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A B S T R A C T

The study of evaluating radiation risk on the central nervous system induced by space-born charged particles is
very complex and challenging task in space radiobiology and radiation protection. To overcome computational
difficulties in this field, we developed simplified neuron models with properties equivalent to realistic neuron
morphology. Three-dimensional structure and parameters of simplified and complex neuron models with rea-
listic morphology were obtained from the experimental data. The models implement uniform random dis-
tribution of spines along the dendritic branches in typical hippocampal neurons. Both types of models were
implemented and tested using Geant4 Monte Carlo radiation transport code. Track structure simulations were
performed for ion beams with typical fluxes of galactic cosmic rays expected for long-term interplanetary
missions. The distribution of energy deposition events and percentage of irradiated volumes were obtained to be
similar in both simplified and realistic models of pyramidal and granule cells of the rat hippocampus following
irradiation. Significant increase of computational efficiency for detailed microdosimetry simulations of hippo-
campus using simplified neuron models was achieved. Using designed neuron models we have constructed 3D
model of the rat hippocampus, including pyramidal cells, mature and immature granular cells, mossy cells, and
neural stem cells. Computed energy deposition in irradiated hippocampal neurons following a track of iron ion
suggests that most of energy is accumulated by dense population of granular cells in the dentate gyrus. Proposed
approach could serve as a complementary computation technique for studying radiation-induced effects in large
scale brain networks.

1. Introduction

Estimation of radiation damage to the central nervous system (CNS)
has been attracting significant attention in space radiobiological re-
search related to radiation protection for astronauts during space travel
beyond the Earth magnetosphere [1–3]. Brain neurons are mostly non-
dividing and have highly variable cell morphology. Most neurons have
soma, axon, and multiple dendrite branches, which contain numerous
dendritic spines ensuring synaptic connections between different cells.
They dendrites form tree-like arborization around the neuron, which
main purpose is to receive and integrate electrochemical signals
heading towards the soma, while axon sends information away from the
soma. Known effects of charged particles traversing the cells of central
nervous system (CNS) include degradation of dendrite tree morphology
[2,4] and disturbance of electrochemical processes governing synaptic

transmission [5,6]. This earliest radiation injury to individual neurons
can result in long-term effects including various impairments of beha-
vior, memory and other cognitive deficits [3,7]. Also, the biological
efficiency of heavy ions present in galactic space radiation are several
times higher than for protons [8].

The analysis of recent experimental studies at particle accelerators
with energetic protons and heavy ions suggests that the hippocampus is
one of the most sensitive regions of the CNS under irradiation [1,6]. The
hippocampal neurons organized in various neural networks play an
important role in learning, memory consolidation as well as in the
processing of the information received simultaneously from diverse
sources. Rodent hippocampal neurons are among the most intensively
studied neural systems. In the rat hippocampus, there are two main
types of principal neurons: population of about 1.2 million granule cells
in dentate gyrus (DG) region and population of about 0.6 million
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pyramidal cells in cornu ammonis (CA3/CA1) region, respectively [9].
These neurons are characterized by complicated dendritic trees with a
great number of branches.

Although the precise mechanisms of radiation-induced injury in
CNS structures still remain unclear, the development of mathematical
and computational approach of brain cells irradiation with the use of
Monte Carlo track structure techniques seems to be an extremely im-
portant task in the analysis of the neuro-radiobiological effects of ac-
celerated charged particles at molecular and cellular levels. First steps
performed in this direction [10–14] allowed to estimate dose distribu-
tions and dendrite degradation in compartmental models of single
neurons and small-scale neural networks. Present work focuses at de-
signing the optimal models of hippocampal neurons to establish a basis
for simulation of networks several orders larger than in previous papers
followed by energy deposition in particle tracks.

2. Methods

In the present work, simplified models of a DG granule and a CA3/
CA1 pyramidal cell were constructed from complex models of realistic
rat hippocampal neurons whose morphologies are available from
Claiborne archive at the NeuroMorpho.Org repository [15]. In our
model the soma is represented by a single ellipsoid and the segments of
the dendritic branches are represented with combination of cylindrical
compartments. The distribution of spines along the dendritic branches
was simulated in accordance to the experimentally measured spine
density [16,17]. Each spine is represented by joint cylindrical and
spherical solids perpendicular to the dendrite surface and randomly
placed on dendrites according to normal (Gaussian) distribution with
given density of ±12.8 1.4 (DG) and ±10.5 1.2 (CA3/CA1) spines per
10 μm. The spine sizes were generated randomly from a Poisson dis-
tribution in accordance with the measured diameter ( ±0.28 0.16 μm)
and length ( ±0.36 0.17 μm) of spine neck and diameter ( ±0.48 0.21 μm)
of spine head [18,19]. It should be noted, that both realistic and sim-
plified neuron models contain dendritic segments and spines varying in
number, diameter and length. However, the overall volume and spine
density of simplified neuron models are similar to the realistic neuron
models. This means that the diameter of the segments in simplified cells
has to be greater than in the realistic cells. Such a design is also in-
tended to preserve correct electrical properties of neuron compart-
ments, as it is usually done in the computational neuroscience [20].
This was the one of the criteria to select the compartment sizes. The
major morphological parameters of simulated neurons are presented in
Table 1. Sample 3D geometries of both neuron models are illustrated in
Fig. 1.

With the use of simplified neuron models, we have designed 3D
model of the rat hippocampus, scaled about 1:100 with respect to real
structure. The model contains different types of neural cells - CA3/CA1

pyramidal cells and DG granule cells, as well as interneurons and neural
stem cells. The dorsal view of hippocampus is depicted in Fig. 2c. The
reconstruction of the hippocampus structure is based on the digitally
traced cytoarchitectonic segmentation of rat hippocampal regions and
details of structural properties are reported in the literature [21]. The
model illustrated in Fig. 2 contains populations of 11960 DG granule
cells, 3480 CA1 pyramidal neurons and 2401 CA3/CA2 pyramidal
neurons, 496 mossy cells in hilus (HMC), 560 DG immature neurons
(IMN) and 110 neural stem cells (NSC) in the subgranular zone. The
neurons are located in the hippocampal regions within the water box
with overall dimensions of × ×4608 7106 1000 μm [9,22]. A single
neural stem cell, immature neuron and hilar mossy cell are represented
with volumes of 3284.4 ± 468.1 μm3, 6786.7 ± 1206.4 μm3 and
6328.7 ± 1513.1 μm3 [22]. The number of segments was 5, 7, and 9,
respectively. For such low numbers of segments and cell population the
design of simplified models for NSC, IMN and HMC neurons was rea-
sonless.

Track structure simulations of charged particles passing through the
neuron were performed using the Geant4/Geant4-DNA (v.10.4) Monte
Carlo radiation transport code [23–26]. The Geant4 condensed elec-
tromagnetic models are used outside the neuron structure and Geant4-
DNA discrete physico-chemical models are activated inside the neuron
structure. The cutoff transport energy of secondary electrons within
neuron volume was used with the default value (7.4 eV). Particle
transport within neuron structures were simulated using the “neuron”
example included in the Geant4-DNA (v.10.4). The details of neuron
geometry implementation and Geant4-DNA classes used for the simu-
lation of particle transport were described in our previous works
[10,12,13]. The distributions of energy deposition events were

Table 1
Geometrical parameters of principal neuron components in the rat hippo-
campus.

Volume (μm3) Number of segments

Model Realistic Simplified Realistic Simplified

CA1 pyramidal cell
Soma ±2234.8 321.6 1
Dendrites ±27384.7 5992.8 ±26951.2 6078.3 ±2643 186 63
Spines ±3564.4 667.8 ±3387.9 786.4 ±14687 3894 ±3782 1874
Total ±33184.9 6982.3 ±32573.9 7186.3 ±17331 4080 ±3846 1874

DG granule cell
Soma ±912.3 207.3 1
Dendrites ±8849.5 2381.3 ±8167.2 1967.2 ±567 263 8
Spines ±801.3 198.5 ±758.9 227.2 ±3897 304 ±1198 231
Total ±10563.1 2787.1 ±9838.4 2401.7 ±4465 567 ±1207 231

Fig. 1. Samples of three-dimensional realistic and simplified models of a pyr-
amidal (a, b) and granule cell (c, d) with dendritic spines. An example of si-
mulated track structure (red online, thin long lines in print) of single 600MeV/
u 56Fe ion traversing simplified model of a granule cell (d).
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computed for beams of 600MeV/u 56Fe ions with fluences of 3.2·105

particles/cm2 and 6.7·106 particles/cm2. Such particles are present in
the spectra of galactic cosmic rays [27].

The irradiation of the rat hippocampus model (Fig. 2) was simulated
in water box with overall dimensions of 4608x7106x1000 μm. Particles
were generated from the box edges and randomly directed inside the
box, containing the hippocampus, and then the energy depositions in
track structures of primary and secondary particles were computed for
each type of irradiated neurons.

All computations were performed on a server with Intel Xeon Gold
6136 Processor (24.75M Cache, 3.00 GHz base, 3.70 GHz turbo). At the
end of each simulation, the information about the CPU time and
memory used was summarized. For a given number of neurons in a
network we divided the average memory used to simulate a network
composed of realistic cells by the average memory used to simulate a
network composed of simplified cells. Obtained ratio can be used as a
relative measure of resource consumption. To measure CPU time we

have simulated particle tracks in neural networks of 100 cells with
composition of realistic or simplified models using single thread com-
putation.

3. Simulation results

3.1. Comparison of realistic and simplified neuron models for calculation of
energy depositions

In the first part of our study we have compared the properties of
realistic and simplified neuron models for dosimetric applications.
Three-dimensional neuron models (see Fig. 1) were irradiated with
600MeV/u 56Fe ion beams of different fluences. The mean numbers of
particle-track traversals across different models of pyramidal and
granule neuron are plotted in Fig. 3. The number of particle-track tra-
versals were found to have quite different for realistic and simplified
neuron models. In the case of realistic neuron model, numerous

Fig. 2. A sample three-dimensional representation
of different neurons in the rat hippocampus which
are traversed by single track of 56Fe ion. An example
of realistic (a) and simplified (b) networks of in-
dividual pyramidal neurons in the CA1 region. The
center panel (c) shows the dorsal view of the 3D
model of hippocampus; the inserted panel depicts a
close-up view of the selected region (the yellow
square). The DG granule cells are highlighted in
blue, neurons in the subgranular zone – green,
mossy fibers in the hilus – purple, CA1 pyramidal
neurons – dark blue, and CA3/CA2 pyramidal neu-
rons – light blue. The track structure of 600MeV/u
56Fe ion is given in red. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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dendritic branches with thin structure receive large number of hits with
smaller amount of energy deposition. On the contrary, in the case of
simplified neuron model small number of dendritic branches with
larger volumes receive small number of hits with larger amount of
energy deposition. Therefore, total energy deposition was obtained to
be similar in the soma, dendrites and spines of both realistic and sim-
plified geometries (Fig. 4). The error bars reflect the difference in the
energy depositions averaged over 10 different morphologies of realistic
and simplified neuron models. Comparison of irradiated volumes show
similar results for both the realistic and simplified dendritic models of
hippocampal neurons following irradiation with different fluences
(Table 2). The difference between realistic and simplified neuron
models was rather small in terms of total energy depositions.

3.2. Application of simplified neuron models for the calculation of energy
deposition in the rat hippocampus

With the use of simplified neuron models, we have simulated the
irradiation of the rat hippocampus model. The mean number of irra-
diated hippocampal neurons normalized per single track of 600MeV/u
56Fe particle is plotted in Fig. 5. It is shown that the largest numbers of
irradiated neurons are found in the DG region of hippocampus, mostly
because DG granule cells constitute the majority of neuron population.
On the other hand, the amount of energy deposition in neural stem cells
is much smaller than in other types of hippocampal neurons (see
Fig. 5b). However, these numbers could be of great importance, be-
cause proliferating neural stem cells are the most radiosensitive in

Fig. 3. Mean number of particle-track traversals for the different models of pyramidal and granule neurons (a, b) following the exposure to 600MeV/u 56Fe ions with
fluences of 105 particles/cm2 and 106 particles/cm2. The results are averaged over 10 different neuron morphologies in each case.

Fig. 4. Total energy deposition in realistic and simplified model of pyramidal (a,c) and granule neuron (b,d) under exposure to 600MeV/u 56Fe ions with fluences of
3.2·105 particles/cm2 (a,b) and 6.7·106 particles/cm2 (c,d). Corresponding doses to hippocampus will be 0.1 Gy and 2 Gy, respectively.

M. Batmunkh et al. Physica Medica 57 (2019) 88–94

91



contrast to other more abundant neuron types throughout the hippo-
campus.

3.3. CPU time and memory usage

Finally, we have estimated computational resources required for the
simulations incorporating simple or realistic neuron models.

Monte-Carlo track simulation in Geant4-DNA environment could
take a lot of operative memory for targets with a size of hundreds and
thousands cells and heavy particles producing great number of physical
and chemical events. The total amount of memory used for simulations
with different models of hippocampal neurons at the level of single cells
and populations is reported in Fig. 6. The amount of used memory in-
creases with the number of neurons for both the realistic and simplified
geometries. However, the realistic geometry results in several times
higher memory consumption. For a few neurons (1–10), the simulation
memory seems to be nearly equivalent for both geometries. But then the
ratio between the sizes of memory used for realistic and simple neuron
geometries rapidly increases from 1.5 to 5 for pyramidal cells and from
1.2 to 5 for granule cells for the given range of 1–2000 neurons.

The results of CPU time used for single thread computation are
presented in Fig. 7. Obviously, Geant4 achieves significant speedup in
computation with the implementation of simplified neuron models.
Most notable decrease of time (3x) was obtained for DG and CA1 net-
work. In the case of neural stem cells, immature neuron and mossy
cells, we did not compare morphology and computation differences,
because they have very simple dendritic trees, and also their population
in hippocampus is much smaller than granular cells and pyramidal
neurons.

4. Discussion and conclusion

To find a way to overcome computational difficulties in radio-
bioligical studies of large populations of brain neurons, we developed
simplified neuron models with smallest number of segments, but
functional properties to be equivalent to realistic neuron morphologies.
The geometrical structure and electrical properties of simplified and
complex neuron models with realistic morphology were based on the
experimental data. For the simulations of particle track structure in
hippocampal neurons, Geant4 Monte Carlo radiation transport code
were used.

The selection of the hippocampal neurons was motivated by the
great number of experimental findings supporting the importance of
this brain structure in radiation-induced cognitive impairments.
Hippocampal neurons are distributed throughout the million-cell net-
works in DG and CA regions. The dendritic trees of most neuron cells
have a complicated spatial composition and accumulates the largest
portion of energy deposition compared to the soma [10–14]. In the
course of this study we evaluated and compared the distribution of
energy depositions in a simplified and realistic model of CA pyramidal
and DG granule neurons. According to the simulation results, the dif-
ferences between realistic and simplified neuron model were found to
be very small in terms of total energy depositions in soma, dendritic
tree, and the spines distributed along the dendrites. Relative difference
between total energy depositions for measured quantities in both types
of models typically does not exceed several percent. This result is ex-
plained by proper scaling of the neuron geometry, according to which
the overall volume and spine density of simplified neuron models are
similar to the realistic ones, but the number and the size of segments in
simplified neuron models is different than those of the realistic neuron
models. Such scaling also insures that correct electrical properties of
neuron compartments are reproduced by both types of models.

As a result we achieved significant reduction in computation time
and memory consumption using simplified neuron models. For simu-
lations including up to hundred cells differences in computation time
and memory consumption were not so evident, but the composition of a
neural network containing several hundreds of cells provides accel-
eration of computation up to ten fold (Fig. 7). Absolute times of si-
mulation were not a real challenge for a modern CPU. However, the
operative memory consumption during Monte-Carlo track simulations
was significantly reduced (Fig. 6) for neural networks with simple
models. For example, simulating population of a thousand neurons
requires 32.5 GB of memory for realistic geometry and 6.7 GB for
simplified geometry of the pyramidal cell (see Fig. 6). This could bring
real benefit for researchers using low- and middle-end desktops.

Thus, we should emphasize that the implementation of the realistic
morphology meets difficulties in dosimetric studies of large scale bio-
logical neural networks. To demonstrate the possibilities of proposed
approach we have implemented simple neuron geometrries to construct

Table 2
Percentage of irradiated volume of soma, dendrites and spines under exposure
to 600MeV/u 56Fe ions with fluences of 3.2·105 particles/cm2 and 6.7·106 par-
ticles/cm2. Corresponding doses to hippocampus will be 0.1 Gy and 2 Gy, re-
spectively.

Fluence 3.2·105 particles/cm2 6.7·106 particles/cm2

Model Realistic Simplified Realistic Simplified

CA1 pyramidal cell
Soma ±33.3 6.7 ±35.5 6.2 ±96.8 3.2 ±96.5 3.5

Dendrites ±96.8 3.2 100 ±99.8 0.2 100
Spines ±23.6 4.0 ±39.4 4.8 ±96.4 3.6 ±99.2 0.8

DG granule cell
Soma ±29.6 5.1 ±31.3 5.4 ±85.7 4.7 ±81.5 5.8

Dendrites ±98.4 1.6 100 100 100
Spines ±25.2 5.1 ±40.2 6.3 ±97.7 2.3 ±98.4 1.6

Fig. 5. Mean number of irradiated neurons in different regions of the rat hippocampus following exposure to a single 56Fe ion with energy of 600MeV/u (a). Mean
energy deposition in irradiated neurons by single track of 600MeV/u 56Fe ion (b).
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the model of the rat hippocampus scaled about 1:100 with respect to
real structure, and computed mean energy deposition in irradiated
neurons of different types following single track of 600MeV/u 56Fe ion.
Throughout the total number of 19367 neurons the most probable
target was presented by dense population of granular cells in DG.
However, we should stress that small population of radiosensitive
neural stem cells and immature neurons, which is less than a percent of
the total amount of neurons in hippocampus, could be of great im-
portance for modeling of radiation-induced neurogenesis impairments
[28]. Also, damage or loss of mossy cells in hippocampus is known to be
responsible for the network disinhibition and increased risk of epileptic
disorders [29]. Modeling of sufficient amount of these cells is a chal-
lenge in computational neuroscience of hippocampus [30].

Evidently, the understanding of processes leading to the final
functional CNS impairments at the level of behavior and cognition
should start from the quantatitative measures of energy depositions
throughout the neuron components (soma, dendrites, spines, etc), for
the number of cells with different morphology and spatial position.
Therefore presented approach aims to present the initial conditions for
the models considering specific types of radiation damage. For example,
phenomenological models of neuron degradation [14] and neurogen-
esis impairments [28] strongly depend on particle type and radiation
dose. Further development of related models would require knowledge
about the spatial dose distributions in cells of different morphology or
from different brain structures which can be provided by our approach.

Recent advances in Geant4-DNA-based computation of direct and
indirect DNA damage [31–33] open prospects for their application to
neurons. Developed model of hippocampus could be directly used to
study distribution of DNA lesions throughout the cells of different
morphology and spatial position.

Also, understanding of radiation-induced electrophysiology altera-
tions could benefit from our models, which correctly represent electric
parameters of the cells and can be incorporated in large-scale networks.
Presently there is a lack of any consistent theoretical approaches linking
this parts together. However, from the point of experiment analysis this
may be methodically useful. Recently, there was an attempt to simulate
the impact of experimentally observed electrophysiology alterations in
a single neurons on the neural network activity [34]. The knowledge
about the initial dose distribution and experimentally determined mo-
lecular effects (e.g. ion channels, membranes, synapses) could be fur-
ther extrapolated to a sort of phenomenological model.

At the current state developed approach could provide the initial
conditions for the models considering specific types of radiation da-
mage. We hope that development of such biophysical models linking
radiation damage and neuron function alteration could be achieved in
near future.
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