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One of the main issues of low-energy internal emitters
concerns the very short ranges of the beta particles, versus
the dimensions of the biological targets. Depending on the
chemical form, the radionuclide may be more concentrated
either in the cytoplasm or in the nucleus of the target cell.
Consequently, since in most cases conventional dosimetry
neglects this issue it may overestimate or underestimate the
dose to the nucleus and hence the biological effects. To assess
the magnitude of these deviations and to provide a realistic
evaluation of the localized energy deposition by low-energy
internal emitters, the biophysical track-structure code
PARTRAC was used to calculate nuclear doses, DNA damage
yields and fragmentation patterns for different localizations
of radionuclides in human interphase fibroblasts. The
nuclides considered in the simulations were tritium and
nickel-63, which emit electrons with average energies of 5.7
(range in water of 0.42 pm) and 17 keV (range of 5 pm),
respectively, covering both very short and medium ranges of
beta-decay products. The simulation results showed that the
largest deviations from the conventional dosimetry occur for
inhomogeneously distributed short-range emitters. For uni-
formly distributed radionuclides selectively in the cytoplasm
but excluded from the cell nucleus, the dose in the nucleus is
15% of the average dose in the cell in the case of tritium but
64 % for nickel-63. Also, the numbers of double-strand breaks
(DSBs) and the distributions of DNA fragments depend on
subcellular localization of the radionuclides. In the low- and
medium-dose regions investigated here, DSB numbers are
proportional to the nuclear dose, with about 50 DSB/Gy for
both studied nuclides. In addition, DSB numbers on specific
chromosomes depend on the radionuclide localization in the
cell as well, with chromosomes located more peripherally in
the cell nucleus being more damaged by short-ranged
emitters in cytoplasm compared with chromosomes located
more centrally. These results illustrate the potential for over-
or underestimating the risk associated with low-energy
emitters, particularly for tritium intake, when their distri-
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bution at subcellular levels is not appropriately consid-
ered. © 2014 by Radiation Research Society

INTRODUCTION

Internal radiation dosimetry has a fundamental role in the
planning of nuclear medicine therapies and in diagnosis
with radionuclides. For therapy, the rationale is to destroy
pathologic tissues by irradiation with properly chosen
radionuclides, while sparing other organs and tissues from
unnecessary exposure (/). Proper pharmaceutical drugs are
chosen for their ability to concentrate in target tissues and to
therefore be labeled with a suitably chosen radionuclide.
The best radionuclide is chosen based on its potential to
maximize the radiation energy deposition in the target tissue
during the desired treatment time. Beta emitters are the best
choice in most cases, because beta radiation has a mean
range in tissue from a few millimeters to a few centimeters.

The absorbed dose to target tissues, as well as to other
organs, depends on the biokinetics of the radiopharmaceu-
tical and the decay scheme of the adopted radionuclide (2,
3). While the physical properties of each nuclide are well
known from experimental data, the biodistribution of the
radiopharmaceutical within the patient’s body depends on
the dynamic biologic pathway that in turn is mainly
governed by the role of the radiolabeled molecule (4). On
a microscopic level, one of the main problems arises from
the possible risks related to the physical inhomogeneities of
the radiation source (5). These inhomogeneities might be
due to the different diffusion of the beta emitters either
because of the different diffusivity of the carrier [i.e.,
different organically bound tritium molecules (OBT)] or
because of the physical barriers represented by the cellular
and nuclear membranes. Radiation from these sources are
capable of inducing detrimental biological effects (e.g.,
cancer) due to the damage caused by the ionization of
cellular constituents, such as the DNA molecule and the
chromosomes (6). Internal irradiation deposited by radio-
nuclides is mostly due to short-range charged particle
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TABLE 1
Main Characteristics of the Beta Emitters, Tritium
(*H) and Nickel-63 (**Ni) used in the Simulations

Nuclide Tritium Nickel-63
Half life (physical) 12.33 years 100 years
Half life (biological) ~10 days ~500 days
E o 18.6 keV 66 keV
E.. 5.7 keV 17 keV
Roax ~5.2 pm ~20 pm
R... ~0.42 pm ~5 pm

Note. E,,. and E,,., and R,,,, and R, indicate the maximum and
average energy of the associated beta particle, respectively.

emissions (e.g., low-energy beta or alpha emitters) and
therefore its contribution to radiation dose and cellular
damage, depends on the activity and concentration of the
radionuclide and its location within tissues and cells (7).

In particular, incorporated low-energy B~-decaying radio-
nuclides emit electrons with a range comparable to the size
of the cell nucleus and of the genomic DNA, one of the
most important biological targets. These radionuclides,
depending on the chemical form, might be present at
different locations in the nucleus or in the cytoplasm of a
cell. If the radionuclide is concentrated in the cytoplasm,
then conventional dosimetry, which assumes a uniform
distribution of energy deposition starting events, will
overestimate the dose to the nucleus, however, if the
radionuclide is concentrated in the nucleus, there is a risk of
underestimation of the dose to the nucleus (7).

Similar to low-energy beta emitters, Auger emitters also
have unique properties related to dosimetric calculations.
Briefly, these unique properties of Auger emitters are
mostly due to the dense cascade of electrons released after
radionuclide decay by electron capture and/or internal
conversion. Most of these electrons are short-range particles
with energies of less than 1 keV and the release of these
electrons results in a deposition of large amounts of energy
near the decay site resembling the characteristics of high-
LET radiations (8). However, use of Auger emitting
radionuclides presents major problems in dosimetry, in
cancer therapy and diagnostic work. For example, in
dosimetry, auger dose calculation is problematic since
electronic equilibrium is not achieved at molecular size
targets (9). Recent works (/0-13) on track structure
simulations of damage and repair for low-energy electrons
have provided an overview on the modeling and calculation
of DNA damage induced by Auger electrons and related cell
dosimetry (/4).

To further quantify these effects, we have performed here
a systematic study through a series of simulations with a
recently modified version of the Monte Carlo code
PARTRAC (/5-17) to calculate the dose and DNA damage
in the nucleus for different concentrations of radionuclides
in the nucleus and cytoplasm. The code implementation
followed three main steps: 1. Testing of the source beta
spectra; 2. Implementation of a new ‘“‘ad hoc’ source

geometry for source distribution within the cell (nucleus,
cytoplasm or both); and 3. Development of a new algorithm
capable of quantifying the damage induced on different
chromosomes by radiation exposure from different radio-
nuclide distributions. In particular, we show that we can
perform analysis on the results obtained from the simula-
tions with the program that provide output files that are able
to calculate the number of double-strand breaks (DSBs) per
chromosome, and also allow us to verify that different
distributions of radionuclides in the cell can induced
damage to chromosomes that are quantitatively and
qualitatively different. The radionuclides considered in this
work were tritium (*H) and nickel-63 (**Ni), representing
the ranges of very low- and medium-beta energies. As an
isotope of hydrogen, tritium can be found as a constituent
atom in the water molecule and basically in every organic
compound (/8-21). Tritium (*H), which is radioactive, is
found in nature and can also be produced by man-made
processes (22). It decays to an isotope of helium (*He)
emitting a low-energy beta particle. The average range of
the emitted beta particle in water (or equivalent biological
tissues) is about 0.5 pm, considerably less than the typical
diameter (5-20 pm) of a cell or even of a mammalian cell
nucleus (23-25). The subcellular location of tritium atoms is
therefore of utmost importance for understanding late
biological effects. Moreover, because of its low initial
energy and short range, the average density of ionizations
produced by the passage of a tritium beta particle (mean
LET =12.1 keV/um) is higher than the one for a moderate-/
high-energy beta particle (26-30). For example, the mean
LET for beta particles emitted from *°Sr with 546 keV decay
energy is 0.52 keV/um. Therefore, although tritium is
normally classified as a ““low-LET”’ beta emitter, in reality
its emission is intermediate between typical low-LET
radiation (~ 0.5 keV/pum) and the high LET of an alpha
particle. Tritium can be regarded as an extreme case of a
radionuclide for which the chemical speciation is crucial in
determining the biological effects of its radioactive decay.
This is due to both the very wide spectrum of compounds in
which the trititum atom may be firmly bound, and to the
unusually short range of its emitted beta particles. The
radioactive isotope nickel-63 is mainly artificially produced
in nuclear reactors by neutron activation of nickel-62. Data
found in Table 1 summarizes some of the characteristics of
the tritium and nickel-63 radionuclides used to perform the
simulation in this work (26-28).

MATERIALS AND METHODS
PARTRAC Biophysical Simulation Tool

In this study we used the biophysical Monte Carlo code PARTRAC
(8), which enables simulation of electron and photon tracks with
energies in the range of 10 eV-100 MeV, and also of proton and
heavier ion tracks in the nonrelativistic regime. PARTRAC is based on
an ‘‘event-by-event’’ description of radiation track structure in liquid
water at the nanometer level, combined with an atom-by-atom
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FIG. 1. Simulated beta spectra for tritium (left panel) and for nickel-63 (right panel) used as input in the

PARTRAC code.

simulation of the biological target. The target is the whole genome of a
human cell in its interphase and it is structured in six levels of DNA
organization (deoxynucleotide pair, double helix, nucleosome,
chromatin fiber, chromatin fiber loops and chromosome territories).
The yields of radiation-induced DNA strand breaks were determined
by superimposing the simulated track structure pattern on the DNA
target model and it was assumed that if an inelastic energy deposition
occurs in the volume occupied by the sugar-phosphate backbone or in
the water shell surrounding the double helix, a single-strand break
(SSB) may be produced if the energy released is larger than 5 eV
(direct and quasi-direct effect, respectively). The probability of
producing an SSB was assumed to increase linearly from 0-1 for
energy depositions in the range of 5-40 eV and to be equal to 1 for
energy depositions larger than 40 eV. For indirect effects, ionized
water molecules were assumed to dissociate following the scheme
H,O" + H,0 — H,0" + 'OH, whereas excited water molecules were
assumed to undergo either relaxation or dissociation in the
prechemical stage (3/). During the chemical stage, diffusion and
interactions (with each other) of reactive species were considered in a
step-by-step approach (32). An interaction between an "OH and a
sugar phosphate was assumed to induce an SSB with 65% probability.
Two SSBs on subsequent nucleotides in the same strand were
considered as one SSB, whereas a DSB was assumed to occur when
two SSBs occurred on sites directly opposite each other within 10 bp.
Further details on the physics, chemistry and biology models
embedded in PARTRAC can be found in a recent review (/7).

PARTRAC Extension to Internal Emitters and their Inhomogeneous
Intracellular Localization

To simulate the transport of electrons coming from beta emission of
tritium or nickel-63 inside a cell, we first modified the part of the code
that selects the energy of the emitted particles, introducing the energy
spectra shown in Fig. 1, used as a discrete approximation to the
continuous beta spectra. The second step was the extension of the code
to locate the sources of beta particles within the cell volume and in
different regions of the target volume (nucleus and/or cytoplasm).

PARTRAC Simulations

The geometrical setup of the reported study corresponds to a human
cell with nucleus and cytoplasm volumes represented by concentric
cylinders with base radius 7.5 pm wide and 5 pm high, and base radius
12.5 um wide and 15 pm high, respectively. For the density of both
cell and nucleus a value of 1.06 g/cm® was chosen. The volume
outside the nuclear volume but inside the cell represented the
cytoplasm, filled with liquid water as a surrogate for biological
medium in the track simulations. Inside the nucleus, DNA and

chromosomes are located according to the spherical chromatin domain
(SCD) model (33, 34).

For each simulation, beta sources were randomly distributed,
changing the concentration of the emitters (i.e., the numbers of starting
points of the primary beta-particle tracks) between the cell nucleus
and/or the cytoplasm. By varying the ratio R = Cy/C¢ of the emitter
concentration in the nucleus (Cy) and in the cytoplasm (Cc), it was
possible to simulate the behavior of specific radionuclides, either
when they tend to be located predominantly in the nucleus as is the
case when chemically bound to some organic molecule (e.g., OBT), or
throughout the rest of the cell as has been described in studies with
tritiated thymidine (22). R values also take into account the barrier
effects due to the different (nuclear and cellular) membranes, which
lead to different nuclide concentrations in the different cellular
compartment, i.e., nucleus and cytoplasm. Beta-particle tracks were
simulated until the total energy deposition in the cell amounted to a
predefined “‘cell dose’’: 5.34 Gy, 2.14 Gy, 1.07 Gy and 0.53 Gy for
tritium and 5.33 Gy, 2.12 Gy, 1.05 Gy and 0.56 Gy for nickel-63,
respectively. The slight differences between the dose levels for the two
nuclides arise from their different electron spectra. For simplicity, we
have used the term “‘dose,’’ even for volumes as small as the cell or its
nucleus, although the microdosimetry terminology of imparted
specific energy is more precise and should actually be used here.

Each point in the graphs shown here was obtained from at least ten
simulation runs and errors were calculated as standard deviations. To
reduce the inter-simulation variations inherent in stochastic calcula-
tions, some simulations were performed with the cell dose of 100 Gy
for nuclides located in the cytoplasm (R = 0; resulting in a ‘‘nucleus
dose” of about 16 and 64 Gy for electrons emitted by the decay of
tritium and nickel-63, respectively). For nuclides located homoge-
neously in the whole cell (R = 1), the cell doses for tritium and nickel-
63 were 16 and 64 Gy, respectively; for homogeneously distributed
emitters, the cell dose equals the ‘‘nucleus dose,”” and therefore allows
for direct comparison of the dose and DSB distribution for different
values of R. Simulations for intermediate R values have combined the
results of these two basic modes.

In addition to scoring energy deposition events in the nucleus and
cytoplasm regions and thus quantifying the nucleus and cell doses, a
number of biologically relevant end points have been considered in
this work, which correspond to the induced DNA damage, namely: the
total number of DSB, the yields of fragments in different size intervals
and the DSB yields on individual chromosomes. Later additional end
points that can be scored by PARTRAC, namely DSB repair and
formation of chromosome aberrations, are beyond the scope of this
current study.

For assessing DNA fragmentation, each DNA fragment (i.e.,
segment between two DSBs or a DSB and either a chromosome end
or an intact chromosome) was tallied into different size ranges (see
Results section), which correspond to the ones used in previous
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FIG. 2. As a function of the ratio R between the emitter concentrations in the nucleus and in the cytoplasm:
Dose to the nucleus for tritium (panel a) and nickel-63 (panel b); number of DSBs for tritium (panel c) and
nickel-63 (panel d). Different curves correspond to different total doses. Panel e: Comparison between the dose
to the nucleus as a function of R for nickel-63 and tritium for the same dose of 5.34 Gy.

simulations and experimental works that led to the validation of
PARTRAC (/6). In particular, fragmentation analysis was performed
using the output data set of the PARTRAC effect module containing
the genomic positions of DSBs. The number of double-stranded
fragments for each fragment size range was determined by calculating
the distances between adjacent breaks or between a break and a
chromosome end.

RESULTS

In this sections we present the results obtained from the
simulations of *H and ®Ni, together with considerations
regarding the comparison between the effects due to the two
different radionuclide energies.

Dose Deposition for Different 3H Concentrations in the Cell
Nucleus

The dose deposited into the nucleus, which represents the
most sensitive region in the cell for biological effects, as a
function of the ratio R of the concentration of tritium in the
nucleus (Cy) and in the cytoplasm (C.) (Fig. 2a). Overall,
the simulations exhibit an expected trend of linearity. Given

that the range of the electrons with average energy of 5.7
keV is less than 0.5 pum, the nuclear dose arises mainly from
the tracks starting (and located) within the nucleus, whose
number is directly proportional to the nucleus-to-cytoplas-
mic concentration ratio R. The contribution to nuclear dose
from electron tracks starting in the cytoplasm is not
completely negligible, as shown by y axis intercepts in
Fig. 2a, e.g., 0.82 Gy for the curve with cell dose of 5.34
Gy. The intercept, i.e., the nucleus dose value at R = 0,
corresponds to tracks originating from emitters located in
cytoplasm only. Nevertheless, parts of some of the tracks
enter the nucleus and contribute to the energy deposited
there. Even for the short-range electrons (mean range below
0.5 pm) generated by decays of tritium homogeneously
distributed in the cytoplasm only, the nucleus dose amounts
to about 15% of the cell-averaged dose (0.82 vs. 5.34 Gy).
The nuclear dose corresponding to the case when tritium is
homogeneously distributed in the whole cell (R = 1, uniform
distribution of track starting points inside the cell) takes, as
expected, the value of 5.34 Gy. This value equals the
average dose to the cell, because in the homogeneous case
the condition of electronic equilibrium in the nucleus is
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FIG. 3. Number of DSBs as a function of the dose to the nucleus for different uniform dose values for tritium.

satisfied, i.e., tracks that originate in the nucleus but escape
outside are compensated by those starting in the cytoplasm
and entering the nucleus. In contrast, in the case of
homogeneously distributed emitter the cytoplasm dose is
slightly smaller (5 Gy) than the cell dose, as some electron
tracks protrude outside the cell and are not compensated for
by tracks entering from outside, given the single-cell nature
of the simulation. The same discussion also applies for
lower doses (2.14, 1.07 and 0.53 Gy), and the intercepts are
rescaled by the mean doses deposited to the cell and
correspond to 0.31, 0.16 and 0.08 Gy, respectively.

DSB Induction and DNA Fragment Distributions for
Different Intracellular Localizations of Tritium

As expected, for a fixed cell dose, the total number of
DSBs increased with increasing nuclear-to-cytoplasmic
location ratio R (Fig. 2c), mainly due to the increase in
the number of tracks in the nucleus. In fact, in the dose
range considered, the contribution of inter-track effects to
DSB induction is negligible, DSBs arise practically from
single tracks only. For each value of R, the dependence of
the DSB yields on R is almost linear. The linearity is most
evident in Fig. 3 graphs, where the DSBs are represented as
a function of the dose in the nucleus. The number of DSBs
per cell per unit nucleus dose induced by tritium-derived
beta particles is about 50 DSBs/Gy.

In addition to the information on the dose deposited and
the total number of DSBs created from the radionuclide
present within the cell, we performed a qualitative analysis
on the type of damage induced by the radiation, in terms of
DNA fragmentation patterns. Figure 4 represents the
variation in the number of fragments (per cell) as a function
of the average dose to the cell for different fragment

intervals (0-30 bp, 30-1,000 bp, 1-9 kbp, 9-23.1 kbp,
23.1-1000 kbp, 1-5.7 Mbp and >5.7 Mbp), where the 0-30
bp interval corresponds to fragments from DSBs producing
complex lesions (CLs), operationally defined as two or
more DSBs within 30 bp (35).

In all the figure graphs there is a comparison of four
different values of R: from which (0) corresponds to emitters
only in the cytoplasm; up to R: (1) which describes uniformly
distributed emitters. The expected dose dependence captured
in these figure graphs is linear, since the contribution of
multi-track effects to DSB induction and hence DNA
fragmentation is negligible, as discussed above. The linearity
is evident especially for larger fragments, where the fragment
numbers are sufficiently high. However, it is notable that in
all intervals the error bars are quite large, because relatively
low doses and small cell numbers were used for the
simulations, so that the fragment numbers obtained in each
interval are not high enough to significantly reduce the
stochastic variations. Also of note is that the number of CLs
(i.e., fragments below 30 bp) per unit dose is about 0.1-0.5
CL/Gy, largely varying with the nucleus-to-cytoplasm ratio R
(Fig. 4, top panel). The extraordinarily large value at 0.5 Gy
(1 CL/Gy for R = 1) is likely an artifact of the discussed
above small statistics only.

Figure 5 represents the simulation results for the
cumulative distributions of DNA fragments induced by
the electron tracks from the decay of tritium for different
values of nucleus-to-cytoplasm ratio, at a nucleus dose of 16
Gy. As expected, the number of fragments in each interval
increases with increasing numbers of tracks in the nucleus
and thus with the R value. Taken together, Figs. 5 and 6
demonstrate the importance of considering the distribution
of radionuclides within the cell, especially for nuclides
emitting short-range electrons such as tritium.
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DISCUSSION

Simulations for Different 63Ni Concentrations in the Cell
Nucleus

The simulated nucleus doses for ®Ni for four different
cell doses and varying nucleus-to-cytoplasm location ratio R
of the emitter are shown in Fig. 2b. As was the case for
tritium, the simulations for nickel-63 confirm the expected
trend of linearity between the dose to the nucleus and the
concentration ratio R. The intercept value for “Ni, which is
3.40 Gy for a cell dose of 5.33 Gy, i.e., 64% of the cell
dose, corresponds to the energy imparted to the cell nucleus
by electrons generated in the cytoplasm. This value is
higher than that corresponding to tritium (0.82 Gy; Fig. 2e),
because of the larger range of the electrons emitted from
nickel. Therefore, even the tracks generated far from the

nuclear membrane can reach the nucleus. The length of the
tracks can reach values on the order of a few tens of pm (50/
60 keV), but on average it is smaller, about 5 pm,
considering that the average energy for the electrons is
about 17 keV.

Induction of DSB and DNA Fragment Distributions

The relationship between the DSB numbers and the
distribution of the beta emitters within the cell for different
doses, shown in Fig. 2D, is approximately linear. Of note,
the errors associated with each point in the graph, which
were obtained by averaging the results of ten simulations,
are larger than those obtained in Fig. 3 for tritium. This is
due to the average energy of electrons emitted from
nickel-63 being significantly larger than those from
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tritium, 17 keV vs. 5.7 keV, so that about threefold smaller
numbers of tracks were simulated for nickel as compared
to tritium.

Simulation results for the cumulative distribution of DNA
fragments induced by the electrons from the decay of
nickel-63 for different values of R are plotted in Fig. 5b.
Again, the dependence on the distribution of emitters is less
pronounced with respect to the case of tritium.

DSB Distribution in Chromosomes

The DSBs induced by the internal emission exposure
have been analyzed with respect to the chromatin regions
where they occur. Of particular interest is scoring the DSB

numbers on individual chromosomes in different scenarios.
Histograms that represent the simulation results for nickel-
63 for two limiting emitter distributions, namely homoge-
neous in cytoplasm only (no incorporation into nucleus at
all) or homogeneous in the whole cell, are shown in Fig. 6.
For comparison, we also show the results of a theoretical
calculation assuming a homogeneous spatial distribution of
chromosomes in the cell nucleus and a homogeneous
distribution of DSBs. Under these assumptions, the DSB
numbers on individual chromosomes would be proportional
to the chromosome size. The data with the label random
breakage are thus obtained from the average number of
DSBs obtained (842 DSBs per about 16 Gy cell dose being



MODELING DOSE DEPOSITION AND DNA DAMAGE DUE TO LOW-ENERGY B~ EMITTERS 329

45
R ® non uniform distribution
40 : it
3 ® uniform distribution
w35 ® random breakage =
g ]
N
. [ 1 iLLb ]
4 1 -
ﬁ 20 ]
@
o 15 ]
m ]
w10 H
o
5 3
0 ]
VPP TSE 2P Sy lla g sl oo oYy e DD DY e N DT L H % T
Chromosome number

FIG. 6. Distribution of DSB number in each chromosome for uniform and nonuniform radiation conditions
due to nickel-63 beta decay compared with random breakage data.

the average of ten simulations performed) multiplied by the
length of each chromosome and divided by the genome
length (6,425 Mbp). Apart from a few exceptions
presumably of stochastic origin, the DSB numbers induced
on individual chromosomes from the radionuclides confined
to cytoplasm are generally smaller than those for the
uniform emitter distribution. For the uniform distribution of
the emitter, the simulated DSB distributions closely
correspond to random breakage. For emitters confined to
cytoplasm, however, the DSB distribution among chromo-
somes deviates significantly from random breakage. This
reflects the actual intranuclear localization of the chromo-
somes. In the chromatin model underlying the reported
simulations, some chromosomes (e.g., chromosome 1 or 11)
are placed more centrally in the nucleus, whereas others
(e.g., chromosome 21) more peripherally. Of note, the
preference for a central or peripheral position is not an
artifact of the chromatin model in PARTRAC, but a well-
documented phenomenon in cell nuclei, is gene-dense
chromosomes localize in the interior and gene-poor
chromosomes towards the periphery of the nucleus (32).
For emitters confined to the cytoplasm, due to the relatively
short range of the beta particles from low-energy beta
emitters, peripherally located chromosomes are hit by more
electron tracks and hence exhibit more damage than central
ones. As expected, the effects are even more pronounced for
emitters with shorter electron ranges, such as tritium.
Explicitly accounting for the nuclear-to-cytoplasm distribu-
tion of radionuclides is especially important if specific
chromosome aberrations involving given chromosomes are
to be predicted, e.g., aberrations involving chromosomes 4
and 18 (36).

CONCLUSIONS

The current work highlights the necessity to explicitly
consider intracellular localization of low-energy beta
emitters, such as ®*Ni or tritium, which emit electrons with
average ranges of about 5 pm and 0.4 pum, respectively. For
emitters that are distributed homogeneously in the whole
cell, based on the biochemical properties of compounds of
which they are a part, cellular doses as estimated from
conventional protocols are a reasonable descriptor of energy
deposition (dose) to the cell nucleus as well, and are
therefore relevant for biological effects. For emitters that
cannot pass through the nuclear membrane but remain
confined to the cytoplasm, however, the nuclear dose may
be as low as 15% of the cell dose. The nuclear dose, in turn,
determines the biological effects, such as: DSB yields, DNA
fragmentation or the yields of complex lesions, which
correlate with later end points of chromosome aberrations or
cell killing.

The current analysis can be further extended to other
internal low-energy beta emitters, for example, for studies
on radiation protection or metabolic radiotherapy. The same
approach can also be used to estimate the effectiveness of
boron carriers for BNCT (Boron Neutron Capture Therapy).
The products of the neutron capture reaction (n + '°B — "Li
+ o) have energy equal to 0.84 and 1.47 MeV, respectively,
and release their energy within a few micrometers (4 and 6.5
um), so that effects similar to those reported here for *Ni
decay can be expected.

For future developments in nuclear medicine, the emitter
as well as the biochemistry of organic compounds to which
the radionuclides are bound will be of fundamental
importance. The tendency for these compounds to concen-
trate in different regions of the cell may lead to damage of
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different extents, especially for very low-energy internal
emitters.
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