5, 6]. The physics of atomic interaction is char-
acterized by the processes of ionization, excitation (electronic and vibrational),
molecular attachment, and elastic scattering for emitted electrons, and by photo-
electric effect, Compton and Rayleigh scattering, and gamma conversion — for



photons. Ionization, excitation, and charge transfer are taken into account for
emitted protons and alpha particles. Decays of both radionuclides are simulated
with lower cutoff energies of 4 eV for electrons.

In our simulation, spatial energy depositions from the 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. The specific energy z,
which is also sometimes called deposited dose in cell nucleus, can be calculated
by z = ¢;/pV, where ¢; is the energy imparted by the ith emitted particle (g; > 0)
to matter of the density p in the volume V [14]. In our calculations, p is the
density of liquid water equaling to 1g-cm™> and V is the volume of spherical
phantom representing the cell nucleus (V = 4.18 um?).

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 [15]. The di-
ameter 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 distri-
bution of particles affecting DNA and calculating the number of DNA segments
hit by particles.

2. RESULTS AND DISCUSSION

2.1. Track Structures of '2°I and ?'*Bi. For estimation of quantities referred
to energy deposition, we simulated track structures of 1000 decays from each of
two radionuclides. An example of these simulations for the lesser number of
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Fig. 2. The yz projections of track structures of 10 2°T (@) and 10 2'3Bi (b) decays as
calculated with the G4-DNA package. Circles represent the cell nucleus of 2 ym diameter.
Dots correspond to events of nonzero energy deposition (£; > 0). The simulation results
are represented as the Cartesian coordinates of the produced ionizations. The energy
deposited in each event is characterized by the color map and expressed in electron
volts (eV) in panel a and in kiloelectron volts (keV) in panel b



events equaling to 10 is shown in Fig.2. The depicted 10-event track structures
are characterized by the numerical results presented in Tables 1-3. The parameters
which were scored include the total £ and mean E energies of emitted particles,
the numbers N1 and Np; of physical processes generated during calculations

Table 1. The number of emitted particles generated during calculations and their
mean energy

Type of 1251 213Bj
the
particle Number of Mean energy of Number of Mean energy of
emitted emitted particles, emitted emitted particles,
particles keV particles keV
e~ 1694 0.056 28658 0.24
v 1 35.49 3 440.5
Vg 10 150.3 - -
Ve - - 20 656.6
e} - - 12 8368
at - - 2 8325
He - - 1 8365

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

Number of processes

Process name

125] 213R;
RadioactiveDecay 24 39
Transportation 12 71
e~ _G4DN Alonisation 1685 19035
e~ _G4ADN AFElastic 86245 1245054
e~ _GADN AFEzxcitation 225 3169
e~ _GADN AV ibExcitation 9721 140212
e~ _G4DN AAttachment 31 437
a_G4DN Alonisation - 9571
a_G4DN AExcitation - 802
a_-G4ADN AChargeDecrease - 2
at_G4ADN Alonisation - 6
ot _G4ADN AExcitation - 4
at_G4DN AChargelncrease - 2

He_G4DN Alonisation - -
He_ G4ADN AChargelncrease -
He_G4DN AExcitation - -

—_




Table 3. Total (£) and mean (£) deposited energy, total (z) and mean (D) deposited
dose, 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) [1Ci = 3.7 - 1010 Bq]

Parameter 1251 213Bj
FE, keV 29.8 2162.2
E, keV 2.98 216.22
z, Gy 1.14 82.71
D, Gy 0.14 8.271

Mean specific activity, Ci/g  2.23-10*  2.65 - 107

of 12°I and 2'3Bi decays, respectively, the mean deposited energy expressed
in terms of absorbed dose D, and the total deposited energy represented as
the specific energy z. These estimations are performed using the low-energy
electromagnetic packages of G4-DNA. The numerical results and plots depicting
the track structures were obtained with the ROOT object-oriented data analysis
framework [16].

2.2. Physical Characteristics of 12°T and 2'®Bi Decays. In this subsection,
we report the comparison of several physical characteristics of decays of two
radionuclides. We calculated the total lifetime of decay chain per event for
both radionuclides (Fig.3) and estimated the kinetic energy spectrum of primary
electrons from 1000 decays of each radionuclide (Fig.4) and the distribution of
spatial energy deposition of portion of their electrons emitted only inside the
cell nucleus (Fig.5). In the case of 2'3Bi, more electrons of high kinetic and
deposited energies are generated, which leads to the shorter lifetime than for 12°1.
The results on calculation of the kinetic energy spectrum and the total electron
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Fig. 3. The total lifetime of decay chain of ?°I (a) and 2*®Bi (b) radionuclides
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Fig. 4. Kinetic energy spectrum of primary electrons per event of '2°I (a) and
213Bj (b) decays
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Fig. 5. The spatial distribution of energy deposition per event of emitted electron inside
the cell nucleus from *2°1 (@) and *'3Bi (b) decays

energy deposition of 12°I decay were compared with the Monte Carlo simulations
of other authors [7-9].

Our simulations enabled to obtain the spectrum of specific energy in
and 2'3Bi decays inside the cell nucleus (Fig.6). To estimate the mean specific
energy, we applied a Gaussian fit to the computed data. It gave the mean value
of 0.14 £ 0.02 Gy for '?°T and 8.47 & 0.03 Gy for 2'3Bi decays. According to
definition of the absorbed dose [14], these values can be considered as the dose
absorbed inside the cell nucleus. From our estimations it can be also concluded
that 1251 may deliver smaller dose with lower probability than 2!3Bi.

1251
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Fig. 6. The spectrum of the specific energy per event in the cell nucleus, adjusted to the
Gaussian distribution. Panel a shows the distribution for decay of '2°I; panel b represents

the distribution for 2'3Bi decay
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Fig. 7. The radial distribution of energy deposited inside the cell nucleus along trajectories
of all emitted particles. The results are represented per event of 1251 (g) and 2'®Bi (b)
decays. The radial energy deposition gets more at 0.3 pm in radius for *2°T decays and
for 23Bi decay an increase in ionization density is seen at the end of emitted particles,
also known as the Bragg curve, and peak occurs of about 80 ym in radius

In our study, we also computed the radial distribution of energy deposited
inside the cell nucleus along all trajectories of incident particles (Fig. 7). Depicted
curves characterize the so-called longitudinal energy profile, or depth dose distri-



bution of emitted particles calculated with the G4-DNA package. The comparison
of the data obtained for two nuclides shows that 1251 delivers the maximal en-
ergy 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 1251 is more
convenient to precise killing of individual tumoral cells with minimal damage
to neighboring ones, whereas 21®Bi can be effectively used for micrometastases
representing lager objects with the radius of up to 80 pum.

2.3. 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.
Figure 8,a shows the distributions computed for 2°1 and 2!3Bi. These results
show that the most probable cluster size for the concerned nuclides equals to
3 ionizations inside. This is enough to produce more than one complex DNA
lesion including double-strand breaks. In this regard, our data are in agreement
with the findings reviewed in [17].

Furthermore, the curve obtained for 2'®Bi has a pronounced plateau indi-
cating the formation of clusters with the higher number of ionizations equaling
to ~ 24 — 30. In contrast with this, 1?°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.8,b). The plot demonstrates that number of created
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Fig. 8. Cluster size distribution (a) and distribution of total energy deposited to each
created cluster (b) in the case of 12°T and 2*®Bi. The cluster diameter is set to be 2 nm



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 2!3Bi, localized energy deposition is lower
on 1-2 ionizations in cluster and also higher-broader distributions appearing in
cluster size more than 3 for 251,

CONCLUSIONS

We developed the combined package for simulation of the track structures of
particles emitting from radionuclides placed inside a cell nucleus. The simulation
code integrates G4-RadioactiveDecay and G4-DNA subpackages of Geant4 toolkit
(version 9.6). Using this approach, we estimated the spatial distribution of energy
deposition from decays of '2°1 and 2'3Bi 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 tumoral cell
killing. In our analysis, we also calculated the total lifetime 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
213Bi exhibits a shorter time of decay chain than 251,

In our analysis, we performed the cluster analysis of spatial distribution of
energy deposition from particles emitted inside the 2 pm-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 demon-
strate that for 2!3Bi the probability of ionization inside a cluster is higher than
for 1251, 213Bi also exhibits the broader distribution of energy deposition in clus-
ters than 12°1.

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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