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Introduction: Ionizing radiation is widely used in industry and medicine; however, it causes a significant 
health hazard by making microscopic damage to living tissue. Various biological parameters, including cell 
survival fraction and relative biological effectiveness, are taken into account to assess the severity and extent 
of biological damages. Microdosimetry suffers from various shortcomings and limitations, but the 
development of some powerful simulation software has paved the way to resolve these problems in recent 
years.  
Material and Methods: In this study, the authors were looked for two keywords (Geant4 and radiobiology) 
in the title, abstracts, and keywords of Scopus and PubMed database articles. 
Results: More than 100 articles were found. The researchers extracted the articles that were devoted to the 
construction of different geometries for DNA, nucleus, and cells as simulate the parameters, such as relative 
biological effectiveness, SF, linear energy transfer, and single-strand breaks/double-strand breaks in the 
present study. 
Conclusion: Geant4 is one of the software commonly used to simulate biological factors. It has many 
properties, such as the ability to follow up physical processes in very low energy, open source code, and 
flexibility in complex geometries. In this paper, we reviewed some of the radiobiological parameters 
simulated with Geant4.  
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Introduction 
Parameters, such as kinetic energy released per 

unit mass, absorbed dose, energy flounce, linear 
energy transfer, and stopping power are calculated by 
macroscopic dosimetry. However, a systematic study 
and the quantification of the spatial and temporal 
distribution of absorbed energy attributed to random 
deposition of energy require the implementation of 
micro-dosimetry [1]. 

The size of a critical biological target (a cell or DNA 
molecule) defines the approach for the selection of a 
suitable dosimetry method. Micro-dosimetry is used 
to quantify biological quantities, such as relative 
biological effectiveness (RBE) and cell survival 
fraction, while nano-dosimetry is employed to 
estimate single and double strand breaks (SSB and 
DSB) as well as the distribution of ionization cluster 
size [2]. 

A key point regarding the beam interaction with 
bio-structures is the level of absorbed dose in normal 
tissue. In real laboratory conditions, micro and/or 
nano dosimetric methods are unable to calculate the 
absorbed dose in a target with micro or nano 
dimensions. Under such circumstances, simulation is 
offered as a highly effective alternative method. 

However, it is essential to investigate the estimated 
dose verified by laboratory measurement. 

Given the random nature of dose distribution in a 
target, simulating methods based on track structures 
are used extensively. In fact, track structure studies 
allow researchers to compute dosimetric quantities 
related to the biological effects of ionizing radiation in 
various fields. Moreover, track structure studies are 
particularly useful in the case of several consecutive 
events when direct measurement is not possible [3].  

There are various methods to describe a track, 
which may range from a simple track with one 
parameter to complicated 4D Monte Carlo approach 
known as track-structure codes. Methods based on 
track-structure are sometimes based on the analytical 
solutions, which solve the transport equation of 
particles in the material [4]. Another technique is to 
find a numerical model based on sampling of the 
interaction of the particles with the nucleus [5].  

The common approaches of track-structure codes 
are as follows: track methods related to the target, 
which are based on a track with one parameter [6], 
track methods founded upon mean radial dose curve 
due to the trajectories of charged particle without 
considering the stochastic structures of the tracks [7], 
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condensed-history Monte Carlo (CHMC) method, 
which provides an average over discrete particle 
histories. The CHMC method includes a large number 
of codes with different goals among which FLUKA, 
MCNP5, MCNPX, PENELOPE, and Geant4 are the most 
widely used [8-12]. On the other hand, the full 3D 
Monte Carlo track-structure codes simulate detailed 
information on all elastic and inelastic interactions 
during the transport of each particle to the target. In 
addition, one could consider 4D codes which 
introduce the time parameter in the 3D Monte Carlo 
track-structure method [13].  

PARTRAC is one of the 4D codes that consists of 
different modules with defined data interfaces. These 
interfaces describe the stages of radiation interaction 
and radiation response [14, 15]. The code covers a 
large number of concepts concerning the biologic 
effect of beams on various physical, physicochemical, 
and biologic levels [16]; however, it cannot be used 
widely due to its unavailability to all researchers.  

In most Physics-List packages Monte Carlo codes 
(e.g. electromagnetic standard packages) are used 
although the applicability is limited to the lower 
threshold of 1 keV. However, for microdosimetry 
applications, Geant4 Low Energy Electromagnetic 
package presumes a minimum energy limit of 
secondary production of about 250 eV [17]. For 
radiobiological studies, especially microdosimetry 
applications, general purpose Monte Carlo codes do 
not provide enough physical functionality to date. For 
this specific situation, “track structure code” is 
considered as a specialized version of Monte Carlo 
[18]. 

Most of Monte Carlo codes for track structure 
method have neither been open source, nor are their 
software libraries available for public use. However, 
the Geant4 toolkit, which has been used in the current 
study to examine microdosimetry, is open source. In 
this regard, the investigations based on this code 
could be considered as a methodological innovation in 
the field. As a computational method, track structure 
simulation provides an important tool for biological 
research [18] supplying guidelines to the 
experimental activity. When the evaluation of the 
findings is only possible based on theoretical analysis, 
the present approach provides a “new paradigm” in 

biological research [19].     
Geant4 is a software toolkit used to simulate the 

passage of particles through matter [20, 21], which 
can process the measurement of bio-molecules in the 
low energies. The main aim of this software is to 
develop models that describe biologic systems, 
including cells and DNA, as well as models that 
explores biologic procedures. With these abilities, 
Geant4 excels all other types of available codes [22]. 
For the first time, Geant4-DNA [23], one of the 
general-purpose Monte Carlo system, can simulate 
biological effects of radiation with biological systems 
at the cellular and molecular DNA level [24]. Geant4-

DNA provides a wide range of new applications 
ranging from oncological radiotherapy to protection 
of astronauts from radiation due to its potentiality to 
simulate biological effects of radiation and to function 
at an advanced level in other simulation domains, 
such as geometry, physics, and interaction tools [22]. 

 
Geant4 Simulation Toolkit  
The toolkit is responsible for runs, events, and 

tracks. Geant4 can simulate static and kinematic 
quantities of the events, as well as primary and 
secondary particles. The tracking, which is calculated 
by the physical interactions, manages the transport of 
the track.  

Geant4 toolkit allows the modeling of the 
experimental setups in details. Boundary-represented 
solids and the representations of shape geometry (e.g. 
constructive solid geometry) are supported by ISO 
STEP standard. Geometry and body parts of the 
patient, as well as external or internal radioactive 
sources and detectors could be defined in the similar 
framework, which support the strength and 
adaptability of the Geant4.  

Geant4 Hadronic Physics offers parameterization-
based models along with various therapy-driven 
models. In addition, the treatment of low-energy 
neutron transport falls in the domain of the toolkit. In 
the toolkit definitions of particles compliant to particle 
data group, hundreds of baryonic, mesonic 
resonances, and ions, as well as their decay processes 
and models have been considered [23].  

Geant4 Electromagnetic Physics is responsible for 
the management of photon, muon, and lepton 
interactions, as well as the electromagnetic 
interactions of hadrons and ions. It provides multiple 
implementations of ionization, bremsstrahlung, 
multiple scattering, photoelectric effect, Compton 
effect (also with polarization) along with properties, 
such as handling annihilation, pair conversion, 
synchrotron and transition radiation, scintillation, 
refraction, reflection, absorption, Raleigh scattering, 
Auger electron, and fluorescence. In addition, the 
implementation of low energy processes down to 250 
eV for photons, electrons, hadrons, and ions 
characterizes multiple models. Geant4 
Electromagnetic Physics is appropriate for accurate 
physics in the biomedical domain due to its low 
energy extensions. 

 
Geant4 medical physics applications  
Researchers can benefit from 

advanced Geant4 tools in the field of diagnostics 
medicine, and therapy. They are intended to assess 
the existing techniques and treatments planning 
system, where there is a need for accurate dose 
estimation.  

Geant4 is a unique software for medical physics, 
which can define homogeneous or heterogeneous 
media of biological interest, flexible enough to model 
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complex geometry. Additionally, Geant4 is capable of 
fully simulating steering runs, events, and tracks in 
any geometry, as well as visualizing experimental set-
up with a simple user interface. Considering all these 
properties, Geant4 Simulation Toolkit offers a 
powerful tool for medical physics. Geant4 applications 
in medical physics include:  

a) Radiotherapy: External beam radiotherapy [25] 
and intensity-modulated radiation therapy [26], 
brachytherapy [25], hadrontherapy [27] proton and 
carbon ion therapy [28] and metabolic therapy of 
thyroid diseases [20]. 

b) Other dosimetric studies at cellular level [29], 
microdosimetry [30, 31], and nanodosimetry[32].  

c) GATE: A new general purpose simulation 
platform for PET and SPECT applications. GATE is a 
Geant4 application for simulating tomographic 
emission [33]. Today, this code is also used in 
radiotherapy, brachytherapy, and patient dosimetry. 

 
Geant4 new projects in bio-medicine 
a) Geant-4 DNA: Considering that biological effects 

are studied in a top-down manner, a new bottom-up 
approach has been introduced by the European Space 
Agency, which analyses nano-scale effects of energetic 
particles at the DNA level.  

b) Shielding in space missions [34]. 
A project was initiated at INFN, Genova, Italy in 

order to perform studies on radiation shielding in 
space missions using Geant4 Simulation Toolkit [35]. 

 

Materials and Methods 
Geant4 in Radiobiology 
In the studies on radiobiology simulation, geometry 

is of utmost importance. In microdosimetric studies, the 
areas of investigation are the shape of cell, nucleus, and 
their dimensions [36], as well as the position of a single 
cell, monolayer cell, or cell cluster [37]. On the other 
hand, the effects of the polystyrene material on the flask 
bottom have been explored in many studies, which 
contribute to the accuracy of the results. In nanoscale 
studies, the DNA sequence has been simulated using 
various methods with different levels of accuracy and 
precision. Furthermore, there has been the simulation of 
different breaks caused by the beam collisions.  

In 2013, Raisali et al. [32] examined the number of 
SSB and DSB of DNA caused by direct and indirect 
damages to Auger electrons resulted from the decay of 
123I and 125I isotopes by simulation with the Geant4-
DNA toolkit. They introduced a model designed by 
Bernal and Liendo model (2009) as the primary model, 
which included a similar geometric model containing 
more details about the DNA spiral as another model in 
the simulation (Figure 1). The utilization of a simple 
mechanism acts on the threshold of the particle energy. 
This means that if the energy transfer in direct collision 
with the phosphate-sugar group is greater than 10eV, 
SSB is implemented and the minimum energy of 17eV 
is required for an indirect collision to create a radical 

pair. If a decay causes two breaks in DNA at a distance 
of less than 10 bp, it is important to consider DSB. 

 

 
 

 
Figure 1. Geometric structures used to simulate the DNA strand 

 
Figure (a) shows 41 base pairs and Figure (b) Shows 

more details about DNA [32]. 
The results showed that the use of the initial model 

is sufficient to predict direct damages. However, to 
elaborate on damages caused by the indirect collision of 
the beam, it is necessary to employ precise models in the 
DNA spiral. Finally, it was argued that the results of this 
method were consistent with the experimental results 
were obtained from the Comet assay and it was suited 
for nano-dosimetry calculations.  

In many studies, the effects of gamma rays [38], an 
electron beam of various energies [39], mechanism of 
direct and indirect damage, and SSB and DSB with 
different geometries for the DNA strand have been 
discussed, which were in favour of a nano-dosimetry 
method. 

The processes currently undertaken in Geant4 
describe elastic and inelastic scattering interactions, 
such as excitation and ionization for electrons, protons, 
neutral hydrogen, an alpha particle, and helium. The 
range of energy is from 7.4 eV (the lowest energy level 
of excitation potential of the water) to 10 keV for 
electrons, and for proton and light ions ranges from 100 
eV/u to 10 MeV/u [17, 40]. 
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Geant4 can model radiation biology in four stages as 
follows: 

- Geometry stage: It includes the simulation of 
DNA strands, chromatin fiber, chromosomes, 
whole-cell nucleus, and individual cells. 

- Physical stage: Step-by-step modeling of the 
physical interactions between ionizing 
radiation and biological medium (water), 
including the excitation and ionization of water 
molecules and generation of solvated electrons.  

- Physico-chemical/chemical stage: This stage 
consists of molecular species production, 
diffusion, and mutual interactions. Under 
ionizing radiation, excited and ionized water 
molecules may decay and dissociate into new 
molecules (e-

aq, H2, H•, •OH, and H3O+), which 
can diffuse and interact mutually to produce 
other molecules (OH-, H2O2). These e-

aq, H2, H•, 

•OH, and H2O2 species can also directly interact 
with DNA components [41]. 

-  Biological damages: This stage covers direct 
DNA damages (physical damages) in the 
period of 0 to 10-15 seconds and indirect DNA 
damages (physiochemical damages) from 10-15 

to 10-5 seconds [42].  
The biological effects of radiation vary from cell 

killing to mutation in genome cells and even 
carcinogenesis [43]. 

 

Significant Factors in Radiobiology 
Cell Survival Ratio 
Cell survival fraction is one of the most frequently 

used aspects in radiobiology. In radiobiology studies, if 
the cell does not have the ability to measure 
proliferation, it is considered dead. This means that the 
cell is physically present in the biological system; 
however, it loses the capacity to multiply indefinitely or 
produce many progenies [44, 45]. 

 On the other hand, the survival of curve depends on 
a variety of properties, such as a cell-line response, 
radiation quality, and dose rate [22]. Different methods 
can be divided into two groups with regard to cell 
survival. 

a) Target theory models  

- Single-hit model 

- Multi-target single-hit model 

- Single-target multi-hit model 
b) Molecular theory models 

- Theory of Radiation Action  

- Theory of Dual Radiation Action 

- Repair-Misrepair Model 

- Lethal-potentially Lethal Model [45] 
i. Cell Survival Fraction in Targeted Alpha 

Therapy 
In Targeted Alpha Therapy, vasculature system 

inevitably absorbs a background radiation dose through 
activity in the blood. In this regard, Huang et al. [46] 
randomly emitted alpha particles from within the 

capillary lumen to investigate whether the lymphocyte 
and capillary endothelial cells would be damaged by the 
background dose. Moreover, they modeled the 
lymphocyte cell and its nucleus as two ellipsoids with 
different centers. In addition, they made a tube with an 
oval nucleus on the internal wall to simulate the normal 
tissue capillary EC geometry.  

One of the basic parameters in microdosimetry is the 
energy deposition ε arising from a single traversal of the 
target volume. Therefore, Huang et al. recorded and 
processed the energy deposition of an alpha particle and 
its secondary particles in the LC and EC nucleus. 

The results showed that the means of energy 
deposited for an alpha particle traversing the LC and EC 
geometry were 274 and 226 keV with a mean Linear 
Energy Transfer of 73 and 66 keV/μm, respectively. 
Accordingly, the specific energy per traversal over the 
nucleus target volume was 50 cGy for the LC geometry 
and 40 cGy for the EC nucleus, and spatial distribution 
of the events was used for obtaining the weighted 
average specific energies. The results revealed that the 
mean of z per decay was 1.4 cGy for the lymphocyte 
and 1.1 cGy for capillary cells. 

 Moreover, the alpha-immunoconjugate administered 
in the melanoma clinical trial showed up to 25 mCi of 
213Bi. The number of 213Bi atoms (t1/2=2736 s) in the 

activity of 25 mCi was 3.65×1012. The 213Bi 
concentration (CBi) was unchanged in each vessel; 
therefore, the total number of decay for three vessels of 
arteriole, capillary, and venules (30, 8, and 20 μm, 
respectively) was different. If we assume that there are 5 
L of blood in the body, then 213Bi concentration will be 
7.3×10-4 3. 

Since the vessel diameter determined the number of 
traversals, the number of traversals was 0.29 in arteriole, 
0.05 in the capillary and 0.19 in the venule. 
Furthermore, the background dose for one central LC 
nucleus of these vessels was 15.1, 2.5, and 9.6 cGy, 
respectively.  

In the clinical trial case, the number of 213Bi atoms in 

one capillary lumen volume of 2.5×10-12 liter (πr2×L) 
was 1.8. The authors calculated the background dose in 
the case of lymphocytes cells by multiplying the specific 
energy of single 213Bi disintegration and the total 
number of 213Bi atoms that decay in the lumen. Thus, the 
estimated background dose for one normal tissue 
capillary nucleus was 2 cGy. To estimate the cell 
survival fraction by a biological cell inactivation model, 
the specific energy values can be used. Moreover, to 
calculate the cell surviving fraction following alpha 
particle irradiation, S = e -D/D0 is used. Where, D0 is the 
dose that yields a 37% surviving fraction. 

As a result, when the activity of Bi is 25 mCi, a 
background dose of 2 cGy corresponds to about 99% 
survival rate for normal capillary ECs. Moreover, the 
dose range of 2.5-15.1 cGy indicates 89% ~ 98% 
survival rate for LCs. A small number of endothelial 
cells and LCs that are lost are not considerable results 
[30]. They used this microdosimetry method to calculate 
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the background dose and maximum therapeutic gain for 
the systemic targeted alpha therapy. 

The application of this method helped to determine 
the therapeutic gain in the targeted treatment with alpha-
emitting isotopes, as well as the dose received by 
healthy tissue (Dtissue) and tumor tissue (Dtumor). The 
maximum therapeutic gain can be obtained by the 
following formula. 

𝑇ℎ𝑒𝑟𝑎𝑝𝑒𝑢𝑡𝑖𝑐𝑔𝑎𝑖𝑛 =
𝐷𝑡𝑢𝑚𝑜𝑟

𝐷𝑡𝑖𝑠𝑠𝑢𝑒
                                       (1)  

This method yields high therapeutic gain for the 
targeted alpha emitter radioisotope, meaning that the 
dose received by the tumor tissue is much greater than 
the dose received by normal tissue. It demonstrates the 
accuracy and efficiency of this method. 

 
ii. Cell survival in radiotherapy with Beta 

particles 
If low LET radiation is used in radiotherapy, the 

single-hit equation (S=e -D/D0) will not be valid anymore. 
In addition to significant mechanisms of cell death, 
which are independent of dose rate (e.g., chromosomal 
damage), the probability of damage proportional to dose 
squares should be considered, as well.  

   𝑆 = 𝑒𝑥𝑝 [−𝛼𝐷 − 𝛽𝐷2]                                       (2) 
 
For beta-emitting radionuclide therapy, the survived 

fraction and biological factors (e.g., RBE) are calculated 
by the linear-quadratic model [29]. The linear-quadratic 
(LQ) model is most extensively used for cell survival 
analysis and description of other radiobiological 
endpoints [47].  

Freudenberg et al. developed a method based on 
Geant4 simulations for nuclear medicine in 2011 [48]. 
They divided the absorption dose of cells into two 
distinct sections, namely self-dose, and cross dose. 
Furthermore, they performed simulations of each section 
separately for four different isotopes (i.e., Re-188, I-
131, Y-90, and Tc-99m). In the next step, the 
researchers incorporated the calculated dose in 
simulations on the linear quadratic equation using 
constants α and β extracted from previous laboratory 
studies and calculated the cell survival fraction. On the 
other hand, the absorption dose resulted from the 
treatment of PCR Cl3 cells with a solution containing 
each of the isotopes was measured both in the presence 
and absence of perchlorate in the laboratory. In each 
case, the cell survival ratio was calculated by colony 
assay and the values of simulation survival fraction was 
compared to those obtained in laboratory experiments.  

They drew a comparison between values obtained in 
their study and those reported by Cai [49] asserting that 
the results of the Geant4 simulation were more 
consistent with those reported in the MIRD analytical 
method, compared to the MCNP simulation [50]. 
Freudenberg et al., simulated the absorption dose of two 
isotopes, Tc-99m and I-123, in a cell of 7 μm and 
nucleus of 4 μm using two single-cell and monolayer 
models through the utilization of the above-mentioned 
method. They compared results with that of laboratory 
experiments on a cells of the same isotopes in the 

presence and absence of perchlorate. They calculated 

the relative biological effect using 𝑅𝐵𝐸 =
𝐷0

𝐷37
 [51]         

(3) 
Undoubtedly, understanding the relationship 

between the characteristics of a given radiation and its 
induced damage pose a significant challenge. 

 

Relative Biological Effectiveness (RBE) 
The general effects of radiation on organisms have 

been extensively studied. It has been shown that 
radiation can influence the function, reproductive 
characteristics, and life cycle of cells. Experiments have 
also shown that DNA is the primary target by which 
radiation exerts its effects [52]. On the other hand, 
ionization in the nucleus can directly or indirectly 
damage the genetic material of the cell. The association 
between energy absorption from radiation and biological 
effect is well-established. However, according to the 
studies, the effect of radiation can also vary according to 
the type of incident radiation. The RBE is a measure that 
qualifies the effectiveness of damage caused by various 
types of ionizing radiation. The RBE is defined as the 
ratio of the dose of reference radiation, such as Co-60 to 
the dose of test beam, that is necessary to achieve the 
similar biological endpoint (it is an iso-effective dose 
ratio)[53]. The biological effects of radiation are 
naturally associated with the ionization of cell nuclear 
material. The ionization of nuclear material is in turn 
derived from energy transfer from an incident particle to 
the medium [54]. In fact, the pattern of energy deposited 
to the medium at the microscopic level is the reason for 
this difference.  

The RBE is different for each cell line. Generally, 
some mammalian cells are characterized by a survival 
curve with a broad shoulder, with split-dose experiments 
indicating a substantial amount of sublethal damage 
repair that has high RBE. Other cell types show a 
survival curve with a minimal shoulder, which is 
reflected in the more restricted repair of sublethal 
damage and thus have low RBE. 

There is a variety of methods to measure RBE in 
Geant4. The RBE could be measured by cell survival 
models or by measuring SSB or DSB. In many studies, 
the Geant4 code has been used to calculate the relative 
biologic effect during the collision of heavy charged 
particles with the substance [55-57].  Also in these 
studies, the authors calculated the values of constant α 
and β, using the method of "Microdosimetric Kinetic 
Model" proposed by Kase et al. [58]. 

Burigo et al.[59] determined RBE based on the 
linear quadratic model in cell survival after radiation 
(Eq 2). On the other hand, following the application of a 
modified MK model to the tumor cells of the human 

salivary gland (HSG), a parameter  is estimated as:  

𝛼 = 𝛼0 +
𝛽

𝜌𝜋𝑟𝑑
2 𝑦∗                                                           (4) 

Where,  α0 is a constant value equals to 0.13 (1/Gy) 
indicating the initial SF curve slope when the limit of 
LET moves to zero, β=0.05 (1/Gy2) refers to a constant 
value and LET independent, ρ as the density of tissue 
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and rd=0.42 (μm) is the radius of a sub-cellular domain 
in the microdosimetric-kinetic (MK) method. The fact 
that α-parameter of the linear-quadratic model depends 
on y* rather than Ӯd shows the reduction of the RBE, 
which is known as the saturation effect. It suggests that 
if local energy deposition increases extremely then there 
is no increase of biological effects induced by high-LET 
radiations [60]. As presented here, the same value of 
parameter β=0.05(1/Gy2) can be used to fit the data on S 
with Eq (3) for X-rays and ions. This approves the 
assumption of the MK model according to which β is 
independent of LET. 

According to the LQ model, the RBE10 for 10% 
survival of HSG cells is calculated using the following 
relation. 

𝑅𝐵𝐸10 =
𝐷10,𝑅

𝐷10
=

2𝛽𝐷10,𝑅

√𝛼−4𝛽𝑙𝑛(0.1)−𝛼
                                 (5) 

 
Where, D10 is the 10% survival dose of ions and 

D10,R = 5.0 Gy denotes the 10% survival dose of 
reference radiation (250 kVp X-rays) for HSG cells 
[61]. Ultimately, the biological dose (Dbio)is calculated 
through RBE10 and physical dose [59]. 

   𝐷𝑏𝑖𝑜 = 𝑅𝐵𝐸10𝐷0                                                  (6) 
 
In an article conducted by Hosseini et al., the relative 

biological effectiveness was measured using the Geant4 
toolkit. For this purpose, they determined the number of 
lesions on DNA strand. In addition, the damages were 
made to 2 opposite DNA strands at a distance of less 
than 10 bp (about 35 nm), where DSBs must be 
identified. To this end, the researchers first assessed the 
extent of damages on DNA strands, and then an 
algorithm was designed to identify lesion types and its 
class. The same procedure was applied to gamma rays, 
which were produced from cobalt-60, as a reference for 
the measurement of RBE [62]. 

 
𝐷𝑆𝐵𝑖𝑜𝑛(𝐺𝑏𝑝−1𝐺𝑦−1) × 𝐷𝑖𝑜𝑛 = 𝐷𝑆𝐵𝑖𝑜𝑛(𝐺𝑏𝑝−1)       (7) 
 
𝐷𝑆𝐵𝐶𝑜(𝐺𝑏𝑝−1𝐺𝑦−1) × 𝐷𝐶𝑜 = 𝐷𝑆𝐵𝐶𝑜(𝐺𝑏𝑝−1)            (8) 
 
Where, DSBion refers to the number of DSBs caused 

by the collision of the proton beam with the DNA 
strand. The DSBco is the number of DSBs caused by the 
collision of 60Co gamma ray with DNA strand and Dion 

and DCo are the absorption dose of proton and cobalt.  
If the number of DSBs caused by a collision between 

beam and DNA is assumed as the ultimate biological 
effect, the same number of breaks are required to 
achieve a similar effect from both beams. Therefore, the 
following relation is obtained. 

 
𝐷𝑆𝐵𝑖𝑜𝑛(𝐺𝑏𝑝−1𝐺𝑦−1)×𝐷𝑖𝑜𝑛

𝐷𝑆𝐵𝐶𝑜(𝐺𝑏𝑝−1𝐺𝑦−1)×𝐷𝐶𝑜
= 1                                     (9) 

𝑅𝐵𝐸 =
𝐷𝐶𝑜

𝐷𝑖𝑜𝑛
=

𝐷𝑆𝐵𝑖𝑜𝑛(𝐺𝑏𝑝−1𝐺𝑦−1)

𝐷𝑆𝐵𝐶𝑜(𝐺𝑏𝑝−1𝐺𝑦−1)
                          (10) 

 
Finally, the relative biologic effect for each radiation 

beam could be calculated relative to the reference beam 
using Geant4 simulation. 

 

Linear Energy Transfer  
The average energy transfer, which is obtained from 

purely “electronic” interactions (ionization or excitation) 
per unit length traveled by charged primary particles, 
can be defined as linear energy transfer (LET). The LET 
is strictly defined as a spatial point and thus its 
application is restricted by definition. It is because, in a 
practical problem, irradiated targets are always finite in 
volume rather than a dimensionless point, and therefore 
it is not easy to meet the monoenergetic prerequisites of 
the primary particles. Hence, the restricted definition of 
LET offers two different practical LET concepts called 
track-averaged LET (LETt) and dose-averaged LET 
(LETd). Guan et al. studied track-averaged LET and 
dose-averaged LET in proton therapy, by applying 
Monte-Carlo techniques [63]. As such, the reliability of 
the calculated RBE can be significantly affected by the 
accuracy of the calculated LET and the calculation 
method. 

The following equation measures the track-averaged 
LET.  

 𝐿𝐸𝑇𝑡 = ∑ (
𝜀𝑖

𝑙𝑖
)𝜔𝑖,𝑡 =

∑ (
𝜀𝑖
𝑙𝑖

)𝑙𝑖
𝑛
𝑖=1

∑ 𝑙𝑖𝑛
𝑖=1

=
∑ 𝜀𝑖

𝑛
𝑖=1

∑ 𝑙𝑖
𝑛
𝑖=1

𝑛
𝑖=1             (11) 

And dose-averaged LET (LETd) is calculated in the 
following equation.   

𝐿𝐸𝑇𝑑 = ∑ (
𝜀𝑖

𝑙𝑖
)𝜔𝑖,𝑑 =

∑ (
𝜀𝑖
𝑙𝑖

)𝜀𝑖
𝑛
𝑖=1

∑ 𝜀𝑖
𝑛
𝑖=1

=
∑

𝜀𝑖
2

𝑙𝑖

𝑛
𝑖=1

∑ 𝜀𝑖
𝑛
𝑖=1

𝑛
𝑖=1            (12) 

 

Where, n is the total number of charged particles, i 

is the energy of ith charged particle, and li is the tracking 
step length by ith charged particle.  

The selection of a proper LET as an input parameter 
for RBE modeling or as an indicator to explain the 
results of the biological experiment can be demanding. 
It should be noted that the beam energy diminishes 
along the path, and while the particle fluence drops to 
zero, the averaged LET rises. 

In the dose plateau region, LETt shows minor 
dependence while LETd depicts a strong dependence on 
the step limit. The results of proton biology experiments 
have shown that in the dose plateau region, LET plays a 
trivial role in the determination of the cell killing [64]. 
Thus, LETt is recommended for the dose plateau region 
due to its continuous increase along the beam path and 
step-limit independence. In the vicinity of the Bragg 
peak, LETd is loosely dependent on step limit. For this 
reason, it is recommended to use LETd around the Bragg 
peak. A spatial transition point is required to switch 
between the use of LETt and LETd to quantify the LET 
[63]. 

 

Discussion 
One of the notable properties of Geant4 is the ability 

to calculate radiobiological parameters, such as SF and 
RBE, which are applied in microdosimetry. Given that 
each cell line has its own biological properties, some 
constants are added to simulations. Moreover, each 
radiation (alpha, beta and gamma rays) has its own 
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specific features, and therefore various methods are 
applied in the simulation. Consequently, there is no 
common method to simulate all radiobiological 
parameters.  

Alpha particles have low penetration depth and thus 
the construction of small geometries (such as a single 
cell) rather than large geometries in MC simulation 
would yield accurate results, which in turn increases the 
speed of simulations. 

These simulations require extremely low energy 
physical models, the equivalent range of which is as 
large as cell dimensions, leading to the application of 
low energy models of Geant4, such as PENELOPE and 
LIVERMOR, and therefore precludes the use of CHMC 
codes. These models can simulate electromagnetic 
interaction for the electron, positron, and photon 
particles with an approximate energy range of 250 eV. 
This minimum energy belongs to a dimension as large 
as cellular dimensions.  

Unlike alpha particles, in the biological studies of 
low LET radiation, the situation is different for low LET 
radiation. When the simulation values and experimental 
values are compared, since the absorption doses 
obtained from the simulation encountered particle scape 
from the boundary, and the experimental absorption 
dose represents the average of these values, since the 
absorption doses obtained from the simulation 
encountered particle scape from the boundary, and the 
experimental absorption dose represents the average of 
these values. Therefore, the comparison of these values 
would not be accurate, and thus this point should be 
considered in future studies. 

Generally, the simulations of high LET radiation 
(alpha particles) are run for one cell and the results are 
extended to all cells. Simulations for a low LET 
radiation, such as beta and gamma rays should cover 
larger dimensions in geometry since the range of these 
particles is larger than that of alpha particles, and they 
affect adjacent cells as well. Therefore, various methods 
can be designed to simulate a large geometry. Firstly, 
when dimensions of geometry are big enough to yield 
accurate parameters methods, such as LET, S-value, and 
SF, can be used, which prolong the MC simulation time. 
Secondly, a combination of several physical models in 
different volumes can be used to simultaneously 
increase accuracy and efficiency. In large volumes, 
transporting particles with low energy models is 
extremely time-consuming, and thus it is recommended 
to apply standard models with higher speed and lower 
precision. On the other hand, low energy models are 
suitable for small sensitive volumes, such as cell and 
DNA that require great precision. The third method is 
implemented in large dimensions with standard models, 
determining the spectra of particle energy on the 
sensitive volume. By the application of low energy 
models to the sensitive volume, micro/nanodosimetry 
quantities can be measured. In addition to saving time, 
one notable advantage of this method is a direct 
measurement of quantities (such as dose) in the 

intermediate step, leading to verification of MC 
simulation results.  

In radionuclide therapy, two methods are used for 
defining radioisotope as the primary particle source in 
order to simulate radioisotope effects. In most Monte 
Carlo simulations, the radioisotope decay spectrum, 
which involves the probability of producing any decay 
product, has been used and in most cases the tracking of 
products with low probability or products that their 
energy is relatively low compared to the original 
products, are disregarded [65]. However, in other 
approaches, including Geant4 toolkit, the entire decay 
process is simulated for the isotope, by activating the 
physics of radioactive decay. Since this method entails 
all particles, it is more accurate in comparison with the 
first method; however, its implementation would be 
time-consuming. 

 

Conclusion 
Geant4-DNA is a powerful tool in radiobiological 

studies, which can follow up physical processes in very 
low energy and flexibility in complex geometries. Based 
on these properties, these tools become more 
appropriate for the estimation of RBE, cell survival 
fraction, SSB/DSB, and LET. 
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