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Abstract
Introduction: Radiation damage to the central nervous system (CNS) has been a persistent problem for decades, owing 
to difficulties such as brain radiotherapy and astronaut radiation protection during space flight. Hippocampus is the 
most radiation-sensitive structure of the central nervous system. The present study aims to investigate damage induced 
by 12C ions and proton radiation in pyramidal neurons of cornu ammonis regions and dentate granule neurons using 
Geant4 toolkit.
Materials and Methods: The Geant4/Geant4-DNA Monte Carlo toolkits were used to simulate the neuron shape and 
particle track structures. The computations were done for various energy proton beams and 12C particles with different 
linear energy transfers from a few to hundreds of keV/µm. Damage to pyramidal and dentate granule neurons of hip-
pocampus as well as length reduction of the dendrites were studied by the dose absorbed in dendrite and DTH (dendrites 
threshold dose). Also, in the present study, using Spearman’s correlation test, we examined the correlation between the 
morphological characteristics of neurons and the reduction in the length of their dendrites.
Results: According to the results obtained in this study, the apical dendrites of CA3 and the basal dendrites of CA1 were 
more vulnerable following proton irradiation and carbon ions with different energies under proton and carbon radiation. 
But, the pyramidal neurons of CA2 were more resistant to radiation than those of CA1and CA3 regions. Furthermore, 
the dentate granule neurons were more resistant to radiation than the pyramidal neurons. According to the results of 
Spearman’s correlation test, there was a statistical significance correlation (p-value< 0.05) between some of the morpho-
logical characteristics of neurons and the reduction in the length of their dendrites.
Conclusion: The results indicate that the neuron morphology is an important factor determining the accumulation of 
absorbed dose and length reduction of neurons. By evaluating the neurons with different morphology from the hip-
pocampus, it was found that the dentate granule and pyramidal neurons had different vulnerabilities to radiation. The 
pyramidal neurons with less densely packed are more resistant to radiation.
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Introduction

Recent technological advances in accelerator engineering, 
treatment planning, beam delivery, and tumor visualization 
have accelerated the process of moving particle radiation ther-
apy from the laboratory to the clinic1. Nowadays, the use of 
proton radiation and heavy particle ions is considered as one 
of the treatment modalities for brain tumors that have distinct 
advantages over conventional radiotherapy. This relates to its 

ability to carry the high-dose treatment area to the tumor vol-
ume and therefore minimizing radiation dose to surrounding 
normal tissue2. However, extending the use of hadron therapy 
in the treatment of brain tumors raises concerns for the nor-
mal functioning of the brain after exposure to radiation.

Irradiation of heavy charged particles is known to cause 
a variety of neurological disorders in the CNS, resulting in 
various behavioral and cognitive impairments3,4. On the other 
hand, protons and high-charge (Z) and energy (E) (HZE) par-
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ticles in space radiation (such as galactic cosmic rays and solar 
particle events) are as a limiting factor for space travel to other 
planets, which is considered as another potential risk factor 
for CNS dysfunction5. Early adverse effects include short-term 
memory impairment, reduced motor function, and behavioral 
changes that occur several months after irradiation. Addition-
ally, late CNS alterations can appear as a variety of neurologi-
cal disorders with symptoms consistent with accelerated ag-
ing, Alzheimer’s disease and other cognitive impairments6. 
Cognitive dysfunction associated with cancer treatment has 
been linked to several factors, one of which is changes in the 
dendritic morphology of neuronal cells. Changes in dendritic 
geometry and branching patterns are often followed by defi-
ciencies in learning and memory7. 

Experimental studies of possible damage mechanisms, 
causing the degradation of neuron morphology following 
low or high LET radiation, are extremely sparse8. The effects, 
therefore, cannot be completely understood without examin-
ing the earliest stages of radiation injury to individual neurons. 
Most experimental studies compared the vulnerability of den-
tate granule and CA1 pyramidal neurons of the hippocam-
pus to damage such as radiation9. According to experimental 
studies, the vulnerability of different areas of the hippocampus 
cornu ammonis (CA) to injuries such as radiation is different 
from each other10-14. On the other hand, the apical and basal 
dendritic tree domains of pyramidal neurons have different 
dendritic arborization patterns, that each one were investi-
gated separately because the synaptic input, excitability and 
modulation of apical and basal dendrites are different15. 

Monte Carlo techniques are efficiently used to perform de-
tailed modeling of the stochastic energy depositions within the 
trajectory of the incident particle and all secondary low energy 
particles16. One of the most suitable tools for the simulation 
of radiation transport inside and outside neural cells is the 
general-purpose GEANT4 Monte Carlo toolkit, which is used 
in a wide range of applications, including particle physics41 

Several simulation studies have investigated the radiation 
damage to nervous system by using Monte Carlo processes 
of the Geant4-DNA toolkit. The aim of these studies was to 
design optimal model for realistic neuron morphology in hip-
pocampus5,6,18.

Hippocampus is the most radiation-sensitive structure 
of the central nervous system. Pyramidal and dentate gran-
ule neurons are numerically the most abundant excitatory 
cell types in hippocampus. Dentate granule cells are in den-
tate gyrus region (DG) and pyramidal cells are in CA region 
(CA1,CA2 and CA3)18. In the current study, the radiation 
damages induced in CA1, CA2 and CA3 pyramidal and den-
tate granule cell neurons during proton irradiation and carbon 
ions were estimated by investigating the length reduction and 
absorption dose of basal and apical dendrites of pyramidal and 
dentate granules neurons. Of note, one of the destructive ef-
fects of radiation on the central nervous system is to reduce the 
length of dendrites and the reduction in total dendritic length 
is defined as morphometric parameter to measure changes in 
neuron morphology19. 

Methods and Materials

Simulation of neural cell morphology 
A neuron is made up of the soma, axon, and dendrites. The 
soma is the body of the neuron. The axon is responsible for 
carrying nerve signal away from the soma. The dendrites form 
a complicated dendritic tree and function as signal receivers6. 
There are two major groups of neuronal cells found in the 
hippocampus: pyramidal and dentate granule cells. Pyrami-
dal neurons have a pyramidal-shaped soma. CA3 and CA2 
pyramidal cells have wider cell bodies (approximately 25 µm 
diameter) than CA1 pyramidal cells (approximately 15 µm 
diameter). Each cell’s apex and base produce separate multi-
branching dendritic trees. The axon arises from the cell’s base, 
and the individual dendritic trees are referred to as apical and 
basilar dendrites, with each cell having one or two apical den-
drites and many basilar dendrites. The apical dendritic trees 
radiate toward the middle of the C-shaped semicircle of cells. 
The basilar dendrites extend in the opposite direction. Dentate 
gyrus granule cells have small spherical or ovoid-shaped cell 
bodies (approximately 8-15 µm diameter) and are oriented in 
the same direction20.

Radiobiology software ‘’NEURON”, designed in 2016 as 
a  subset of the GEANT4-DNA code, provides simulations 
of different types of neurons. The NEURON’s source code is 
written in C++, and it contains classes that implement join-
ing morphological points, geometrical transformations, rota-
tions, volume and overall dimensions of the neuron, etc. The 
user loads a standardized SWC file of a neuron and produces 
a bounding volume and a homogeneous spherical medium 
with dimensions automatically extrapolated using the SWC file 
representing 3D coordinates of a neuron morphology before 
computing. The neural cell volume and the bounding volume 
are both filled with liquid water in the homogeneous medium. 
The user enables to modify the physical and chemical process-
es in the simulated media via simple UI commands, such as 
G4EmLivermorePhysics (compressed) or G4EmDNAPhysics 
(discrete) for all the medium, or a combination of compressed 
and discrete processes outside and inside the neuron struc-
ture21. The geometry of the neurons used in this code has been 
generated using morphological information from experimen-
tal data. In the present study, we have chosen to focus on mod-
eling select subsets of hippocampal excitatory neurons. We se-
lect 15 pyramidal neurons from CA1, CA2, and CA3 regions 
as well as 5 dentate granule neurons from the dentate gyrus 
area of rat hippocampus were considered to simulate radiation 
damage induced by proton irradiation and heavy particles of 
carbon ion beams. The morphology of neuron is SWC format 
file which is presented to describe more precisely the geom-
etry of the neuron created by digital tracking tools based on 
three-dimensional confocal microscopy images. The file was 
extracted from the Web site of NeuroMorpho.org which is an 
open-source database containing different groups of neuronal 
morphology information such as various organisms, different 
brain regions, and neuronal cell types. Information from this 
database was collected using morphological data extracted 
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from neural cells in experimental studies. Moreover, the file 
contains information about the three-dimensional geometry 
of neurons with details of various parts of neuron. Using the 
data from the public depository www.neuromorpho.org, the 
main morphological parameters of the selected neurons are 
presented in Table 1.

Different parts of neurons were simulated using a combina-
tion of spheres and cylinders. The cell body is a combination 
of spheres and the dendrites are a combination of cylinders. 
The volumes of the simulated neurons are in the ranges of 
291.433 μm3 to 128388 μm3. 

Simulation of Radiation
The NEURON software can simulate and track proton and 
heavy-ion radiation such as carbon, 16O and 56Fe. In this study, 
NEURON software was used to determine the energy and ab-
sorbed dose of proton radiation in dentate granule and pyra-
midal neurons. The ‘’NEURON” example has been discussed 
in the latest Geant4 version 10.4.1. 

The entrance parameters of protons and 12C particle are set 
on the basis of the experimental data. Particle beam trajecto-
ries were produced inside the box in a direction parallel to the 
Z axis. The particle tracks were distributed randomly in the 
X-Y plane. The outlines of the parameters used in the simula-
tions are listed in Tables 2, 3, 4 and 5. In the tables, Ntrial (num-
ber of trials) is the number of particles traversing the water box 
in each trial which is calculated as follows:

	 trial 0.1602
A DN

LET
×

=
×

	 (1)

where “D = Ntrial × Dbeam” is the fluence dose (Gy) and “Dbeam” 
is the dose per beam (Gy). When a primary particle or a sec-
ondary electron traverses a neuron, Ntarget is the cumulative 
number of target coincidence events. “A” refers to the X-Y 
radiation projection area (μm2) and “LET” demonstrates linear 
energy transfer of the incident particles (keV/µm).

Table 1. Morphological parameters of the neurons (presented in the NeuroMorpho.Org repository).

NeuroMorpho ID Total length 
(µm)

Total surface 
(µm2)

Total volume 
(µm3)

Number of 
branches

Number of 
bifurcations

Overall 
width (µm)

Overall 
height (µm)

Overall 
depth (µm)

NMO_07546 1872.34 560.02 16729.00 36 16 137.01 643.01 37.22

NMO_11336 2101.05 26111.80 30737.90 27 11 154.44 882.33 31.00

NMO_08761 2901.10 1422.63 112.60 68 32 104.51 373.15 172.44

NMO_34267 4751.98 1343.59 30.23 83 40 201.55 561.42 140.86

NMO_35125 5418.31 4363.88 287.02 123 60 232.95 461.57 87.84

NMO_112003 5277.78 55203.20 42981.20 184 91 210.66 427.98 106.98

NMO_112015 6802.83 54209.10 40578.70 201 99 246.59 757.11 123.29

NMO_112025 3386.16 35858.20 32944.70 126 62 60.39 380.83 101.63

NMO_112031 5496.39 37207.60 20805.20 266 132 182.94 498.92 80.80

NMO_112033 4100.96 40172.80 32223.00 140 69 197.69 477.09 50.61

NMO_77023 1484.26 2331.46 291.43 17 8 174.15 224.71 115.50

NMO_79175 1926.96 7959.22 4964.35 90 42 132.86 199.51 37.63

NMO_79182 3970.40 14486.00 4372.00 49 24 6212.08 301.12 29.48

NMO_97828 5496.39 37207.60 20805.20 266 132 182.94 498.92 101.63

NMO_106009 7279.72 37101.80 16.57 119 58 236.14 669.09 156.73

NMO_07643 2388.02 10362.00 3691.67 23 11 177.38 201.35 143.16

NMO_07662 1337.44 6109.21 2278.16 19 9 138.01 170.27 43.54

NMO_07665 2590.71 10.1117 3276.39 27 13 164.05 231.51 63.32

NMO_32194 710.45 3255.33 3107.27 15 7 98.33 91.22 52.76

NMO_32217 1206.47 5707.37 4321.60 10 22 199.04 120.16 79.15

Table 2. The physical parameters of ionizing radiations of CA1 pyramidal neurons.

Neuromorpho ID Particle  
energy

LET  
(Kev/µm)

Dose per beam, 
(Gy)

Fluence dose,  
D (Gy)

Number of trials,  
Ntrial

Number of particle 
coincidences, Ntarget

NMO_07546 Protons (p)  
30 Mev 1.8663 1.8726 × 10-7 1.50.1, 0.5, 1.0, 534010 ,26700805340160 

,8010250 3560 ,4177990 35529 ,53138

NMO_07546 60 MeV 1.0728 1.0764 × 10-7 1.50.1, 0.5, 1.0, 929020 ,4645110 ,9290220 
,13935340 5987 ,30085 ,59821 ,89965

NMO_07546 100 MeV 0.7256 7.2804 × 10-8 1.50.1, 0.5, 1.0, 1373500 ,6867700 ,1373550 
,20603260 8522 ,42188 ,84802 ,127292
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Neuromorpho ID Particle  
energy

LET  
(Kev/µm)

Dose per beam, 
(Gy)

Fluence dose,  
D (Gy)

Number of trials,  
Ntrial

Number of particle 
coincidences, Ntarget

NMO_07546 Carbon ions (12C) 
300 MeV/u 12.624 1.2666 × 10-6 1.50.1, 0.5, 1.0, 78950 ,394750 ,789510 

,1184270 1195 ,9541 ,12050 ,18058

NMO_07546 11.1 MeV/u 149.0 1.495 × 10-5 1.50.1, 0.5, 1.0, 6720 ,33440 ,6680 ,100330 93 ,351 ,88 ,1058

NMO_11336 Protons (p)  
30 Mev 1.8663 9.8225 × 10-8 1.50.1, 0.5, 1.0, 1018070 ,5090350 ,101807 

,15271060
89220 ,490577 ,981990 

,1471889

NMO_11336 60 MeV 1.0728 5.646 × 10-8 1.50.1, 0.5, 1.0, 1771160 ,8855820 ,17711650 
,26567480

166226 ,831384 ,1661402 
,249244

NMO_11336 100 MeV 0.7256 3.8189 × 10-8 1.50.1, 0.5, 1.0, 2618500 ,13092700 ,26185550 
,39278320

229240 ,11476 ,2295084 
,3440818

NMO_11336 Carbon ions(12C) 
300 Mev/u 12.624 6.6441 × 10-7 1.50.1, 0.5, 1.0, 150500 ,752540 ,1505090 

,2257640
28579 ,143550 ,288056 

,432107

NMO_11336 11.1 MeV/u 149.0 7.8421 × 10-6 1.50.1, 0.5, 1.0, 12750 ,63750 ,127510 ,191270 541 ,2684 ,5259 ,7918

NMO_08761 Protons (p)  
30 Mev 1.8663 4.3582 × 10-7 1.50.1, 0.5, 1.0, 229450 ,1147260 ,229452 

,3441780 1303 ,6432 ,12990 ,19421

NMO_08761 60 Mev 1.0728 2.5051 × 10-7 1.50.1, 0.5, 1.0, 399180 ,1995920 ,3991850 
,5987780 1874 ,9209 ,18329 ,27512

NMO_08761 100 Mev 0.7256 1.6944 × 10-7 1.50.1, 0.5, 1.0, 590170 ,2950890 ,5901790 
,8852690 2282 ,11258 ,22720 ,33951

NMO_08761 Carbon ions(12C) 
300 Mev/u 12.624 2.948 × 10-6 1.50.1, 0.5, 1.0, 33920 ,169600 ,339210 ,508810 634 ,3059 ,6106 ,9193

NMO_08761 11.1 Mev/u 149.0 3.4795 × 10-5 1.50.1, 0.5, 1.0, 2870 ,14360 ,28730 ,43100 97 ,465 ,984 ,1488

NMO_34267 Proton (P)  
30 Mev 1.8663 1.9082 × 10-7 1.50.1, 0.5, 1.0, 52405 ,2620270 ,5240540 

,7860810 16290 ,8233 ,16301 ,24474

NMO_34267 60 Mev 1.0728 1.0968 × 10-7 1.50.1, 0.5, 1.0, 911740 ,4558710 ,9117430 
,13676140 2599 ,12995 ,25995 ,39123

NMO_34267 100 Mev 0.7256 7.4186 × 10-8 1.50.1, 0.5, 1.0, 1347900 ,6739800 ,13479630 
,20219440 3609 ,17707 ,35789 ,53981

NMO_34267 Carbon ions(12C) 
300 Mev/u 12.624 1.2907 × 10-6 1.50.1, 0.5, 1.0, 77470 ,387380 ,774770 

,1162160 781 ,3943 ,7815 ,11760

NMO_34267 11.1 Mev/u 149.0 1.5234 × 10-5 1.50.1, 0.5, 1.0, 6560 ,32820 ,65640 ,98460 93 ,478 ,960 ,1442

NMO_35125 Protons (p)  
30 Mev 1.8663 2.5533 × 10-7 1.50.1, 0.5, 1.0, 391650 ,1958250 ,3916500 

,5874750 3302 ,16498 ,32681 ,49129

NMO_35125 60 Mev 1.0728 1.4676 × 10-7 1.50.1, 0.5, 1.0, 681380 ,3406920 ,6813840 
,10220760 4092 ,20673 ,41422 ,62282

NMO_35125 100 Mev 0.7256 9.9268 × 10-8 1.50.1, 0.5, 1.0, 1007300 ,5036800 ,1007300 
,45110600 4867 ,24079 ,48227 ,72070

NMO_35125 Carbons ions (12C) 
300 Mev/u 12.624 1.7271 × 10-6 1.50.1, 0.5, 1.0, 57900 ,289500 ,579000 ,868500 1780 ,8934 ,17581 ,26443

NMO_35125 11.1 Mev/u 149.0 2.0385 × 10-5 1.50.1, 0.5, 1.0, 4900 ,24520 ,49050 ,73580 248 ,1210 ,2421 ,3624

Table 3. The physical parameters of ionizing radiations of CA2 pyramidal neurons.

Neuromorpho ID Particle energy LET  
Kev/µm)

Dose per beam, 
(Gy)

Fluence dose,  
D (Gy)

Number of trials,  
Ntrial

Number of particle 
coincidences, Ntarget

NMO_112003 Protons (p)  
30 Mev 1.8663  2.6347 × 10-7 0.1,0.5,1.0,1.5 379540 ,1897740 ,3795490 

,5693240
50453 ,254085 ,508432 

,763810

NMO_112003 60 Mev 1.0728 1.5144 × 10-7 0.1,0.5,1.0,1.5 660320 ,3301630 ,6603270 
,14644140

83203 ,415213 ,830427 
,1245722

NMO_112003 100 Mev 0.7256 1.0243 × 10-7 0.1,0.5,1.0,1.5 976270 ,4881380 ,9762760 
,14644140

108698 ,544405 ,1088115 
,1632904

NMO_112003 Carbon ions (12C) 
300 Mev/u 12.624 1.7821 × 10-6 0.1,0.5,1.0,1.5 56110 ,280560 ,561130 ,841700 15905 ,79833 ,159676 ,239148

NMO_112003 11.1 Mev/u 149.0 2.1035 × 10-5 0.1,0.5,1.0,1.5 4750 ,23760 ,47530 ,71300 864 ,43366 ,8823 ,13261

NMO_112015 Protons (p)  
30 Mev 1.8663 و 1.0714 × 10-7 0.1,0.5,1.0,1.5 933350 ,4666790 ,9333580 

,14000370
75354 ,376470 ,752938 

,1129203

NMO_112015 60 Mev 1.0728 6.1585 × 10-8 0.1,0.5,1.0,1.5 1623770 ,8118860 ,1627720 
,24356580

119649 ,599127 ,1198716 
,1795539

tab. 2 cont. 
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Neuromorpho ID Particle energy LET  
Kev/µm)

Dose per beam, 
(Gy)

Fluence dose,  
D (Gy)

Number of trials,  
Ntrial

Number of particle 
coincidences, Ntarget

NMO_112015 100 Mev 0.725 4.1656 × 10-7 0.1,0.5,1.0,1.5 2400610 ,12003070 ,24006140 
,36009210

153397 ,768484 ,15360634 
,2302935

NMO_112015 Carbon ions (12C) 
300 Mev/u 12.624 7.2473 × 10-7 0.1,0.5,1.0,1.5 137980 ,689910 ,1379820 

,2069730
27094 ,134660 ,268589 

,403292

NMO_112015 11.1 Mev/u 149.0 8.5541 × 10-6 0.1,0.5,1.0,1.5 11690 ,58450 ,116900 ,175350 730 ,3633 ,342 ,11011

NMO_112025 Protons (p)  
30 Mev 1.8663 3.8354 × 10-7 0.1,0.5,1.0,1.5 260720 ,1303640 ,2607280 

,3910930
51811 ,259686 ,518934 

,778618

NMO_112025 60 Mev 1.0728 2.2046 × 10-7 0.1,0.5,1.0,1.5 453590 ,2267980 ,4535970 
,6803950

85481 ,451543 ,853313 
,1279994

NMO_112025 100 Mev 0.7256 1.4911 × 10-7 0.1,0.5,1.0,1.5 670640 ,3353220 ,6706450 
,10059680

135831 ,565806 ,1130901 
,1697035

NMO_112025 Carbon ions (12C) 
300 Mev/u 12.624 2.5943 × 10-6 0.1,0.5,1.0,1.5 38540 ,192730 ,385460 ,578190 14278 ,70893 ,141680 ,21306

NMO_112025 11.1 Mev/u 149.0 3.0621 × 10-5 0.1,0.5,1.0,1.5 3260 ,16320 ,32650 ,48980 903 ,4594 ,9216 ,13828

NMO_112031 Protons (p)  
30 Mev 1.8663 2.3845 × 10-7 0.1,0.5,1.0,1.5 419370 ,2096870 ,4193750 

,6290620
45266 ,2268833 ,452568 

,679459

NMO_112031 Mev 60 1.0728 1.3706 × 10-7 0.1,0.5,1.0,1.5 729600 ,3648030 ,7296070 
,1094410

69855 ,349357 ,699324 
,1049087

NMO_112031 Mev 100 0.7256 9.2708 × 10-8 0.1,0.5,1.0,1.5 
0.1,0.5,1.0,1.5

1078650 ,5393270 ,10786550 
,16179830

86502 ,432304 ,866342 
,1300301

NMO_112031 Carbon ions (12C) 
300 Mev/u 12.624 1.6129 × 10-6 0.1,0.5,1.0,1.5 62000 ,310000 ,6200000 

,9300000 15011 ,75300 ,150235 ,225730

NMO_112031 11.1 Mev/u 149.0 1.9038 × 10-5 0.1,0.5,1.0,1.5 5250 ,26260 ,52520 ,78780 889 ,4315 ,8657 ,13012

NMO_112033 Protons (p)  
30 Mev 1.8663 2.8451 × 10-7 0.1,0.5,1.0,1.5 351480 ,1754700 ,3514810 

,5272220
46481 ,231296 ,471150 

,692697

NMO_112033 60 Mev 1.0728 1.6354 × 10-7 0.1,0.5,1.0,1.5 611470 ,3057350 ,6114710 
,9172060

75842 ,378819 ,757042 
,1135172

NMO_112033 100 Mev 0.7256 1.1061 × 10-7 0.1,0.5,1.0,1.5 904070 ,4520380 ,9040770 
,135611160

99727 ,498076 ,994650 
,1494029

NMO_112033 Carbon ions (12C) 
300 Mev/u 12.624 1.9245 × 10-6 0.1,0.5,1.0,1.5 51960 ,259800 ,519610 ,779420 14136 ,70431 ,140205 ,210024

NMO_112033 11.1 Mev/u 149.0 2.2715 × 10-5 0.1,0.5,1.0,1.5 4400 ,22010 ,44020 ,66030 820 ,4029 ,8033 ,12099

Table 4. The physical parameters of ionizing radiations of CA3 pyramidal neurons.

Neuromorpho ID Particle energy LET  
(Kev/µm)

Dose per beam, 
(Gy)

Fluence dose,  
D (Gy)

Number of trials,  
Ntrial

Number of particle 
coincidences, Ntarget

NMO_77023 Protons (p)  
30 Mev 1.8663 8.3151 × 10-7 0.1,0.5,1.0,1.5 120260 ,601310 ,1202630 

,1484850 2033 ,10032 ,20007 ,138220

NMO_77023 60 Mev 1.0728 4.7795 × 10-7 0.1,0.5,1.0,1.5 209220 ,1046130 ,2092260 
,3138400 2381 ,11623 ,23114 ,34725

NMO_77023 100 Mev 0.7256 3.2328 × 10-7 0.1,0.5,1.0,1.5 309320 ,1546640 ,3093290 
,4639940 2408 ,11949 ,23817 ,35656

NMO_77023 Carbon ions (12C) 
300 Mev/u 12.624 5.6244 × 10-6 0.1,0.5,1.0,1.5 17770 ,88890 ,177790 ,266690 842 ,4393 ,8744 ,13122

NMO_77023 11.1 Mev/u 149.0 6.6386 × 10-5 0.1,0.5,1.0,1.5 1500 ,7530 ,15060 ,22590 138 ,640 ,1314 ,1967

NMO_79175 Protons (p) 30 Mev 
30 Mev 1.8663 1.0102 × 10-6 0.1,0.5,1.0,1.5 98990 ,494950 ,989900 

,1803940 9320 ,45927 ,92070 ,29897

NMO_79175 60 Mev 1.0728 5.8069 × 10-7 0.1,0.5,1.0,1.5 172200 ,861040 ,1722080 
,2583130 13254 ,66496 ,133764 ,200869

NMO_79175 100 Mev 0.7256 3.9277 × 10-7 0.1,0.5,1.0,1.5 254600 ,1273000 ,2546010 
,3819020 16109 ,81125 ,162693 ,244005

NMO_79175 Carbon ions (12C) 
300 Mev/u 12.624 6.8334 × 10-6 0.1,0.5,1.0,1.5 14630 ,73170 ,146340 ,219510 2768 ,14076 ,27911 ,42053

NMO_79175 11.1 Mev/u 149.0 8.0656 × 10-5 0.1,0.5,1.0,1.5 1230 ,6190 ,12390 ,18590 248 ,1225 ,2484 ,3770

NMO_79182 Protons (p) 30 Mev 
30 Mev 1.8663 4.185 × 10-7 0.1,0.5,1.0,1.5 238940 ,1194740 ,2389480 

,3584220
20762 ,103818 ,208293 

,312208

tab. 3 cont. 
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Neuromorpho ID Particle energy LET  
(Kev/µm)

Dose per beam, 
(Gy)

Fluence dose,  
D (Gy)

Number of trials,  
Ntrial

Number of particle 
coincidences, Ntarget

NMO_79182 60 Mev 1.0728 2.4055 × 10-7 0.1,0.5,1.0,1.5 415710 ,2078560 ,4157130 
,6235700

28986 ,144871 ,290386 
,435904

NMO_79182 100 Mev 0.7256 1.6271 × 10-7 0.1,0.5,1.0,1.5 614590 ,3072950 ,6145900 
,9218850

33778 ,3072950 ,339429 
,509095

NMO_79182 Carbon ions (12C) 
300 Mev/u 12.624 2.8308 × 10-6 0.1,0.5,1.0,1.5 35320 ,176620 ,353250 ,529880 6806 ,33733 ,67482 ,101551

NMO_79182 11.1 Mev/u 149.0 3.3412 × 10-5 0.1,0.5,1.0,1.5 2990 ,14960 ,29920 ,44890 587 ,2884 ,5805 ,8669

NMO_97828 Protons (p) 30 Mev 
30 Mev 1.8663 1.3602 × 10-7 0.1,0.5,1.0,1.5 735180 ,3675930 ,7351860 

,11027790 2283 ,11517 ,23113 ,34697

NMO_97828 60 Mev 1.0728 7.8182 × 10-8 0.1,0.5,1.0,1.5 1279060 ,6395330 ,12790660 
,19186000 3476 ,17740 ,35822 ,52776

NMO_97828 100 Mev 0.7256 5.2881 × 10-8 0.1,0.5,1.0,1.5 1891030 ,9455190 ,18910380 
,1630380 463 ,23289 ,46851 ,70097

NMO_97828 Carbon ions (12C) 
300 Mev/u 12.624 9.2003 × 10-7 0.1,0.5,1.0,1.5 108690 ,543460 ,1086920 

,1630380 1014 ,5377 ,10624 ,15924

NMO_97828 11.1 Mev/u 149.0 1.0859 × 10-5 0.1,0.5,1.0,1.5 9200 ,46040 ,92080 ,138130 63 ,293 ,601 ,887

NMO_106009 Protons (p) 30 Mev 
30 Mev 1.8663 3.4014 × 10-7 0.1,0.5,1.0,1.5 293990 ,1469980 ,2939960 

,11343010 5202 ,26504 ,53329 ,205847

NMO_106009 60 Mev 1.0728 1.9551 × 10-7 0.1,0.5,1.0,1.5 511500 ,2557410 ,5114820 
,7672240 6955 ,34681 ,69571 ,104345

NMO_106009 100 Mev 0.7256 1.3224 × 10-7 0.1,0.5,1.0,1.5 756200 ,3781000 ,7562000 
,11343010 8055 ,40901 ,82281 ,123732

NMO_106009 Carbon ions (12C) 
300 Mev/u 12.624 2.3008 × 10-6 0.1,0.5,1.0,1.5 43460 ,217310 ,434630 ,651940 2164 ,11175 ,22472 ,33718

NMO_106009 11.1 Mev/u 149.0 2.7156 × 10-5 0.1,0.5,1.0,1.5 3680 ,18410 ,36820 ,55230 286 ,1436 ,2916 ,4446

Table 5. The physical parameters of ionizing radiations of granule neurons.

Neuromorpho ID Particle energy LET (Kev/
µm)

Dose per beam,  
(Gy)

Fluence dose,  
D (Gy) Number of trials, Ntrial 

Number of particle 
coincidences, Ntarget

NMO_07643 Protons (p) 30 Mev 1.8663 6.9519 × 10-7 0.1,0.5,1.0,1.5 143840 ,719220 ,1438450 
,2157680 8739 ,43717 ,87145 ,130639

NMO_07643 60 Mev 1.0728 3.996 × 10-7 0.1,0.5,1.0,1.5 250250 ,1251250 ,2502500 
,375375 12328 ,62023 ,123723 ,185471

NMO_07643 100 Mev 0.7256 2.7028 × 10-7 0.1,0.5,1.0,1.5 369980 ,1849930 ,3699860 
,5549800 14353 ,72383 ,144690 ,217279

NMO_07643 Carbon ions (12C) 
300 Mev/u 12.624 4.7024 × 10-6 0.1,0.5,1.0,1.5 21260 ,106320 ,212650 ,38980 2928 ,14885 ,29743 ,44609

NMO_07643 11.1 Mev/u 149.0 5.5503 × 10-5 0.1,0.5,1.0,1.5 1800 ,9000 ,18010 ,27020 259 ,1249 ,2606 ,3922

NMO_07662 Protons (p) 30 Mev 
30 Mev 1.8663 1.1533 × 10-6 0.1,0.5,1.0,1.5 86700 ,433530 ,867070 

,1300610 6907 ,34419 ,68905 ,103442

NMO_07662 60 Mev 1.0728 6.6292 × 10-7 0.1,0.5,1.0,1.5 150840 ,754230 ,1508470 
,2262710 10007 ,50215 ,100174 ,150294

NMO_07662 100 Mev 0.7256 4.4839 × 10-7 0.1,0.5,1.0,1.5 223020 ,1115100 ,2230200 
,3345300 11916 ,60249 ,120146 ,180261

NMO_07662 Carbon ions  (12C) 
300 Mev/u 12.624 7.8011 × 10-6 0.1,0.5,1.0,1.5 12810 ,64090 ,128180 ,192280 2040 ,10391 ,20805 ,31397

NMO_07662 11.1 Mev/u 149.0 9.2078 × 10-5 0.1,0.5,1.0,1.5 1080 ,5430 ,10860 ,16290 185 ,929 ,1935 ,2910

NMO_07665 Protons (p) 30 Mev 
30 Mev 1.8663 7.9356 × 10-7 0.1,0.5,1.0,1.5 125540 ,627720 ,1255440 

,1883160 10577 ,52322 ,104672 ,157363

NMO_07665 60 Mev 1.0728 4.5785 × 10-7 0.1,0.5,1.0,1.5 218410 ,1092060 ,2184120 
,3276180 14555 ,73112 ,146465 ,219592

NMO_07665 100 Mev 0.7256 3.0968 × 10-7 0.1,0.5,1.0,1.5 322910 ,1614560 ,3229130 
,4843700 16890 ,84827 ,169941 ,254618

NMO_07665 Carbon ions  (12C) 
300 Mev/u 12.624 5.3879 × 10-6 0.1,0.5,1.0,1.5 18560 ,92800 ,185600 ,278400 3445 ,17125 ,34190 ,51248

NMO_07665 11.1 Mev/u 149.0 6.3594 × 10-5 0.1,0.5,1.0,1.5 1570 ,7860 ,15720 ,23580 299 ,1597 ,3190 ,4836

tab. 4 cont. 
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Estimation of radiation-induced length reduction 
of neuronal cell 
Neuronal cell morphology is an important agent in estimating 
the energy and the dose absorbed on different parts of the cell. 
Dendrites are critical parts of the neuron cell and their dam-
age leads to change in neuron morphology, causing a break 
in neurons connections. Due to their geometric structure, 
a threshold dose requires to estimate damage in dendrites. We 
assume that a local damage is identified as a candidate snip 
site based on the severity of the energy deposition (ED) to 
a neuronal segment7.

A probabilistic model (described below) decides if a given 
site will be snipped, with larger ED having a higher probability. 
Both branches and their segments in the soma-to-tip direction 
assisted by the cut branch are snipped if a segment is deter-
mined to be snipped. If a section is determined to be snipped, 
all branches and their segments assisted by the cut branch 
in the soma-to-tip direction are removed from the original 
neuron. Many segments in a neuron can be calculated to be 
snipped, even one on the same branch at a given absorbed 
dose. The snipped segments closest to the soma on the tip-
to-soma direction pathway decide the segments survive and 
where branches end. On the remaining neuron, the new total 
dendritic length is determined. At a given cumulative segment 
microscopic dose, Dseg, and probability of snip occurrence, 
Psnip, which is modeled by an exponential response function, 
snip sites on dendritic segments undergo excision processes:

	 seg
snip

TH

1 exp
D

P
D

 
= −   

 
	 (2)

Where DTH represents the threshold dose showing that 63% of 
the dendrites are damaged. In this work, we considered three 
different values for DTH (270 Gy, 350 Gy and 430 Gy) ,based 
on Alp et al. study7,19.

Investigating correlation between morphology 
characteristics of neurons and their length reduction
Based on Spearman’s correlation analysis, a statistical signifi-
cant correlation was found between the morphological charac-
teristics of pyramidal and dentate granule simulated neurons 
and the amount of length reduction (p-value < 0.05). In this 
study, due to the small number of statistical samples (the num-
ber of simulated neurons), the non-significance of correlation 
between the studied parameters does not mean no correlation.

Results 

The effect of neuronal damage on dendritic length 
reduction
The reducing the length of apical and basal dendrites of pyrami-
dal neurons and dendrites of dentate granule neurons following 
different energies of protons and carbon ions are shown in Figu
res 1, 2, and 3. These results have been obtained from absorbed 
doses in the dendrites. The dendrites length was further reduced 
by increasing the absorbed dose. According to Eq. 2, the radi-
ation-induced damage probability increases with an increment 
in the dose absorbed in the dendrite. The highest reduction in 
dendrites was related to carbon ion beams with 11.1 MeV/u and 
the lowest was related to proton radiation with 100 MeV energy. 
Furthermore, the minimum and maximum length reduction of 
apical and basal dendrites of pyramidal neurons and dendrites of 
dentate granule neurons following different energies of protons 
and carbon ions are given in Tables 6, 7, and 8, respectively.

The obtained results from the length reduction of pyrami-
dal and dentate granule neurons based on various DTH values 
(270 Gy, 350 Gy and 430 Gy) are also shown in Figures 4, 5 and 
6. The findings showed that the morphometric characteristics of 
a neuron affect by the DTH values; as for smaller DTH, there were 
more snips and dendritic reduction was encouraged. 

Neuromorpho ID Particle energy LET (Kev/
µm)

Dose per beam,  
(Gy)

Fluence dose,  
D (Gy) Number of trials, Ntrial 

Number of particle 
coincidences, Ntarget

NMO_32194 Protons (p) 30 Mev 
30 Mev 1.8663 2.7226 × 10-6 0.1,0.5,1.0,1.5 36720 ,183640 ,367290 ,550940 2885 ,14715 ,29202 ,43386

NMO_32194 60 Mev 1.0728 1.565 × 10-6 0.1,0.5,1.0,1.5 63890 ,319480 ,638970 ,958460 4178 ,21014 ,41496 ,62280

NMO_32194 100 Mev 0.7256 1.0585 × 10-6 0.1,0.5,1.0,1.5 94470 ,472360 ,944730 
,1417090 5097 ,25812 ,51384 ,77048

NMO_32194 Carbon ions  (12C) 
300 Mev/u 12.624 1.8416 × 10-5 0.1,0.5,1.0,1.5 5430 ,27150 ,54300 ,81450 795 ,4125 ,8410 ,12531

NMO_32194 11.1 Mev/u 149.0 21.737 × 10-5 0.1,0.5,1.0,1.5 460 ,2300 ,4600 ,6900 90 ,444 ,909 ,1346

NMO_32217 Protons (p) 30 Mev 
30 Mev 1.8663 1.85 × 10-6 0.1,0.5,1.0,1.5 54050 ,270270 ,540540 ,810810 3648 ,18259 ,364569 ,55003

NMO_32217 60 Mev 1.0728 1.0634 × 10-6 0.1,0.5,1.0,1.5 94030 ,470180 ,940370 
,1410560 5105 ,25379 ,51122 ,76544

NMO_32217 100 Mev 0.7256 7.1972 × 10-7 0.1,0.5,1.0,1.5 139020 ,695140 ,1390290 
,2085440 6058 ,30422 ,61276 ,92076

NMO_32217 Carbon ions (12C) 
300 Mev/u 12.624 1.2514 × 10-5 0.1,0.5,1.0,1.5 7990 ,39950 ,79910 ,119860 1129 ,5597 ,11177 ,16864

NMO_32217 11.1 Mev/u 149.0 1.477 × 10-5 0.1,0.5,1.0,1.5 677 ,3385 ,6770 ,10156 1271 ,637 ,1282 ,1867

tab. 5 cont. 

Pol J Med Phys Eng 2025;31(4):275-289Fatemeh Dolatjavid et al: Radiation damage in neurons...

281



Figure 1. Dose-dependent damage induced by proton radiation and carbon ion beams on apical dendrites of CA1 (a),  
CA2 (b) and CA3 (c) pyramidal neurons in 270 Gy DTH.

Figure 2. Dose-dependent damage induced by proton radiation and carbon ion beams on basal dendrites of CA1 (a),  
CA2 (b) and CA3 (c) pyramidal neurons in 270 Gy DTH.
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Figure 3. Dose-dependent dendritic damage induced by proton 
radiation and carbon ion beams on granule neurons in 270 Gy DTH.

Table 6. Minimum and maximum length reduction of apical 
dendrites of hippocampal pyramidal neurons following proton 

radiation and carbon ion beams in 270 Gy DTH

Particle type   
(energy beam)

Max reduction length 
(%)

Min reduction length 
(%)

CA1 CA2 CA3 CA1 CA2 CA3

Proton (30 MeV) 6.35 6.53 10.07 0.632 0.45 0.45

Proton (60 MeV) 5.3 5.58 5.09 0.626 0.38 0.38

Proton (100 MeV) 5.05 4.95 4.53 0.58 0.34 0.35

Carbon (300 MeV/u) 6.66 6.98 7.00 0.99 0.48 0.62

Carbon (11.1 MeV/u) 11.41 12.10 12.20 2.86 2.02 2.37

Table 7. Minimum and maximum length reduction of basal 
dendrites of hippocampal pyramidal neurons following proton 

radiation and carbon ion beams in 270 Gy DTH

Particle type  
(energy beam)

Max reduction length 
(%)

Min reduction length 
(%)

CA1 CA2 CA3 CA1 CA2 CA3

Proton (30 MeV) 7.16 7.24 6.75 0.88 0.50 0.49

Proton (60 MeV) 7.18 6.20 5.08 0.73 1.24 0.40

Proton (100 MeV) 6.46 5.49 5.10 0.75 0.38 0.35

Carbon (300 MeV/u) 8.26 7.81 7.52 1.16 0.55 0.55

Carbon (11.1 MeV/u) 15.21 14.08 11.32 4.51 2.03 1.21

Table 8. Minimum and maximum dendritic length reduction of 
granule neurons of dentate gyrus following proton radiation and 

carbon ion beams in 270 Gy DTH.

Particle type  
(energy beam)

Max reduction length 
(%)

Min reduction length 
(%)

Proton (30 MeV) 4.82 0.34

Proton (60 MeV) 4.07 0.29

Proton (100 MeV) 3.60 0.25

Carbon (300 MeV/u) 5.24 0.40

Carbon (11.1 MeV/u) 7.25 0.93

Figure 4. Dose-dependent damage induced by proton radiation and carbon ion beams on apical dendrites of CA1 (a),  
CA2 (b) and CA3 (c) pyramidal neurons in various DTH values (270, 350 and 430 Gy). Solid, dashed and dotted lines  

represent dendritic length reduction in the DTH values of 270 Gy, 350 Gy and 430 Gy, respectively.
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Figure 5. Dose-dependent damage induced by proton radiation and carbon ion beams on basal dendrites of CA1 (a),  
CA2 (b) and CA3 (c) pyramidal neurons in various DTH values (270, 350 and 430 Gy). Solid, dashed and dotted lines  

represent dendritic length reduction in the DTH values of 270 Gy, 350 Gy and 430 Gy, respectively.

Figure 6. Dose-dependent dendritic damage induced by proton 
radiation and carbon ion beams on granule neurons in various 

DTH values (270, 350 and 430 Gy). Solid, dashed and dotted lines 
represent dendritic length reduction in the DTH values of 270 Gy, 

350 Gy and 430 Gy, respectively.

Absorbed dose distribution inside a targeted neuron
The mean dose deposition in different dose values (0.1, 0.5, 1.0, 
and 1.5 Gy) for apical and basal dendrites of pyramidal neurons 
and dendrites of dentate granule neurons of hippocampus are 
illustrated in Figures 7, 8, and 9. When the dose value was 
increased from 0.1 Gy to 1.5 Gy, the mean absorbed dose in 
dendrites increased. The highest and lowest mean dose depo-
sition belonged to carbon ion beams with 11.1 MeV/u energy 
and the proton radiation with 100 MeV energy, respectively.

As seen from Figure 7, the maximum absorbed dose fol-
lowing the 11.1 MeV/u carbon ions with 0.1 and 1.5 Gy doses 

was detected for apical dendrites of CA1 region; however, for 
300 MeV/u carbon ions there was no much difference in the 
absorbed dose of the apical dendrites of CA regions, except in 
the CA3 region that absorbed dose in 1 Gy dose was largest. 
For proton irradiation, the absorbed dose of apical dendrites 
was almost the same in all CA regions, except in 1.5 Gy dose 
for 30 MeV that absorbed dose of CA3 region was highest. Fig-
ure 8 also shows that the maximum and minimum absorbed 
dose values belonged to CA1 and CA3 regions, respectively. 
As shown in Figure 9, the absorbed dose values of dendrites 
of dentate granule neurons were lower than the CA regions.

 Figure 9. Total dose deposition following proton radiation and 
carbon ion beams in granule neurons in 270 Gy DTH.
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Figure 7. Total dose deposition following proton radiation and carbon ion beams in apical dendrites of CA1 (a),  
CA2 (b) and CA3 (c) pyramidal neurons in 270 Gy DTH.

Figure 8. Total dose deposition following proton radiation and carbon ion beams in basal dendrites of CA1 (a),  
CA2 (b) and CA3 (c) pyramidal neurons in 270 Gy DTH.
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Spearman’s correlation between morphological 
characteristics of neurons and the amount  
of length reduction
Spearman’s correlation analysis revealed statistically significant 
relationships between several morphological characteristics of 
neurons and the amount of dendritic length reduction (p-value 
< 0.05). It should be noted that due to the small sample size 
(number of neurons studied), a non-significant correlation does 
not necessarily indicate the absence of an actual relationship.

For pyramidal neurons, a larger total dendritic volume was 
associated with greater reduction in apical dendrite length fol-
lowing carbon ion beams at 11.1 MeV/u for doses of 0.1, 0.5, 
and 1 Gy (N=13, p-value<0.05; r0.1 Gy=0.72, r0.5 Gy=0.72, 
r1 Gy=0.67).

The number of apical dendrite branches also showed statis-
tically significant correlations with dendritic length reduction 
after proton radiation at 30 MeV and 100 MeV and carbon ion 
radiation at 300 MeV/u (0.1 Gy). Specifically, r=0.62 for 30 
MeV protons, r=0.56 for 100 MeV protons, and r=0.68 for car-
bon ions (N=13, p-value<0.05), indicating that neurons with 
more apical branches experienced greater length reduction.

Similarly, the number of apical dendrite bifurcations was 
significantly correlated with apical dendrite shortening under 
the same radiation conditions (r=0.56 for 30 MeV protons, 
r=0.68 for 100 MeV protons, r=0.62 for carbon ions; N=13, 
p-value<0.05).

The total height of apical dendrites also correlated with 
dendritic reduction following carbon ions at 300 MeV/u for 
doses of 0.5 and 1 Gy (r0.5 Gy=-0.59, r1 Gy=-0.56; N=13,  
p-value<0.05).

For basal dendrites, total dendritic volume was inversely 
correlated with length reduction after proton irradiation at 30 
MeV and 60 MeV (0.5, 1, 1.5 Gy) and carbon ions at 300 MeV/u 
(1 and 1.5 Gy). For example, r0.5 Gy=-0.59, r1 Gy=-0.62, r1.5 
Gy=-0.64 for 30 MeV protons, indicating that neurons with 
larger basal dendritic volume experienced less reduction.

Basal dendrite total height showed similar inverse correla-
tions under carbon ion irradiation at 11.1 MeV/u (0.1, 0.5, 
1.5 Gy; r0.1 Gy=-0.69, r1 Gy=-0.73, r1.5 Gy=-0.73; N=13,  
p-value<0.05).

The overall depth of basal dendrites also correlated sig-
nificantly with length reduction under proton irradiation 
(30 MeV: r0.5 Gy=0.56, r1 Gy=0.62, r1.5 Gy=0.64; 60 MeV: 
r0.5 Gy=0.57, r1 Gy=0.61) and carbon ions (300 MeV/u: r1 
Gy=-0.61, r1.5 Gy=-0.61; N=13, p-value<0.05).

For dentate granule neurons, no statistically significant 
correlations were found between dendritic morphology and 
length reduction (p-value>0.05), likely due to the small num-
ber of neurons simulated. Nonetheless, the lack of significance 
does not imply the absence of a true relationship.

Discussion

this study, we used the Geant4 Monte Carlo toolkit to esti-
mate the radiation-induced damage in hippocampal neurons 

caused by proton and carbon ion beams. The hippocampus 
was chosen because growing experimental evidence highlights 
its central role in memory and learning, as well as its sensitiv-
ity to radiation. It is critical for short- and long-term memory, 
spatial memory, and navigation3. Our findings help establish 
a connection between radiation-induced changes in pyramidal 
and dentate granule neurons and potential cognitive deficits.

Previous simulation studies have focused on building 
highly detailed neuronal models, such as the work by Peter 
et al. (2022) using TOPAS-nBio, which allowed thousands of 
in silico realizations of CA1 pyramidal neurons. In contrast, 
our study concentrated on a smaller, more manageable da-
taset, simulating the morphology of reconstructed neurons 
under defined radiation conditions and comparing the result-
ing morphological changes6,7,11,19,21. Despite the limited sample 
size, the simulations revealed consistent differences across hip-
pocampal regions. While running a larger number of simula-
tions could provide stronger statistical power, it is also very 
time-consuming. Our results can thus be considered a first 
step, highlighting patterns that can guide future research.

Comparison with experimental data further supports our 
findings. Meta-analyses in patients with persistent epilepsy 
show that basal dendrites of CA1 neurons are particularly 
vulnerable to loss. Our results Figures 7-9 align with this, 
demonstrating higher absorbed doses in CA1 basal dendrites 
compared to CA2 and CA3. Large CA1 pyramidal neurons 
were among the most vulnerable, whereas CA2 and CA3 py-
ramidal neurons and dentate granule cells were more resistant 
and affected later in Alzheimer’s disease progression13.

Studies on glucocorticoid exposure and restraint stress in 
mice also support these patterns. Twenty-one days of gluco-
corticoid injections led to fewer apical dendritic branches and 
shorter apical dendrites in CA3 neurons, without significant-
ly affecting CA1 or dentate gyrus neurons22. Similarly, mice 
subjected to 21 days of restraint stress (6 hours/day) showed 
comparable effects in CA3 pyramidal neurons23. Our dose dis-
tribution results correspond well with these findings, showing 
higher absorbed doses in apical dendrites of CA3 relative to 
CA1 and CA2.

Across all figures, dentate granule neurons consistently 
showed greater resistance to radiation compared to pyramidal 
neurons. Alkadhi reported that while the DG is largely resil-
ient to various stressors, the CA1 region is particularly vulner-
able. Structural differences and variations in the expression 
of subcellular proteins may explain these distinct responses9. 
Additionally, the DG’s potential for neurogenesis, which is 
limited in CA1 neurons, may contribute to this resilience24,25, 
although definitive evidence is still lacking9.

Variations in the dendritic threshold dose (DTH) affected 
both single-neuron and population-level morphometric char-
acteristics. Lower DTH values led to more dendritic snips and 
greater length reduction. Increasing absorbed dose further am-
plified these effects. Dendritic snips are determined by DTH 
and the energy deposited in dendritic segments. As shown in 
Figures 4-6, the number of snips at a given absorbed dose was 
higher for 12C beams than for proton radiation across a range 
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of DTH values, resulting in greater dendritic length reduction 
with carbon beams. Reducing DTH increased sensitivity to 
proton-induced damage, primarily due to the loss of dendritic 
fragment binding and overall dendritic shortening, which is 
evident in both pyramidal and dentate granule neurons.

The distribution of energy and dose depends on particle 
fluence, ion type, and kinetic energy, which are influenced by 
radiation dose and cell morphology5. Higher absorbed doses 
increased the risk of dendritic injury Figures 7-9.

Other non-radiation factors, such as aging26, excessive 
glutamate receptor activation27, and disruptions in calcium 
homeostasis28, are also known to shorten hippocampal den-
drites. This suggests that dendritic morphology is a general 
determinant of neuronal vulnerability. Our correlation analy-
sis showed that some morphological features, including total 
branching and dendritic volume, were significantly associated 
with dendritic length reduction (p < 0.05). Due to the limited 
number of neurons, non-significant correlations do not neces-
sarily indicate absence of a relationship.

Experimental studies indicate that CA2 pyramidal neu-
rons resemble CA3 neurons in size and packing density and 
have fewer oblique dendrites compared to CA1 neurons29,30. 
Despite numerous potential pathways leading to cell death, 
CA2 neurons appear remarkably resistant to various damage 
mechanisms31. Dendritic branches in CA1 neurons are small-
er, shorter, and more homogeneous (~13.5 μm) than those in 
CA2 and CA3 (10–16 μm)32. Comparing these findings with 
our correlation analysis suggests that neurons with more den-
dritic branches, bifurcations, and higher dendritic density are 
more vulnerable to radiation damage.

Overall, our results indicate that neuronal morphology is 
a key factor in determining radiation-induced damage. Altera-
tions in dendritic and spine structure, along with changes in 
neurotransmitter expression, are well-known contributors to 
cognitive decline in aging and early neurodegenerative dis-
eases such as Alzheimer’s and Parkinson’s33,34. Many of the 
effects observed in our study relate to changes in dendritic 
outgrowth, elongation, branching, number of dendritic end-
ings, and cell body area35,36. Both intrinsic and extrinsic factors 
– including dendritic arborization, synaptogenesis, electrical 
activity, neuronal maturation and radiation exposure influ-
ence these changes37-47.

Conclusion

In the current study, the dose deposition and dendritic length 
reduction in pyramidal neurons of CA1, CA2, CA3 and den-
tate granule neurons of dentate gyrus exposed to 12C ion beams 
and proton radiation were investigated by the Geant4-DNA 
toolkit. 

By examining the results of the simulation of the morpho-
logical characteristics of neurons from different areas of the 
hippocampus, we found that the morphology of the neurons 
can be a determining factor for the amount of damage caused 
by radiation. Neurons with denser dendritic branches will be 
more vulnerable to radiation

Due to the difference in the morphology of pyramidal and 
dentate granule neurons, they have different vulnerability to 
radiation, pyramidal neurons of the CA2 region are more re-
sistant to radiation due to the lower density of dendrites.

Since some of the parameters evaluated in this study (such 
as inadequate Golgi staining, an intricate structure of a den-
dritic tree, the long-term nature of the majority of the neuro-
logical effects induced by HZE radiation, etc.) cannot be ex-
amined experimentally in real neurons, the represented data 
may be critical for understanding the events that lead to future 
functional changes in the CNS.

It is problematic to compare the findings of this study with 
other published studies due to differences in animal models, 
brain areas, and dose values used in different experiments. 
However, the findings represented in this study are particu-
larly significant in terms of hadron beam therapy issues. In the 
case of brain cancers, studying radiation damage to specific 
neurons could reveal the factors that influence the treatment 
negative effects. Estimating dose deposition to neural cells 
surrounding the treated area may be critical for predicting 
subsequent neuron death processes and the development of 
cognitive deficits. Finally, because the CNS is one of the most 
important systems affected by HZE particles, the methodolo-
gies discussed in this study may be useful in continuing studies 
on space radiation risk assessment.
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