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Abstract: In this paper, we present a useful Monte Carlo (MC)-based methodology that can be
utilized to calculate the absorbed dose and the initial levels of complex DNA damage (such as double
strand breaks-DSBs) in the case of an environmental ionizing radiation (IR) exposure incident (REI)
i.e., anuclear accident. Our objective is to assess the doses and complex DNA damage by isolating
only one component of the total radiation released in the environment after a REI that will affect the
health of the exposed individual. More specifically, the radiation emitted by radionuclide '¥’Cs in
the ground (under the individual’s feet). We use a merging of the Monte Carlo N-Particle Transport
code (MCNP) with the Monte Carlo Damage Simulation (MCDS) code. The DNA lesions have been
estimated through simulations for different surface activities of a 137¢Cs ground-based y radiation
source. The energy spectrum of the emitted secondary electrons and the absorbed dose in typical
mammalian cells have been calculated using the MCNP code, and then these data are used as an
input in the MCDS code for the estimation of critical DNA damage levels and types. As a realistic
application, the calculated dose is also used to assess the Excess Lifetime Cancer Risk (ELCR) for
eight hypothetical individuals, living in different zones around the Chernobyl Nuclear Power Plant,
exposed to different time periods at the days of the accident in 1986. We conclude that any exposition
of an individual in the near zone of Chernobyl increases the risk of cancer at a moderate to high
grade, connected also with the induction of complex DNA damage by radiation. Generally, our
methodology has proven to be useful for assessing y rays-induced complex DNA damage levels of
the exposed population, in the case of a REI and for better understanding the long-term health effects
of exposure of the population to IR.

Keywords: Monte Carlo simulation; complex DNA damage; double strand breaks; ionizing radiation;
radiological incident; radionuclide; absorbed dose; 137-caesium; surface activity

1. Introduction

Large-scale exposure to IR, in terms of both the amount of radiation and the number
of people exposed occurs rarely due to international safeguards that are currently in force.
All the nuclear accidents that have taken place have provided us with valuable information
and experience about the health consequences of the leaked radioactivity to the public and
the appropriate health management of such incidents. The nuclear accident of Chernobyl in
April 1986, as the first large-scale REI, has been a great challenge to the scientific community
that deals with the radiation protection, to revise much of its knowledge until that time and
to improve the relevant nuclear safeguard rules. The value of the experience gained from
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that nuclear accident found application [1] to other accidents that followed of a smaller
scale, such as in Brazil (the Goiania 37Cs accident in 1987) and the two accidents that took
place in Tokaimura of Japan on 11 March 1997 and 30 September 1999 [2,3], as well as of a
larger scale, as with the accident that too place in Fukushima Daiichi on 11 March 2011 [4].
It is of note that environmental pollution due to man-made radionuclides began in the
period 1946-1980, during the process of nuclear materials testing, when approximately
400 nuclear tests were performed in the northern hemisphere [5].

Radionuclides released in the air from a radioactive source may be in a gaseous,
particulate, or multi-phase (i.e., simultaneously gaseous and particle) form [6]. These
particles are generally transported through the air by adhesion to aerosols, construction
particles or soil particles, as well as weather conditions such as the wind, rain and snow,
which play a crucial role in transporting particles from the place of their release to the
surrounding areas. Concerning the radionuclide spreading mechanism following an
REI (i.e., a nuclear power plant accident, a nuclear weapon detonation, a radiological
dispersal device, a transportation incident, sabotage or an improvised nuclear device), it is
suggested that part of these radioparticles are deposited on the surface soil, while others are
transported to the underground layers with rain, snow and watering, or they are transferred
to surrounding geographic areas by re-floating [7]. The migration of radionuclides across
the ground surface depends on the particle and surface characteristics. The transport of
contaminants may vary depending on their physiochemical characteristics; for example,
137Cs is characterized as highly mobile because of its high-water solubility [8].

Two main pathways leading to radiation exposure of the general public due to a
nuclear ‘fallout’ are the external exposure from radionuclides deposited on the ground, and
the internal exposure through contaminated air inhalation, ingestion of contaminated food
or water from the affected areas [9]. Radionuclide analysis of environmental samples is
very practical for the evaluation of the current environmental radioactivity level. However,
in the case of a nuclear accident, it is highly important to evaluate the environmental
contamination, as well as the external and internal exposure risks for radiation protection
and public health purposes. In the latter case, the risks of an internal exposure are extremely
low because of the corresponding international regulations which demand restrictions
in food and water intake (http://www.mhlw.go.jp/english/topics/2011eq/index.html
(accessed on 29 July 2021)). On the other hand, the risks of external exposure for the public
are enforced for safety reasons.

The Chernobyl Nuclear Power Plant (CNPP) accident, classified as Level 7 (‘major
accident’) on the International Nuclear and Radiological Event Scale of the International
Atomic Energy Agency (IAEA) [10], resulted in a massive release of radionuclides into the
atmosphere and caused an extensive contamination of the environment. Ten-day major
releases from the Unit 4 of the CNPP injected about 14 EBq of radioactive substances
into the atmosphere, including radioactive gases, condensed aerosols, and a large amount
of fuel particles. The total release of radioactive substances included the radionuclides:
1327 134Cg, 137Cg, Mo, 103Ruy, 196Ry, 140Ba, %5 Zr, 141Ce, 144Ce, 87Sr, and ?°Sr. The noble
gases contributed about 50% of the total release [11]. A terrestrial surface of more than
200,000 square kilometres in Europe received '¥’Cs with levels above 37 kBq m~2 [12].
Over 70% of the contaminated area comprised Belarus, Russia and Ukraine of the former
USSR [13]. The radiation exposure of the population to these biologically dangerous
releases was classified into two main phases: the earlier phase included exposure to
rapidly decaying radionuclides, whose doses were delivered over a short period (no more
than three months after the accident), while the later one comprised of an exposure to
radionuclides of a long life that were deposited on the ground [14]. Most of the strontium
and plutonium isotopes were deposited within 100 km of the destroyed reactor due to
their larger particle sizes, while other important radionuclides decayed away. In the
early months after the accident, the radionuclide levels of agricultural plants and plant-
consuming animals were dominated by surface deposits [15]. The deposition of 135%1 caused
the most immediate concern, but the problem was confined to the first two-three months
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after the accident because of its decay. The radioiodine was rapidly absorbed into milk,
leading to significant thyroid doses in people consuming milk products, especially children
in Belarus, Russia and Ukraine. Increased levels of 13'T in milk products were also detected
in some southern areas of Europe, while dairy animals were being fed outdoors [16].
Radioisotopes of Caesium (*”Cs and 3*Cs) were the nuclides which led to the largest
problems. The Cs hazard may be attributed to its incorporation into the human body
from food consumption (especially dairy products) and via y-irradiation from the ground.
It is characterized by a relatively slow accumulation of doses, compared to radioiodine,
but also by a whole-body irradiation [17]. '*'T also concentrates inside the human body
through dairy products and has a gamma-component, resulting in a significant whole-body
dose. Once inside the body, this radionuclide is absorbed mainly by the thyroid gland,
potentially increasing the risk for thyroid cancer, since this gland uses iodine to produce its
hormones and cannot distinguish between the radioactive particles and its stable natural
form. As *'Tbuilds up in the thyroid gland, its emitted radiation can induce DNA damage,
removing normal limits to cell growth and division and, thus, causing unchecked growth
of thyroid tissue [18]. Additionally, the radionuclide 08y (half-life: ~28.79 years), due to
its chemical similarity to calcium, accumulates in bones and irradiates the bone marrow,
and therefore can also cause problems for human health. The latter was concentrated in a
more restricted area around the reactor, as its larger particle size and its deposition levels at
large distances were not radiologically significant. It is of note that gamma emitter nuclides
(such as caesium and iodine isotopes) have been studied more extensively than the beta
emitter strontium, since it is much simpler to measure gamma than beta emitters [19].
Therefore, 13Cs was chosen in our study for the mapping of the deposition because of its
radiological importance and its easiness for measurements.

Increased contamination levels remained within the atmosphere for years after the
accident, while radionuclide deposition values, depending on meteorological and envi-
ronmental conditions, as well as the particle size, showed a substantial reduction in their
transfer to vegetation and animals in agricultural systems during the first few years. The
137Cs activity concentrations still remain high in the surrounding areas of Chernobyl (in
Ukraine, Belarus and Russia), especially in natural ecosystems (forests, rivers and lakes),
while the surface contamination and the air dose rate have been reduced significantly due
to radioactive decay, rain, wind and human activities [20]. Caesium-137 levels are still
present, even in the southern areas of Europe, as monitored through plants such as lichens
and mushrooms [21], which have a high retention capacity of such radionuclides; through
the lichen Stereocaulon vasuvianum, Savino et al. [22] have accurately determined the
effective half-life of 1% Cs.

In general, many significant radionuclides released by the CNPP accident have already
decayed away. Radioactive iodine isotopes caused great concern within the first few months
after the accident since they are short-lived. In the future, '¥Cs will continue to be of
greater importance, with less attention paid to *°Sr. Over the longer term (hundreds of
years), the plutonium isotopes and ! Am will remain radioactive, although at levels that
are relatively low [9].

One recent “major” (according to IAEA 2008 criteria) nuclear accident occurred in
Fukushima Daiichi Nuclear Power Plant (FDNPP) in Japan, on 11 March 2011, as a result
of a tsunami (caused by a strong earthquake) that struck the east coast of the island. The
radioactive releases from this nuclear accident were not as large as those from Chernobyl
but were still considered substantial [23]. A radioactive plume derived from the Units 1, 2,
3 and 4 of the FDNPP was dispersed in the atmosphere, causing significant radioactive
pollution (mainly due to **Cs, 13’Cs and !3!I release) of the environment within a radius
of 40 km from the damaged reactors. Immediately after the accident, the prevalent dose-
forming radionuclides collected from soil samples from the nearby areas around the
reactors were P31, 134Cs, 137Cg, 129mTe 95Nb and 136Cs, while, after several months, the
corresponding ones were 13*Cs, 13Cs and 1™ Te. It was also estimated (some months after
the accident) that the amount of radioactive materials released into the environment at that
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time was approximately 10% (1.6 x 10'7 Bq for *'Tand 1.5 x 10'® Bq for ¥Cs) that of the
Chernobyl accident [24].

Up until now, a large area of a few thousand square kilometres around CNPP (the
‘Chernobyl Exclusion Zone’) remains evacuated, with restricted human access. 3'I (half-
life: 8 days) has long decayed, and '3*Cs (half-life: 2 years) has already been considered
depleted, therefore, the main existing problem is the radioactive hazard from contamination
by 137Cs (half-life: 30.17 years), although half of the initial release has now decayed. The
whole restricted zone gives the opportunity for the study of radiation transmission to the
animals of this area, since wildlife is flourishing in the absence of human activities [25].
In Fukushima, there are confined areas within a radius of 40 km around the FDNPP,
where the annual effective dose exceeds 20 mSv (the effective dose limit established by
the Japanese Government for the lifting of the human exclusion order) and other areas
where the corresponding value is up to 50 mSv. Although remediation measures through
the years have been taken for the maximum possible decrease in the radioactive nuclides
of the terrestrial area, the radio-contamination levels do not permit the return of evacuees
to their land. Gamma-radiation from the deposited '¥’Cs still remains a big problem for
authorities [26]. As referred to above, the 3”Cs content in these areas is also investigated
through lichens and other plants [27]. As also occurred in Chernobyl, *°Sr dispersion over
the Fukushima territory was limited and the biggest part of this released radionuclide was
deposited in the proximity of the FDNPP [19].

One of the main pathways leading to human exposure after such a REI is the external
exposure from radionuclides deposited on the ground [28]. Gamma-radiation from these
radionuclides has been a major contributor to the external exposure of the public due
to a nuclear accident [29]. In our study, we focus on the '3Cs as the most prominent
radionuclide for ground contamination due to its substantial contribution to the lifetime
effective dose to humans, its long radioactive half-life, and its ease of measurement.

Exposure to IR induces a range of DNA lesions to living cells. IR photons especially
can target the nuclear DNA molecule in two ways: either by directly striking it, with the
induction of secondary electrons, causing breaks in the phosphodiester bond connecting
adjacent nucleotides on the same side of the DNA helix, or by water radiolysis, which can
result in the formation of reactive oxidative species (ROS) and additional oxidative DNA
damage. All the above can result in the formation of simple or complex lesions [30,31]. In
such a DNA lesion, a single nucleotide is characterized by an abnormal chemical alteration,
i.e., a missing or damaged base or a strand break. These lesions may comprise base damage
(BD), single-strand breaks (SSBs, i.e., a cluster of lesions that contains at least one strand
break and which has no other additional break within 10 bp on the opposed strand),
double-strand breaks (DSBs, i.e., this is a lesion that consists of two SSBs, which are located
on opposite strands within 10 bp of each other) and complex DNA damage (groups of
several lesions within 1 or 2 helical turns of the DNA molecule) [32]. Among them, DSBs
and non-DSB clustered damage (i.e., two or more lesions within one or two helical turns
of DNA induced by the passage of a single radiation track) [33] are considered to be the
primary cause of radiation-induced cell killing, mutagenesis and neoplastic transformation.
Through the process of breaking and re-joining, DSBs are converted into small- or large-
scale chromosomal exchanges with the ability to induce phenotypic tumor lesions and,
finally, cell death. Other types of non-DSB lesions, such as clustered oxidized bases, are
considered to be resistant to the repair process and more susceptible to DSB formation
through their repair processing [34].

Throughout the last decade, Monte Carlo (MC) codes have proved to be a useful tool
for assessing DNA lesions in a cell exposed to IR, since they have been constructed to
simulate damage induction at the DNA scale [35,36]. Radiation risks for an individual
exposed to IR depend on different factors. One factor of great importance is the overall
dose of radiation absorbed by the human body, while another equally important one is the
dose distribution within it.
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In our study, we have used a serial combination of two MC codes with different roles
in order to estimate the number of induced lesions (S5SBs and DSBs) per cell of a person
exposed to IR from a radioactive source (*Cs) placed in the ground, as a remnant from a
hypothetical nuclear accident. These lesions were assessed for different values of surface
activities and exposure times of the radioactive material to make conclusions about the
health risk in such exposures. We have developed an efficient computational method with
the combination of a small-scale MC biophysical model (MCDS), with a larger-scale and
general-purpose MC transport code (MCNP) to reproduce the results induced in the cell
environment after such an exposure. Specifically, we have used the general-purpose MC
N-particle (MCNP) radiation transport code to estimate the absorbed dose and secondary
electron spectra of 137Cs irradiation in cell DNA. Subsequently, we combined the estimates
of the secondary electron spectrum and the absorbed dose acquired from MCNP with
MCDS simulations in order to calculate the initial DNA Damage.

In synopsis, we have developed a computational method to study the potential
biological effects on cell DNA after IR exposures. It is crucial to know the absorbed
dose after the radiation exposure because, based on the recording of this magnitude
and the analysis of the effects of radiation in living organisms (DNA damage), we can
estimate the severity of each exposure. Ultimately, this information may help medical
personnel to respond appropriately to such cases with individuals exposed to IR after a
radiological incident.

2. Materials and Methods
2.1. Monte Carlo (MC) Codes: MCNP and MCDS

Our calculations have been based on the Model Carlo simulation technique. MC codes
have been widely used to simulate damage induction to a cell exposed to any type of the IR
spectrum [37]. Theoretical studies, together with MC Track Structure codes (MCTS), have
contributed remarkably to the understanding of the DNA damage dynamics and to the
simulation of particle tracks in biological matter, leading scientific research to the estimation
of the radiation effect parameters and, therefore, providing important information applied
in radiation protection and radiotherapy [35,36]. In this way, MCTS simulations have
proved to be the most sophisticated tool for studying and understanding the interactions
of IR with biological matter and for determining the damage induced by it to the major
target of the cell: its DNA macromolecule [31].

In our study, we have used two different MC codes for obtaining our calculations.
The first one, MCNP, being one of the most accurate in its category, is a multipurpose code
used widely in nuclear and medical applications, utilizing a large spectrum of particles.
The simulation of particle interactions with living matter are based on databases that
are embedded in the software and include internationally recognized libraries of cross
sections [38]. The MCNP6.1 version of the code used by us, especially, has the ability to
accurately describe the electron transport down to 10 eV [39]. Via this code, we have esti-
mated the absorbed dose by our target and the spectrum of secondary electrons produced
in it. As aforementioned, one part of the damage induced to a cell is due to secondary
electrons ejected as a result of the ionizations in the medium.

The second MC code used in our study, in combination with MCNP, is the Monte
Carlo damage simulation (MCDS) algorithm, which has been selected among the other MC
codes of the bibliography because of its simplicity and its results production swiftness. It
does not have the accuracy of other codes in its category, but it can yield major trends in the
spectrum of DNA damage predicted by other detailed MCTS simulations. This code has
been developed in order to predict the initial yield and types of DNA damage formed by IR
and is much faster compared to conventional track structure simulations (it can give results
within seconds to minutes), in addition to its easy-to-use algorithm [34]. MCDS algorithm
is characterized as a quasi-phenomenological model, which can predict the full spectrum
of DNA damage induced by electrons, protons, a-particles and ions up to *Fe. Although
this code does not possess the ability to directly simulate the damage in irradiated cells
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for photons or other neutral particles, secondary electron spectra for 13’Cs in a monolayer
cell geometry were used to produce DNA damage yields [40]. The estimates of the code
parameters are based on the interpolated damage yields, derived mainly from the track
structure simulations of Nikjoo et al. [41-44] and Friedland et al. [45,46]. MCDS [47] uses
only four adjustable parameters, three of which are the same for electrons, protons and
a-particles. In brief, simulations are performed in two steps: (1) random distribution of the
expected number of lesions produced in a cell per Gy of radiation in a DNA segment and
(2) subdivision of the lesions in the former segment into clusters [34].

2.2. MCNP Setting for the Simulations of Our Study

Estimation of the absorbed dose to tissues of the human body, from radiations emitted
by an arbitrary distribution of a radionuclide in an environmental medium is an extremely
difficult computational task. By using the MCNP code, we create the geometry of the
experimental setup. In this case, we base our simulations on a “human phantom” (filled
with water as content), which appears as a cylinder with a radius of 25 cm and 180 cm in
height, simulating an average man standing on the soil at the air-ground interface. This
phantom is separated into layers of 10 pm thickness, which represents the typical average
size of a eukaryotic mammalian cell (Figure 1).

R=2000cm

we==={ 190cm

Cell Target

10cm

-10cm

Figure 1. MC geometry model of the MCNP6.1 simulation including the source, the phantom and
all the patterns used in it. The whole setting is as follows: the human phantom (depicted as a blue
thin cylinder of 1.80 m height and 25 cm radius) stands in the middle of the outer azure cylinder
(radius 20 m) which is filled with air (surrounding environment). The grey base cylinder (radius
20 m) represents the source volume on which the “human” stands (i.e., the surrounding ground,
composed of soil and contaminated with the radionuclide 1¥Cs in different surface activity values).
There is no proportionality in the depicted dimensions of the patterns for the sake of simplicity.
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Additionally, an isotropically distributed cylindrical source of '¥Cs has been placed
in the ground, at a depth of 20 cm; the latter value represents a mean typical depth of
radiocasium deposition in soil after its release as a consequence of a nuclear accident [48].
We have chosen to use this specific value for the deposition depth of ¥’Cs in all our
measurements, since many fundamental studies about the vertical distribution of this key
artificial radionuclide in the environment show its biggest concentrations in the topsoil
layers, especially above the depth of 20 cm [5,49,50]. The content of this radionuclide in soil
is influenced by vertical migration due to the physical processes of diffusion, convection
transfer with the soil moisture, and migration through the roots of plants. Generally,
the concentration of radiocaesium is decreased exponentially with depth, depending on
the landscape and mainly the soil type; the latter includes factors such as the mineral
and physical composition of the soil, its organic composition, cation exchange capacity,
acidity, and the presence of certain kinds of vegetation (e.g., coniferous trees and mosses
which play the role of a filter, engulfing radionuclides for long periods after the initial
fallout)[51-55]. In our study, we have considered an isotropic cylindrical source (the base
cylinder in Figure 1) and, therefore, in our simulations we have planned its surface area
(base of the cylinder) to be 1256 m? (radius 20 m). Of course, a larger source area would
result in a higher effective dose to our phantom, but based on the results of a similar study
by Han et al., 2010 [56] where the effective dose proves to increase <2% when the source
area increases by 78%, we have assumed in all our simulations that a source area with the
aforementioned value is a reasonable one, representable of a contaminated area beneath
the ground. In our study, the material which is mixed with the source of gamma rays
(*¥Cs) includes all those elements contained in soil in the respective proportions (mass
percentage) (i.e., Si: 27.1183%, Fe: 5.6283%, Mg: 1.3303%, K: 1.4327%, Ca: 5.1167%, O:
51.3713%, Na: 0.614%, Al: 6.8563%, Ti: 0.4605% and Mn: 0.0716%), considering a typical
value of dry density ~1.52 g/cm? [57]. The entire assembly is surrounded by air (i.e., the
external cylinder in which the human phantom stands). Varying the perpendicular distance
of the DNA cell that we study from the source (keeping its position stable in the other two
axes), we scanned the surface of the human body; i.e., the height between 5 cm and 180 cm
from the ground level and estimated the absorbed dose (in MeV /g per particle) and the
spectrum of secondary electrons produced in the DNA target for each different case. We
applied a series of simulations by MCNP6.1 for the various distances mentioned above,
having chosen various values of source activities of 13Cs for different specific values of
surface exposure (i.e., 37, 555, 1480 and 3700 kBq/m?—these specific values are defined
as the limit ones discerning areas of a different grade of 1*’Cs surface ground deposition,
according to UNSCEAR 2000 Report [58]), in order to simulate the conditions of a nuclear
accident. It is worth mentioning that the value of 37 kBq/m? was taken as the lower limit
defining the boundaries of contaminated zones, while the value of 555 kBq/m? designate
an area of strict control [58,59]. Likewise, for the exposure time we have chosen the typical
time periods of one day, one week and one month.

In order to get the results from the MCNP code (through the output file), we com-
pleted a corresponding input file providing certain information about the geometry of
our experiment, the definitions of the surfaces included, the materials contained (in the
appropriate proportions), the choice of the particles emitted by the radioactive source and
its dimensions. For each value of surface exposure and exposure time we have run the code
for 100 histories (‘NPS’) in order to get better results by reducing the error in the doses
received to less than 5%. For the absorbed dose calculation, the energy pulse-height tally
(energy balance tally *F8: P, E) was exported. Notably, this code extended electron transport
down to 10 eV, adopting this value as the electron tracking and production threshold [60].

As one may notice, in our calculations via this code, we refer only to the secondary
electron’s spectrum produced by vy radiation. This does not mean that we omitted the
B radiation emitted by 137Cs [61], which is known to have a short range, a fact that
could play a crucial role in our final results. For this reason, before performing all our
calculations through MCNP6.1, we ran the same input files for the same geometry model



Appl. Sci. 2021, 11, 8985

8 of21

in the MCNP-CP code [62], which has the ability to calculate the corresponding beta decay
spectrum. Through the latter calculation, we inferred that the range of the electrons emitted
by !3Cs during B decay in the soil towards the human phantom is only some pm; this
happens because we use an extended source (source diameter: 40 m) in comparison to
the dimensions of the phantom, and in a long distance from the standing “human”, in
comparison to the range of beta-radiation. In this way, we may neglect the 3 radiation
emitted from our source.

2.3. MCDS-Based Estimates of DNA Damage

The MCDS provides a simple algorithm that calculates the DNA damage yields for
a given absorbed dose of a chosen particle, and for a set of parameters such as cell size,
nucleus size, type of radiation, and other parameters related to cell environment (e.g.,
oxygen and water cell concentration). As a whole, MCDS calculates complex DNA damage
(DSBs, SSBs, non-DSB oxidative lesions) that are induced through both the direct ionization
and excitation of the DNA and the indirect action of hydroxyl, or other radicals formed in
close proximity to DNA. DNA damage by the bystander effect is neglected in this code. The
MCDS code “reads” data from particles and other necessary information for the simulation
from an input file (in which we set the calculated value of the absorbed dose by MCNP, as
well as the energy spectrum of the secondary electrons down to 10 eV) and yields its results
through an output file [63]. In our calculations, we have considered cells irradiated under
normoxic conditions (O, concentration: 10% for tissues). Our simulations have been based
on the default parameter values: 6Sb =217 Gy ! Gbp~!, f = 3 and nmin = 9 bp, where
oSb is the number of individual strand breaks per unit dose per amount of DNA in the
cell, f is the ratio of base damage to strand breaks and nmin the minimum length (in bp) of
undamaged DNA between neighboring elementary damages, such that these elementary
damages are considered to belong to two different lesions [63]. We also assumed that the
DNA of each diploid cell has a length equal to 6.4 Gbp, which is the average value for a
diploid human cell with 46 chromosomes, as well as the diameter of the cell nucleus is
5 um, and the cell diameter is 10 um. All the simulations in our study have been performed
through the MCDS Version 3.10A [64].

3. Results

The results of this study comprise, firstly, the calculation of the absorbed dose through
the MCNP6 code for the radionuclide '’Cs. In particular, the absorbed dose has been
estimated as a function of height (distance from the ground) of a typical man (5-180 cm)
for the surface activity values of 37, 555, 1480 and 3700 kBq/m?, respectively and for the
exposure time of a week. These results are depicted in Figure 2.

As can be seen, when the height (distance from the source) is increased, an exponential
decrease in absorbed dose occurs. In addition, an initial sharp decrease in the slope of
the curve is observed at small heights on the water phantom; this happens because an
increase in the distance from the source is equivalent to the reduction in the number
of photons which penetrate a surface along the direction of the radiation. On the other
hand, the dose becomes quite constant after the first 80 cm from the ground, with surface
activity of 3700 kBq/m?, and after the first 30 cm for the corresponding values of 555 and
1480 kBq/m?, while it is constantly near zero for the value of 37 kBq/m?; this was expected,
since the aforementioned values of distance are within the range of gamma rays in the
air [65]. It is of note that the estimated doses for the deposition density of 37 kBq/m?, as the
limit of the high radiation control safe zone according to the UNSCEAR 2000 Report [58]
for the Chernobyl nuclear accident, are in the range of 1.1-x 1074-1.99 x 10~>—mGy and
are considered as “low absorbed doses”.

Next, we present our results of the MCDS for the calculation of the DSB and SSB
damage (number of lesions per cell) (Figure 3a,b) for the same values of deposition densities
of 1%7Cs and for the exposure time of one week.
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Figure 2. Absorbed dose to the cell (target) as a function of height (on the water phantom used in our
simulations) induced by different 137Cg surface activities for the exposure time of one week, using
MCNP6.1 code.

The first thing to note is that the analogy between SSBs and DSBs seems to be in the
range reported in irradiated typical mammalian cells [66]. It can also be noted that, for the
higher value of surface activity, an exponential decrease is observed in both the numbers
of the expected DNA lesions (DSBs and SSBs per cell) of the cell target as a function of
distance (height) from the source of '¥’Cs. For the value of 1480 kBq-m 2 the corresponding
numbers show a small decrease at the first 30 cm, while for the other two (and lesser) values
of deposition density, the number of the lesions is quite stable as the distance from the
source is increased. This means that for the highest value of surface activity, i.e., for a man
standing on the ground, exposed to 1¥Cs radiation in the near zone (<100 km from the
place of the nuclear accident), the number of induced SSBs and DSBs in the cells of his
genitals and the rest of his body organs are quite the half of those induced to the cells of his
feet. For places in the far zone (100 km to approximately 2000 km), the number of the same
lesions is low and quite stable throughout his whole body. It is of note that as the distance
from the source increases (and consequently the absorbed dose is reduced), the number of
the expected SSBs per cell for the deposition density of 3700 kBq-m 2 decreases by a factor
of 2.5, reducing, in this way the biological effects of radiation; the corresponding decrease
in DSBs with distance is lesser, since this kind of lesion is more complex than SSBs and
occurs more scarcely. All our MCDS simulations have been performed with a standard
error of the mean better than 0.2%.

DSBs are considered to be the most biologically deleterious lesions, since one single
unrepaired DSB can lead a cell death or can cause chromosomal aberrations with sub-
sequent genomic instability, and possible malignant transformation [67]. Therefore, this
kind of damage was chosen to be analysed mainly in association with the aforementioned
results. As reported previously, the MCDS code does not involve the process of repair in
its results and thus, we take into account the existing literature in order to translate the
numbers of lesions shown in the above diagrams into cancer risk information.
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Figure 3. Estimation of the number of (a) DSBs and (b) SSBs per cell, respectively, induced by
different levels of 137Cs contamination in the ground, for the exposure time of one week, according
to our MCDS simulations.

In the dose range related to a REI, as in our study, the associated cancer risk cannot be
deduced from epidemiological data, due to a lack of sensitivity. Such estimates for persons
exposed to an environmental IR incident have been based on a linear extrapolation of high-
dose data obtained from the study of atomic bomb survivors of Hiroshima and Nagasaki
through the years; the linear-no-threshold (LNT) model assumes that the DNA damage
is proportional to the dose and that the response of the irradiated cell functions equal
efficiently from high to low doses [68]. However, the validity of such an extrapolation is
questioned by phenomena such as the low-dose hypersensitivity, the adaptive and hormetic
response, the bystander effects, and the threshold hypothesis [69-72]. In attempting to
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associate a low dose irradiation with cancer risk, it is important to make the distinction
between acute exposures over a very short period of time and protracted ones [73]. Clearly,
the atomic bomb survivor risks represent the average of all those exposed to an REI
population. Considering the existing data, the fact that individuals are at lower or greater
risk than the average, depends on genetic status, age, age of exposure and other factors [74].

Deep sequencing studies have confirmed that biomarkers (such as the micronucleus
assay and scoring of chromosome aberrations) are important tools for the detection of the
early stages of radiation-induced carcinogenesis. These validated techniques, however, do
not have the sensitivity to study the effects of IR on cells at doses below 100 mGy [75,76]. For
this reason, phosphorylated histone H2AX (y-H2AX) foci immunodetection has become the
internationally accepted quantitative biomarker of human low-level IR exposure [77]. DSBs
activate histone H2AX right after their induction by phosphorylating a highly conserved
serine (Ser-139). The phosphorylated y-H2AX forms foci in the cell nucleus. In this way, a
v-H2AX focus represents a DSB [77,78].

Focused on the range of low doses (i.e., doses <0.05 Gy [79]), as this very low (<1 mGy,
see Figure 2) in our study, Rothkamm and Lébrich have shown that in non-dividing primary
human fibroblasts cultured in vitro, irradiated by doses ~ 1 mGy of IR, the induced DSBs
remain unrepaired for many days and the cells with unrepaired DSBs are eventually
eliminated [80]. Similar results were observed by Osipov et al. in a study conducted
on human MSCs, isolated from oral mucosa, where for the lower doses, after the initial
rise in YH2AX foci number, there was no decrease observed [81]. It appears that, in
cellular responses at low compared to high doses, different pathways may be activated,
and non-linear responses prevail that are not compatible with the LNT model.

Unrepaired or mis-repaired DSBs may give rise to chromosomal aberrations and
alterations, micronuclei formation, gene amplification, sister chromatid exchange and
other genetic instability hallmarks. In vitro observations show the induction of unstable
chromosomal aberrations in cells irradiated in G1 phase and chromatid-type aberrations in
the ones exposed to IR at the G2 phase of the cell cycle [82]. Aberrations, such as a dicentric
chromosome, or a ring with an acentric fragment, or a reciprocal translocation, permit the
continuation of cell proliferation with the over expression of truncated oncogene which
leads to oncogenic transformation. For example, rearrangements of the RET (rearranged
during transfection) gene are observed in papillary thyroid carcinoma. Studies conducted
after the CNPP accident show a sharp increase in the incidence of pediatric thyroid papillary
cancer [83].

Examining the human breast tissue after its irradiation with very low doses (a few
mGy) of IR, one may detect, except for induced DSBs, changes in the transcription level
of genes [84]. Female breast tissue is proved to be very sensitive to radiation due to
the presence of reproductive hormones, including estrogens; the latter may function as
carcinogens since they energize the estrogen receptor-mediated cell proliferation [85].
Depuydt et al. investigated the irradiation of glandular epithelial cells of breast tissue
in the dose range representative for mammography screening, with results indicating
the existence of a hypersensitive response for DSB induction [86]. In a previous study,
they showed that the number of mammography-induced DSBs resulted in chromosomal
aberrations, which are a hallmark for cancer [87]. Other studies demonstrated that for very
low doses of IR, the YH2AX foci induction is much higher than at higher doses [88-90].

Another effect which plays a key role in the IR-induced carcinogenesis is the bystander
effect; this is more relevant to low-dose radiation [91]. At low doses of IR, the response
to radiation becomes important in regard to how dominant and extended the bystander
effect is in the vicinity of the irradiated cell, and the consequences this will have. Thus,
the IR-induced genomic instability and the consequences of the bystander effects indicate
a non-linear behavior in the low-dose area. The evidence arising from the published
data indicate that the cellular response to low-dose IR is a complex interaction of various
modulating factors [92].
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Shimure and Kojima recently attempted to identify the lowest IR dose causing molec-
ular changes in the human body [93]. They concluded that, although the extent of DSBs
formation differed depending on the irradiated cell species that were investigated, the
lowest limit at which these DNA lesions are formed is approximately 1 mGy. Halm et al.
indicated that blood doses ranging between 0.22 and 1.22 mGy may induce somatic DNA
lesions, one hour after C.T. examination [94]. Additionally, Vandervoorde et al. [95] showed
that a very low blood dose 0.15 mGy caused DSBs five minutes after the C.T. examination.
An increase in leukemia risk is suggested in children under five years old who were ex-
posed to radioactive fallout from nuclear weapons testing (estimated fallout marrow dose:
1.5 mGy) [96].

According to all the aforementioned data, exposure of an individual to the dose of
the underground caesium-137 in areas of such values of surface activity for a period not
more than a week, seems to be of very low risk for any future health problems. It would be
interesting to investigate the same cases but in a more extended exposure time to IR.

In order to study the absorbed dose as a function of the exposure time, we have
calculated its values for the deposition density of 3700 kBq:m 2 (in the near zone of the
nuclear accident) at the exposure times of one day, one week and one month through
MCNP code (Figure 4).
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Figure 4. Cell-target absorbed dose of the water phantom at various values of height from the
ground surface, induced by the 137 Cs ionizing radiation of 3700 kBq/m? for the exposure time of one
day, one week and a month, using MCNP6.1 simulations.

It is of note that there is an exponential decrease (for the exposure time of one month)
in the absorbed dose with the increase in height from the ground (source), while in shorter
time periods the curve is converted to a nearly stable line and, simultaneously, a linear
increase in this dose with the increase in exposure time. As can be seen in Figure 5, the same
trends have the estimated DSBs and SSBs per cell as a function of height and exposure time,
correspondingly. This linear trend also holds for the relationship between the absorbed
dose and the number of inducted DSBs and SSBs. This trend could support, in part, the
LNT model. On the other hand, the estimated absorbed dose for the exposure time of
one month (see Figure 4) takes an average value ~3 mGy for the vital organs of a 1.80 m
tall man; this fact may pose a risk for the induction of unrepairable DSBs and unstable
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chromosomal formations, which in turn, may enter an organ of the exposed organism to
early potential stages of carcinogenesis. This would also mean that a man standing on the
radioactive ground of such an area for the time period of one month (in practice, this means
that the individual is exposed to a daily eight-hour-irradiation from such a source in the
ground for three consecutive months) has a real risk of being a cancer patient in the future.
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Figure 5. Estimation of the number of (a) DSBs and (b) SSBs per cell, formed by dose induced by a
137Cg ionizing radiation of surface activity 3700 kBq-m_2 for an exposure time of a day, one week
and a month, using MCDS simulations.
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Since the exact details of the microscopic association between radiation and carcinogen-
esis is not yet known, it would be interesting to explain how the aforementioned calculated
numbers are connected with the risk of carcinogenesis in the organs of an exposed individ-
ual in a relatively macroscopic scale. For this reason, we have used the National Cancer
Institute NCI (USA) Radiation Risk Assessment Tool—Lifetime Cancer Risk from Ionizing
Radiation: https:/ /radiationcalculators.cancer.gov/radrat/model/inputs/ (accessed on 29
July 2021).

With this tool, we evaluated the risk for various organs of different characteristic
adults exposed to such doses. In our following estimates, thyroid cancer has been excluded
since it is by far attributed to the intake of 1317 this radionuclide is the main contributor to
the thyroid doses received mainly through internal body irradiation (via milk consump-
tion) [97]. On the other hand, 137Cs is considered the main contributor to doses of the body
organs and tissues, other than the thyroid gland, from external and internal irradiation.
For this reason, we have considered presumably eight different individuals (two males
and six females) with different ages and different exposures to the nuclear accident of
Chernobyl in 1986. Through this online risk calculator, by filling the age (at the year of
the accident) of each individual (all considered about 1.80 m high) and the absorbed dose
(in mGy) as calculated before (see Figs 1 and 4), in which they were exposed for a certain
single exposure time (in days) and rate (acute or chronic), we estimate their Excess Lifetime
Cancer Risk (ELCR) for different body organs in a certain height from the ground. In
fact, the real exposure time of an individual is a longer one, since this person does not
keep standing on the ground for the total time of exposure, as referred above. Based on
these data, the possibility of a certain organ cancer development (chances expressed as
cases per 100,000) is evaluated. By the ELCR, we refer to the average probability of cancer
development to a certain organ of an individual exposed to IR higher than their unexposed
peers. Our selection of the specific organs for the evaluation of their ELCR was based on
the sensitivity of the human tissues to radiation [98], the availability of these organs in the
quoted list of the NCI tool, and the volume that they occupy in the human body; in the
latter criterion we selected such organs so that they are not extended (such as the bowel)
and correspond to a certain height from the ground (for the use of a certain value of dose,
according to Figures 2 and 4).

More analytically (see Table 1), the first calculation is about an adolescent, 16 years
old at the year of the Chernobyl nuclear accident, exposed to a 30-day irradiation because
his family—for various reasons—delayed to evacuate their homestead in the near zone
of 3700 kBq-m~2: assessing a total dose of 3.44 mGy for all those days of exposure, we
evaluate an ELCR for his prostate gland equal to 3.91 x 10~°, which is considered high
according to the World Health Organization [99], the Canadian Council of Ministers of the
Environment [100] and the New Zealand Ministry for the Environment [101]. In the same
way, the next examined case is that of a 60-year-old woman, living in the aforementioned
zone, who refused to evacuate her home; considering a chronic exposure of 3.02 mGy
for a period of 30 days, we assess an ELCR for her breast equal to 2.15 x 107>, which is
also considered high (according to the aforementioned criteria). The third case is that of a
16-year-old lady, who received only an acute dose of 0.1 mGy for only 1 day of exposure in
the near zone before evacuating the contaminated area with her family; this dose yields an
ELCR equal to 0.58 x 10~5 for her breast, which is considered as moderate. If, for the same
young lady, we assess the ELCR for all her organs (in this case we considered an average
height of 130 cm from the ground for her vital organs), we calculate a value of 2.4 x 107>
which is considered high, while the corresponding value for leukemia is 0.08 x 1075,
considered low. Our next case is that of a 50-year-old cattleman who lived in the same area
and promptly evacuated his ranch under the first governmental recommendations for the
general public, but after some weeks returned to live again in his area at his own risk. This
man, exposed to a 30-day-irradiation after the first days of his reinstallation of 3.20 mGy
from the radiation under his feet, has an ELCR value for his pancreas equal to 0.66 x 107>,
which is considered as a moderate one. We then consider a 16-year—old lady, living in an


https://radiationcalculators.cancer.gov/radrat/model/inputs/

Appl. Sci. 2021, 11, 8985

15 of 21

area of the outer contaminated zone of 37 kBq m~2, exposed to a 7-day-external irradiation
of 8 mGy (due to a delay in her family’s evacuation of their home) for whom we assess an
ELCR for her ovaries equal to 0.005 x 1072; this value is a low one. Our last case is that of
a 30-year-old woman living those days in the contaminated zone of 555 kBq-m 2, who, for
a 7-day-delay of evacuation, has been exposed to an external dose of 0.068 mGy, equivalent
to a low ELCR value for her brain equal to 0.004 x 10~°.

Table 1. Data of hypothetical individuals exposed to the radiation from Chernobyl nuclear accident [sex (male, female),
birth year, exposure year, exposed organ, surface activity (kBq/m?), total exposure time (days), exposure rate, dose (mGy)]
for the assessment of ELCR and risk grade (High, Medium and Low).
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M 1970 1986 Prostate 3700 30 chronic 3.44 391 x 1072 H
F 1926 1986 Breast 3700 30 chronic 3.02 215 x 1072 H
F 1970 1986 Breast 3700 1 acute 0.1 0.58 x 1075 M
F 1970 1986 all organs 3700 1 acute 0.1 24 x107° H
F 1970 1986 leukemia 3700 1 acute 0.1 0.08 x 107° L
M 1936 1986 pancreas 3700 30 chronic 3.20 0.66 x 107° M
F 1970 1986 ovaries 37 7 acute 0.008 0.005 x 107> L
F 1956 1986 brain 555 7 acute 0.068 0.004 x 107> L

As a conclusion to all the previous calculations, it may be noticed that any exposition
of an individual in the near zone of 3700 kBq-m~2 increases the risk of cancer at a moderate
to high grade (only in the case of leukemia there is a low-risk grade estimation for exposed
individuals in this zone, and this happens due to the selected short time of exposure, i.e.,
1 day).

The objective of this study is the calculation of the absorbed dose and the estimation
of a critical marker for biological damage i.e. the one induced at the DNA of an individual
exposed to the radiation emitted by the '3’Cs in the ground. In this way, we have isolated
only one component of the total radiation that can affect the health of a human exposed
to it after a nuclear accident and could lead to carcinogenesis. The latter, as we know,
is a multistage and multifactorial process and in order to assess any risk estimate with
the most accurate approach possible for cancer, one has to investigate at the same time
all the factors associated with this disease. For example, in the case of radiation-induced
leukemia, one should know not only the absorbed dose and the time of exposure, but also
diverse factors connected to genetic susceptibility to the disease. We should also know
other environmental factors and dietary habits referred to the specific agricultural cohort of
this area around the Chernobyl Nuclear Power Plant. Noshchenko et al. [102] estimated the
radiation-induced risk of acute leukemia that occurred from 1987-1997 among residents
0-5 years of age at the time of the Chernobyl accident, who lived in the most radioactively
contaminated territories of the Ukraine; this risk was significantly increased among those
who were exposed to doses higher than 10 mGy. If we compare our results (Figure 4:
lower doses in shorter exposure periods) to those above then we will have to extend
the exposure time to much longer periods (e.g., more than 2 months) in order to reach
similar doses. Some reports about an increase in infant leukemia due to the prenatal
irradiation after the Chernobyl accident in more remote countries, such as Greece [103] and
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Germany [104], quote an average of ~2 mSv and 0.49 mSv correspondingly, (for radiation
protection purposes, absorbed dose and effective dose are used, including a radiation-
dependent weighting factor: for X-rays and y-rays, ImSv = 1 mGy) for the added radiation
exposure during the first year after the accident, while others in neigboring countries such
as Belarus [105] quote multiple values of doses.

4. Discussion

Simulating the biological DNA damage effects in the human body in the case of REI,
utilizing MC methodologies, has proved to be a useful methodology to better understand
the effects of environmental radiation exposure. MC methods are computational algo-
rithms of high predictive accuracy and useful for modelling phenomena with significant
uncertainty inputs. Thus, this is a powerful approach for confirming that, given the charac-
teristics of the living matter and the medium, such as density, distance from the radiation
source, radiation energy and geometry, as well as the kind of particles, effectively affect
the photon transport path. The associated expected DNA damage levels (DSBs, SSBs)
are usually accompanied by 5-10 times more non-DSB lesions, increasing the mutational
potential even at low levels of radiation dose [31,106].

As expected, our results show that, for a given exposure time and '3 Cs surface activity,
the absorbed dose decreases exponentially as a function of the height from the ground
surface of the gamma-ray source. In the same way, the number of initial complex damage
levels per cell decreased exponentially when the height increased and depended on the
duration of the exposure and the source activity. It is obvious that a higher surface activity
of 1¥Cs can induce a greater number of DSBs and SSBs. It is worth noting that according to
in vitro experiments on normal mammalian cells, 10-35 DSBs/cell and 200-1000 SSBs/ cell
are expected to occur with doses of 0.2-1 Gy, respectively [80,107]. This means that if an
individual has received such a dose, they would have a 1-3% increased risk of cancer as
well [108]. Additionally, if the number of DSBs per cell is greater than 35 in any irradiated
cell, this cell will have a dramatic risk increase of mutations, probably leading to apoptosis
or cell death [109].

Although we know that many of the DSB lesions induced to a cell after IR exposure
can be repaired by endogenous mechanisms within 24 h, some of these lesions are difficult
to repair, leading possibly to mutation or cell death [110]. What we really need in order to
evaluate the damage induced to an individual after an IR exposure caused by a REl is a
correlation between the absorbed dose and the DNA damage.

This study has several limitations. In particular, in order to obtain a reliable cancer
risk estimate for a specific cohort of people affected by a REI, there are more factors that
have to be taken into consideration i.e., chemical factors (smoking, alcohol drinking, hete-
rocyclic amine intake by overcooked meat, occupational contact with pesticides, herbicides
and fertilizers), biological factors (medical history of hepatitis B, C and D) and genetic
ones (hereditary abnormalities in DNA repair and cell cycle genes), together with the IR
relevant magnitudes measured in the affected area [111]. Another issue is the fact that
it is difficult to isolate only one physical component of the total radiation relevant to a
REI that affects a certain geographic area, since there no specific non variable irradiation
limits in time and space, and the radionuclides released by such incidents affect public
health both individually and as a whole. The latter issue has been overcome in part, via
the use of MC techniques, which are useful tools utilized for modelling phenomena with
uncertainty inputs.

5. Conclusions

Using Monte Carlo simulations, we have calculated the absorbed dose and estimated
the induced complex DNA damage types in the cells of a hypothetical individual exposed
to IR after a nuclear accident, in order to show the association between this type of radiation
and the resulting damage yields. Specifically, in order to assess the potential biological
consequences of 13’Cs source activity more efficiently, we have used the MCNP radiation
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transport code for an accurate estimation of the secondary electron spectrum, produced by
emitted photons in cells by using an irradiation geometry, similar to the conditions under
which a possible radiological incident may occur. We have combined the aforementioned
MCNP estimation with DNA damage yields assessed via the MCDS code. Based on the
great need for biodosimetry combined with physical dosimetry, our methodology can be
considered as an intermediate step between these, providing a useful estimate of the DNA
damage that has been induced in cells after radiation exposure; these damage levels and
types could be used by the scientific community for a better assessment of the long-term
health effects of IR. All these, in conjunction with simple experimental measurements of the
DSB lesions in the blood of exposed individuals in specific time periods after exposure, by
using, for example, the y-H2AX assay [112,113], can provide a reliable basis for calculating
the level of initial DNA damage with very good approximation, and the expected radiation
exposure levels.
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