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A B S T R A C T

This work proposes two kinds of voxel model of human normal individual cells, and the Monte Carlo software GATE is used to describe and analyze the effects of
some factors on the microdosimetric quantity–specific energy, such as shape, volume and physical models for interaction. In this paper, “Livermore” and “Penelope”,
two of low energy electromagnetic models in the Monte Carlo code Geant4 and adopted in GATE, are used to estimate the specific energies and their distribution of a
lung epithelial cell (BEAS-2B), a renal epithelial cell (293T) and their size-like simple ellipsoids (hereinafter referred to as “simple geometry”) respectively. According
to the irradiation conditions in radiobiology, four irradiation geometries, the source isotropically irradiated within the cell, the source irradiated axially outside the
cell (x-axis positive and z-axis negative) and the cell surface covered with a polypropylene film for external irradiation for monoenergetic electrons beams from
50 keV to 1MeV are simulated. The results show that the influence of the physical models on the specific energy of the voxel phantom is 27.35% smaller than that of
the simple ellipsoid. The BEAS-2B cell shows large differences between phantom and simple geometry in both cytoplasm and nucleus under the condition of external
irradiation. For the 293T cell, even if the shape of the cell is relatively regular, there is a deviation between two kinds of geometry under certain conditions, the
maximum is 17.78%, while the minimum is 1.19%. These statistical results indicate that shape, volume and position can have a certain impact on the specific energy,
and demonstrate that in terms of exploring the mechanism of radiation biological effects, human real cell voxel phantoms may be more practical and valuable than
traditional simple models from the aspect of physical modeling. It can be expected that the microdosimetric assessment based on the real cell voxel model and the
establishment of relevant databases will play a unique role in predicting the dose of target cell volumes accurately under given conditions in the radiation protection
and clinical radiotherapy.

1. Introduction

By observing some phenomena induced by low-dose ionizing ra-
diation, such as target theory (Lea, 1955; Camats et al., 2006), genomic
instability (Camats et al., 2006), nontargeted effects (WardJ, 1998;
Keith and Belyakov, 2005; Desouky et al., 2015), and bystander effect
(Prise, 1998), it is shown that cells, as the basic functional unit of or-
ganisms, play an extremely important role in the study of biological
effects induced by radiation. Because DNA is the most sensitive target
for radiation damage in cells having nanometer dimensions, it is ex-
tremely important to understand and simulate the distribution of ra-
diation energy deposition in living cells and subcellular scales.

In 1998, a single-ion irradiation facility developed on the focused
horizontal microbeam line of the CENBG 3.5MV Van de Graaff accel-
erator (Moretto et al., 2001), which delivered in air single protons and
alpha particles of a few MeV onto cultured cells, with a spatial re-
solution of a few microns (Incerti et al., 2003). Although the spatial
resolution of the device is only a few microns, allowing subcellular

targeting, it is still impossible to measure the dose of a single cell
through experiments directly. This is because cells are in the culture
dish, and radiation would be directly deposited in the liquid medium
after getting out of the target cells. What's more, the experimental ir-
radiation conditions are very limited, so theoretical calculations and
Monte Carlo are generally used to estimate the energy deposition of
individual cells. Initially, some simple mathematical geometric volumes
were used to replace the shape of cells, such as spheres, cylinders, el-
lipsoids, etc (Bailly et al., 2002; Jean-Pierre et al., 2002), and water was
adopted as the material of cells. Miller (Miller et al., 2000) studied the
potential effects of 25–-90 keV electron microbeams on single-cell ir-
radiation, and the results indicate that radiosensitivity was related to
the size and shape of cell.

Geant4 (Agostinelli et al., 2003; Allison et al., 2006, 2016) is a
Monte Carlo application package based on C++ object-oriented
technology that provides tools for importing or defining complex geo-
metry, modeling visualizations, responding to radiation sources in real
time, detecting systems and exporting the required output data. GATE is
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an advanced opensource software developed by the international
OpenGATE collaboration since 2001 and first publicly released in 2004,
which dedicated to numerical simulations in medical imaging and
radiotherapy. Functions of the platform have been enhanced over the
years, and new versions of the software were released on a regular
basis, including fully validated upgrades, based on the regular Geant4
public release (Jan et al., 2004; Jan et al., 2011).A large number of
studies have used the GATE platform to do voxel phantom calculations
on humans or organs (Parach and Rajabi, 2011a,b; Cui et al., 2019).
Incerti (Incerti et al., 2003) constructed the CENBG microbeam line
device to simulate irradiation at the cell scale using Geant4 toolkit. On
this basis, Incerti (Incerti et al., 2009) used confocal microscopy to
obtain the three-dimensional voxel of human keratinocytes (HaCaT)
and its cell line, and analyzed the chemical composition of the cells by
ion beam. Individual cell was irradiated with 3MeV alpha particles by
the CENBG microbeam device based on Geant4. Barberet (Barberet
et al., 2012) realized confocal imaging of 76 HaCaT nuclei and de-
termined their chemical composition with IBA. The cell models were
imported into Geant4 for two types of irradiation protocols: a 3MeV
alpha particle microbeam used for targeted irradiation and a 239Pu
alpha source used for large angle random irradiation. Sihver (Sihver
et al., 2014) used the geometry and composition of a real human oral
epithelial carcinoma (KB) cell to simulate the energy distribution in the
nucleus and cytoplasm based on Geant4. Gao (Gao et al., 2014) in-
vestigated the characteristic values about microdosimetry by several

situations, including energy, source distributions and source-target
combinations.

Low-energy electrons are ubiquitous in the medium or environment
under all kinds of irradiation conditions of radiotherapy and radiation
protection (Bernal et al., 2015), and secondary electrons generated by
high-energy primary ionizing radiation is the primary factor of biolo-
gical effects, such as DNA molecular strand breaks (Nikjoo et al., 2006).
The cellular and subcellular scale of low-energy electrons at the bio-
logical tissues are also likely to produce highly localized energy de-
position and ionization groups (Camats et al., 2006). Therefore, for
exploring the influence of more types of cells on morphology, it is ne-
cessary to use electrons as initial particles to record the energy dis-
tribution in cell volume.

In this paper, the original cell voxel geometry is obtained by laser
confocal microscopy, and geometric input files which GATE could re-
cognize obtained by MATLAB program and VV software. VV is an open-
source and cross platform image viewer, designed for fast and simple
visualization of spatio-temporal images: 2D, 2D + t, 3D and 3D + t (or
4D) images, runs on Linux, Windows and Mac OS in 32 and 64 bits (VV-
the 4D Slice, 2008). GATE version 8.1 “Livermore” and “Penelope” low-
energy electromagnetic physics are selected to simulate the large vo-
lume of human normal real cells irradiated by monoenergetic electrons,
including lung epithelial cells (BEAS-2B) and renal epithelial cells
(293T), because real cells are more representative than tumor cells,
with initial energy ranging from 50 keV to 1MeV. In order to evaluate

Fig. 1. The stereogram of lung epithelial cells (BEAS-
2B) (a), (b) is the profile taken along the vertical
plane of the center of the x-axis image; (c) is the
profile taken along the vertical plane of the center of
the y-axis image; (d) is the profile taken along the
vertical plane of the center of the z-axis image. Axis
represents the number of voxels in the cell model
(unit: pcs).
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differences in microdosimetric quantities between simple models and
real voxel phantoms and explore the practicability of GATE in simu-
lating voxel phantom in the field of microdosimetry, we calculate and
analyze the energy deposition and microdosimetry quantities of nucleus
and cytoplasm. Simple geometric models with the same volume as the
real model were established, and the results are compared with those of
the real model.

2. Materials and methods

2.1. Voxel phantoms of individual cells

The cell model is originally derived from images of stained cells
taken by a laser confocal microscope (Leica TCP-SP). The voxel size is
172 × 172 * 150 nm3 using the same method as (Sihver et al., 2014).
The stained single cell is scanned many times by microscope to get a
series of images in tiff format. Then these images are imported into
imageJ software to analysis. ImageJ (Collins, 2007) is an open source
software which can be extended by plugins and macros using Java. A
group of images can be opened in stacks and the actual size of pixels set
for all images. The output data of ImageJ include relative coordinates
and RGB (red, green, blue) of each voxel, in which case nucleus and
cytoplasm can be distinguished because the same material has the same
RGB and each voxel is considered as an independent individual.

The cells selected in this paper are human normal lung epithelial
cell (BEAS-2B) and renal epithelial cells (293T). Fig. 1 and Fig. 2 show
the whole cell image based on voxel three-dimensional matrix and
MATLAB self-programming file, whose axis represents the number of
voxels in the cell model. Table 1 shows the specific information of the
cells and ellipsoids similar with the volume of the cells. Wherein, the
“actual length” of x, y, and z are expressed as the length, width, and
height of the cuboid that can enclose the nucleus or cytoplasm, and the
“actual length” volume is the true length of the cell; the “axis” is the
maximum length of nucleus or cytoplasm on a coordinate axis in the
three-dimensional coordinate composed of the center point of cell
model as the origin; the diameter of the ellipsoid on each coordinate
axis is set as a simple geometric model of cell according to the volume
and length of the real cell, so that the volume of the ellipsoid is similar
to the volume of real cell.

2.2. GATE Monte Carlo simulations

GATE is widely used in the field of nuclear medicine. It is initially
devoted to the modeling of plane scintillation scanning, single photon
emission computed tomography (SPECT) and positron emission tomo-
graphy (PET) acquisition, and is widely used in assist PET and SPECT
research (Jan et al., 2011). Physic lists were set in GATE according to
macro files containing list of command to add physical processes. From
GATE version 7.0, it was switched to the “physic list builder” me-
chanism. Thanks to the addition of electromagnetic physical models,
the Geant4 toolkit can more accurately describe the interaction be-
tween particles and matter in the low energy domain, especially below
the MeV range. The “Livermore” and “Penelope” models enable mixed
condensed-history (CH) simulation.

The “Livermore” model is based on EPDL97, EADL public libraries
(Perkins et al., 1991; Cullen et al., 1997), which includes the in-
formation to determine the cross-section and information needed to
describe the final state of each physical interaction. It is applicable to
incident electrons and photons, and able to simulate the electron im-
pact ionization, multiple scattering and bremsstrahlung (Incerti et al.,
2016), from a few tens of eV up to 100 GeV, with a recommended low

Fig. 2. Same as Fig. 1 for the normal kidney epithelial cells (293T).

Table 1
Parameters of nucleus and cytoplasm in lung epithelial (BEAS-2B) cell and renal
epithelial (293T) cell voxel phantoms.

BEAS-2B 293T

Nucleus Actual length (um) x 25.11 14.62
y 21.33 21.16
z 25.50 54.20
Volume (um3) 5150.62 5242.21

Axis (um) x 21.84 14.45
y 15.82 11.87
z 23.85 34.00

Ellipsoid (um) x 22.00 14.20
y 18.87 15.84
z 23.70 44.50
Volume (um3) 5151.60 5240.90

Number of voxels 1160678 885987
Cytoplasm Actual length (um) x 82.90 18.23

y 30.62 25.28
z 46.50 60.80
Volume (um3) 20422.66 4119.76

Axis (um) x 34.74 17.03
y 22.53 16.34
z 45.00 42.80

Ellipsoid (um) x 45.10 16.50
y 25.00 20.40
z 43.30 53.12
Volume (um3) 25562.00 9362.00

Number of voxels 4602186 696282
Total Volume (um3) 25573.29 9361.97

Number of voxels 5762864 1582269
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energy validity of 250 eV. The theoretical calculation of the electron
impact ionization cross section is presented in the EEDL documentation
(Perkins et al., 1991). The “Penelope” model is a re-engineering of the
PENELOPE 2008 code (J. Baró et al., 1995). The cross-sectional data-
base calculation method for different interaction processes is derived
from the work of Seltzer and Berger. It describes the interaction of
electrons, positrons, and photons in matter, from tens of eV to 1 GeV,
with a recommended minimum energy limit of 100 eV. The ionization
model uses the Generalised Oscillator Strength (GOS) model by Lilje-
quist and considers distant longitudinal collisions, distant transverse
collisions and close collisions (Liljequist, 1983).

2.3. Geometry input file and operation conditions

In order to achieve the actual cell geometry files that could be read
by GATE, the following works are required: Firstly, the voxel files
containing coordinates and pixel values obtained by the imageJ soft-
ware are converted into several DICOM format images using MATLAB
program. The pixel of each image is 172× 172 nm2, and BEAS-2B cell
generates 310 DICOM images, and its pixel matrix of each image is
482×178; 293T cell generates a total of 304 DICOM images, and the
pixel matrix of each image is 106×147. Secondly, DICOM images are
imported into VV software and transformed into header files in mhd
format and image files in raw format, which could be recognized by

GATE version 8.1. (Incerti et al., 2009) demonstrated that material of
cells has little effect on energy deposition, so liquid water is used as the
main component of cells. The surrounding environment is vacuum in
order to reduce the influence of electron scattering on the results, be-
cause different distance between external electrons and target cell could
cause different electron scattering in other materials.

The initial energies of 105 monoenergetic electrons are 50, 60, 70,
80, 90, 100, 200, 400, 600, 800 keV and 1MeV respectively, which
allows maintaining a statistical fluctuation for specific energy below
about 1% without exceedingly long simulation times. Simulations begin
from 50 keV because it is the lowest energy that electrons could go
through the BEAS-2B cell. A production-cut of 2 nm has been applied to
all electron simulations. Random seeds are set to a consistent state in
order to avoid the deviation of result because of the randomness.
Several irradiation environments are considered: isotropic intracellular
irradiation, external irradiation along the positive x-axis (from left to
right in Figs. 1 and 2), external irradiation along the negative z-axis
(from top to bottom in Figs. 1 and 2) and extracellular irradiation in
case of a layer of polypropylene on the cell surface, which is most si-
milar to the practical experiments. The geometric method adopted is
“nested” parameterization method. In such a ‘nested’ parameterization,
the full parallelepiped is first sliced along the Y vertical axis, each
horizontal slice having the same vertical thickness as a single voxel
(Incerti et al., 2009). Using GATE version 8.1 based on Geant4 version

Fig. 3. Specific energy as a function of incident electron kinetic energy, in the nucleus of BEAS-2B and its corresponding simple ellipsoidal geometry for the isotropic
irradiation of the source (a), from the left side of the cell to the right (b), from the top side of the cell to the bottom (c), and the cell surface covered with a
polypropylene film for external irradiation(d) using the “Livermore” and “Penelope” model in GATE.
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10.04.p02, and the computing platform is Intel (R) Xeon (R) E5-2696,
256 GB RAMs high-performance computer.

3. Results and discussion

Specific energy is considered to be an effective physical quantity for
evaluating biological effects (Nikjoo et al., 2011). Fig. 3 and Fig. 4
compare the specific energies of nucleus and cytoplasm of BEAS-2B cell.
The initial electron energies are 50 keV to 1MeV and the irradiation
conditions are isotropic irradiation in the cell, left to right, top to
bottom irradiation and extracellular irradiation in case of poly-
propylene film on the cell surface. Fig. 5 and Fig. 6 show the specific
energy distribution of 293T cell respectively. The irradiation conditions
are basically the same as those of BEAS-2B cell. The difference between
Figs. 5 (d) and Fig. 6 (d) is that 293T is irradiated from the left to the
right after a layer of polypropylene film is covered on the cell surface. It
can be found that the results of “Livermore” and “Penelope” are in good
agreement, regardless of voxel phantom or simple ellipsoid volume.
Through calculation, the relative average deviation of BEAS-2B voxel
phantom for these two physical models is 2.47%, and that of corre-
sponding ellipsoid is 2.84%. The relative average deviation of 293T
voxel phantom for these two physical models is 1.97%, and the average
relative deviation of the corresponding ellipsoid is 2.71%. The number
of voxels and the total volume of geometry would have a certain impact
on the simulation results of the physical model, and the higher the

initial energy, the smaller the relative error.
It can be seen from Figs. 3–6 that the specific energy under various

conditions shows that the higher the initial energy, the lower the spe-
cific energy, because the high energy electrons have stronger pene-
trating ability than the low energy electrons, most energy of low-energy
electrons can be deposited in the cell volume, while a part of energy of
high-energy electrons can pass through the geometric volume directly
without depositing energy. It is concluded from part (a) of each figure
that the specific energy of cytoplasm and nucleus of voxel phantoms
and the ellipsoidal models are in good agreement when the electron
source is isotropically emitted at the geometric center, which indicates
that energy deposition has a large correlation with the size of the
geometry, and the specific energy of nucleus is larger than that of cy-
toplasm, because of the gradual loss of energy with the transport of
particles.

Comparing the curves of various irradiation conditions in Figs. 3
and 4, it is found that the voxel phantom and ellipsoid model have the
greatest difference when radiation is irradiated from top to bottom,
especially at low energy. This may be due to the irregular shape of the
cytoplasm of BEAS-2B cell in the z-axis, which is quite different from
the shape of the standard ellipsoid. On the other hand, low-energy
electrons have the poor penetration ability in water, the electrons with
lower initial energy could not reach the nucleus, their initial particles
and secondary electrons will present a more complex track structure in
the cytoplasm, while the electrons with higher energy will directly pass

Fig. 4. Same as Fig. 3 for the cytoplasm of BEAS-2B and its corresponding simple ellipsoidal geometry.
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through the cytoplasm to reach the nucleus.
For 293T cells, although the shape of 293T cell is relatively regular,

the difference between cytoplasmic voxel model and corresponding
ellipsoid model is relatively large, and the average relative deviation is
17.78%, regardless of the initial energy. This may be because, as shown
in Fig. 2, there is a certain deflection in the default position of the 293T
voxel model placement, that is, the longitudinal extension line of the
cell is not perpendicular to the lateral plane. The energy deposition in
the cell body is not only related to the cell, but also has a close re-
lationship with the true shape and placement angle of cells.

For the irradiation conditions of the added polypropylene film, the
specific energy of the added polypropylene film is smaller than that
non-added polypropylene film, because the particles would lose a cer-
tain amount of energy when passing through the film. The maximum
specific energy difference is 10.99%, and the minimum difference is
1.19%. In practical experiments, it is necessary to add a layer of poly-
propylene film to absorb excess water above the cells (Incerti et al.,
2003). Therefore, when the cell dose is measured by the actual irra-
diation device, it is necessary to deduct a certain amount of deviation
according to the actual situation. Some average relative deviations of
other situations are shown in Table 2, and it only displays the com-
parison of Livermore since the negligible difference between Livermore
and Penelope as shown above.

4. Conclusion

By observing the curve and calculating the relative deviation, it is
found that the calculation results of “Livermore” and “Penelope” are in
good agreement. Relatively speaking, the selection of the physical
model has less influence on the result of the voxel model than that of
the simple ellipsoid. The average deviation of cell voxel phantom af-
fected by the physical model is 2.22%, and the geometric model is
2.78%. However, condensed history approach, such as “Livermore” and
“Penelope”, may not always be appropriate for application to very small
volumes because of their longer range of secondary particles.
Microdosimetric quantities are very sensitive to the choice of physics
model, target size and user-defined simulation parameters. There has
been systematic comparison between condensed history and track
structure models for users choosing suitable physics model in the si-
mulations (Lazarakis et al., 2018; Kyriakou et al. 2017, 2019). On the
other hand, the source irradiated isotropically within the cell has less
influence on the two physical models, indicating that the geometric
volume is strongly associated with energy deposition, so in this case, it
is feasible that simple models are used in the simulation instead of voxel
phantoms; while the BEAS-2B cells exhibit great differences in both
cytoplasm and nucleus under the condition of extracellular irradiation
to the cells, indicating that shape has a high impact on specific energy.

Fig. 5. Specific energy as a function of incident electron kinetic energy, in the nucleus of 293T and its corresponding simple ellipsoidal geometry for the isotropic
irradiation of the source (a), from the left side of the cell to the right (b), from the top side of the cell to the bottom (c), and the cell surface covered with a
polypropylene film for external irradiation(d) using the “Livermore” and “Penelope” model in GATE.
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When the initial energy is large, the influence of shape on energy is
gradually reduced, and the minimum deviation is 3.65%. This is be-
cause electrons with larger energy have stronger penetration ability in
water. For 293T cells, even if the shape of the cell is relatively regular,
there is still 17.78% of the voxel model and simple geometric model
when the cells are irradiated from top to bottom. The deviation is due to
the angle deviation between the real voxel model and the horizontal
plane, which indicates that the energy deposition is also related to the
location of cells.

Finally, this work demonstrates the ability to estimate energy de-
position in microscopic volumes and to identify complex voxel files

using GATE. It indicates that GATE can be used for microdosimetry,
laying a solid foundation for simulation of similar community cells in
the future. The cell voxel method is also important for building more
kinds of cell phantoms.]
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