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A B S T R A C T

GEANT4-DNA is an expansion of the widely utilised GEANT4 Monte Carlo toolkit. This extension
focuses on modelling the physical, chemical, and biological stages of ionising radiation for
radiobiological applications at cellular and DNA level interactions. To date, review papers on
GEANT4-DNA focus solely on evaluating a selection of the latest developments with a greater
focus on mechanistic developments rather than progress in biologically specific geometries. In
this work, an overview of biological analysis and biological geometries that have been developed
are discussed, highlighting the latest developments and future possible development avenues for
GEANT4-DNA for this application. An overview of the biological organisation levels, namely
DNA, cellular, and population levels, and how GEANT4-DNA models the physical, chemical, and
biological processes are also described. This review emphasises the need for persistent develop-
ment of specific biological geometry accompanied by personalised DNA damage analysis pa-
rameters dependent on the biological processes considered within a specific model. It also
provides an in-depth understanding of the advances at all the biological organisation levels (DNA,
cellular, and population) and the use of co-operative platforms developed to model alongside
GEANT4 to provide further detailed geometries and or biological damage analysis. The de-
velopments presented have been analytically discussed along with their key findings and pros-
pects for GEANT4-DNA. Finally, a perspective on future necessary developments is portrayed
since many of the advancements in the biological analysis and biological geometries discussed
have not been exploited to their full potential. The development of GEANT4-DNA, using the
advances discussed in this review, provides a favourable method for the evaluation of biological
damage comparable to radiobiological studies.
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1. Introduction

1.1. Modelling of biological effects of ionising irradiation

Mathematical modelling has been a crucial component in radiobiology and radiation therapy since the 1920s by providing a
mechanistic point of view to understanding radiation-induced biological effects [1,2]. It is essential to accurately predict the conse-
quences following ionising radiation interaction with biological matter to enable successful therapeutic and diagnostic procedures
using ionising radiation [3]. It would also provide a greater understanding to mechanisms of radiosensitivity of healthy or cancerous
cells. Mathematical models influence numerous aspects of clinical practice today in radiation treatment procedures [4]. For example,
the use of the Linear-Quadratic survival model, which continues to serve as the basis for evaluating the clinical equivalency of various
treatment fractionation plans. Nevertheless, many models used in the clinical settings are subject to deviation when considering novel
radiotherapy techniques or unique cell lines. However, many existing models show limitations when applied to newer radiotherapy
techniques or novel cell lines, revealing the need for refined, context-specific approaches.

The challenge of modelling radiation-induced biological effects is compounded by the complexity of the molecular events that
follow ionising radiation exposure, which occur on femtosecond timescales [5]. Given the vast number of biochemical reactions and
the intricacies of cellular damage, no single model can capture all the relevant processes. This is where geometric models play a pivotal
role. These models focus on the spatial distribution of radiation energy and its deposition within the target tissue, providing insights
into the geometric configuration of radiation tracks and the resulting biological damage.

Monte Carlo track structure codes (MCTS) provide a superior alternative to investigate physical mechanisms of radiation damage to
biological molecules affecting the DNA and cellular level by providing a general system to handle continuous interactions including
interactions between tracks at nanoscales instead of sequential handling of tracks over microscopic scales. It has been widely accepted
that the effects of radiation can target DNA. Track structure codes can provide details of each interaction, including single scattering
models and enable an appropriate spatial resolution for small biological targets. Nevertheless, physical particle-matter interactions are
not the only interactions which should be considered for modelling the biological effects of ionising radiation at the DNA level, since
they are not the dominant processes at cellular level [6,7]. Physical modelling of molecular targets, descriptions of their properties and
chemical interactions should also be accounted for.

While MCTS simulations provide powerful geometric insights into the physical interactions of radiation, they do not fully address
the biological complexity at the cellular level. Geometric models of radiation damage must be complemented by models of the
biochemical processes that follow, such as DNA repair, cell cycle progression, and cellular response to damage. Furthermore, the
spatial arrangement of these processes within the cell, such as the organisation of the nucleus and the proximity of radiation tracks to
critical DNA regions, requires careful geometric consideration. The integration of these physical and biological factors remains a major
scientific challenge. The development of multi-scale, integrated models that combine the geometric and molecular dimensions of
radiation biology is a critical area of ongoing research.

Fig. 1. The quantity of journal articles that were published between 2006 and 2024 that used ‘GEANT4-DNA’ as an investigative technique. To the
best of our knowledge, 327 journals articles were published during this time. This research was carried out in January 2025, using the Scopus
database (www.scopus.com).
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1.2. GEANT4

GEANT4 is an extensively used Monte Carlo simulation toolkit for particles travelling through matter [8]. The toolkit explores
energy deposited at microscopic scales by condensing many collision processes into a single step using a condensed history approach.
The condensed approach of GEANT4 is insufficient to describe particle interactions at the nanoscale or DNA level since a complete
description of the particle track structure is required. The importance of modelling electrons at the low electronVolt, eV, energy levels
with nanoscale resolutions have been highlighted by Nikjoo and Goodhead [9]. They estimated 50 % of all ionisations to be produced
by electrons with an energy of <1 keV from photon and proton beams. The low-energy limits (approximately 250 eV) of the elec-
tromagnetic physics models in GEANT4 are restricted regarding both energy range and accuracy for their implementation at the
nanoscale [10,11]. The nanoscale patterns of radiation tracks and their associated energy depositions have a crucial role in the
determination and formation of biological lesions [12]. There is also no water radiolysis scheme to include the production and
diffusion of chemical molecules at this nanoscale.

An addition to the GEANT4 toolset, GEANT4-DNA simulates radiation interactions with biological systems at the cellular and DNA
levels to predict the impacts of biological damage [13]. GEANT4-DNA is a MCTS which provides physics models reaching the very low
energy domain, to around 10 eV, applicable to several materials, including liquid water, the main component of biological matter.
These models can be used in addition or in combination to the models and processes provided in GEANT4. The handling of track
enables all interactions on sequential, event-by-event (interaction-by-interaction) basis to be described with no condensed history
approximation for applications to nanometre scale geometries. This facilitates an atomistic modelling approach suitable for the
simulation of radiation interactions with cellular and DNA scale structures. Since the primary purpose of the MCTS is to simulate the
detailed interactions of particles, they are accompanied by repair models which describe how biological systems recover from damage
caused by radiation.

There are over 30 Monte Carlo track structure codes including PARTRAC [14], TRAX [15] and PENELOPE [16], however only few
of them are publicly available and open source like GEANT4-DNA [10]. Since the introduction of the GEANT4-DNA project, several
examples have been included enabling a wide range of simulations, and an increasing number of publications, as shown in Fig. 1.

In the geant4-v11.2.1 (first published on 16th February 2024) version of GEANT4, there are total of 29 examples available in the
medical extended examples (/examples/extended/medical/dna), as shown in Fig. 2. Despite the development of all these extensive
examples, due to their complexity, it is difficult for users to implement these examples without prior knowledge of the underpinning
biology and simulation interaction models.

To date, reviews on GEANT4-DNA have focused on specific developments [19–24]. For example, detailed summary of new models
regarding water radiolysis, physical, physicochemical and chemical by Bernal et al. [19] to an overview of the biological targets, new
features, such as advanced chemical stage modelling, due to the complexity of “molecularDNA” example by Chatzipapas et al. [22].
However, a detailed overview of the development in biological targets has not been recently reported. This review provides summative
insights into three areas. Firstly, the available modelling and DNA damage evaluation status in GEANT4-DNA. Secondly, the latest
advancements in geometrical modelling at the DNA level, cellular level, cell population level and other biological structures are
detailed. Thirdly, the status of co-operative platforms is presented. The increasing complexity of physics and chemistry can only be
utilised to its full potential in combination with accurate and individualised biological geometry. Hence, the goal of this review is to
provide a comprehensive state-of-the-art on the geometrical developments in GEANT4-DNA from a biological perspective. It also aims

Fig. 2. Examples in the extended section of GEANT4-DNA according to the geant4-v11.2.1 version, February 2024 [17]. Orange represents
chemistry-based examples, green represents geometrical examples and purple represents physics examples. Abbreviations: ROOT [18] – an
object-oriented framework for large scale data analysis; LET – Linear energy transfer; IRT – Independent reaction time.
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to provide guidance for further research. Subsequent research developing and merging the ability to model more accurately geometry
from the DNA level to the cellular level, accompanied by more complex physical and chemical analysis will enhance our compre-
hension of damage of radiation on different biological structures.

2. Biological structures and damage

2.1. Critical targets for radiation damage

The DNA molecule itself is the critical target for radiation damage in the context of GEANT4-DNA simulations [25]. Simulating the
direct and indirect effects of radiation on DNA requires several considerations. GEANT4-DNA can simulate the effects of radiation on
DNA at various levels of abstraction, from the DNA level up to larger structures like cells. The toolkit can use a simplified represen-
tation of DNA, often modelling the molecule as a flexible chain of nucleotides, or by considering DNA double-strand breaks, which are
crucial for understanding radiation-induced mutagenesis and carcinogenesis.

The toolkit includes detailed models for the interaction of ionising radiation with DNA molecules. This is typically modelled at a
discrete event level to account for the stochastic nature of radiation interactions, where high-energy particles cause ionisation or
excitation events in the target molecule. These events are modelled by accounting for the cross-sections of various radiation types and
their interactions with the DNA. The effects of the linear energy transfer (LET) on DNA are crucial for understanding how radiation
causes damage to the DNA strands. GEANT4-DNA considers spatial dose deposition, which allows for the simulation of clustered DNA
damage caused by high-LET radiation which can lead to complex DNA lesions.

At a cellular level, the nucleus of a cell, where the DNA is stored, is considered a critical target in simulations. In addition to direct
DNA damage, radiation can cause cellular death through apoptosis or necrosis. GEANT4-DNA incorporates simplified models for how
DNA damage leads to cell death, as well as secondary effects such as cell cycle arrest and repair mechanisms.

The level of detail required for simulations in GEANT4-DNA is dependent on the requirements of the application. GEANT4-DNA
offers a balance between computational feasibility and biological accuracy, which involves descriptions of parameters regarding
the level of organisation modelling, such as the number of base pairs required for a DSB to be registered. To make simulations
computationally feasible, molecular targets such as DNA are often simplified. For example, DNA might be modelled to consider the
DNA as a material, such as liquid water, or on the atomic scale, considering each nucleotide in the DNA. This alters the computational
load while still capturing the key features of radiation damage.

2.2. Organisation of the dna

GEANT4-DNA aims to model biological structures as targets. Fig. 3 illustrates the organisation of DNA in a eukaryotic cell and its
sub-cellular components. While GEANT4-DNAmodels structures from the DNA to the whole cell, it does not currently simulate all sub-
cellular components in detail. Fig. 3 highlights the relationship between a section of DNA and the formation of a protein, but com-
ponents involved in this process, such as the ribosome, are not explicitly modelled within GEANT4-DNA.

A cell can be defined as the smallest structural and functional unit of an organism. DNA in a eukaryotic cell, for example, human
and animal cells, is packaged as a double-stranded DNA molecule called a genome. The human genome is the complete genetic

Fig. 3. Schematic of biological structures from the cellular level to the DNA level in a typical eukaryotic cell. This image was created with Bio-
Render.com.
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information of a human, located in the nucleus. The DNA in a eukaryotic cell is enclosed in the nucleic membrane which is surrounded
by cytoplasm and held together by the cell membrane. Prokaryotic cells, for example, bacteria and virus cells, do not have their genetic
material bound in a nucleus membrane which makes them different from eukaryotic cells. A single double-stranded DNA molecule in
the shape of a loop or circle, known as a plasmid, makes up their whole genome. These are not essential for normal growth, however,
can be exchanged with other bacteria to receive beneficial genes.

The DNA molecule itself consists of four bases: adenine, cytosine, guanine, and thymine organised in pairs. During the cell-cycle,
the DNA is condensed into twenty-three pairs of chromosomes, each consisting of a linear DNA molecule. Chromosomes are non-
homologous. This means that their genetic material can be different to other chromosomes. To compact the DNA into the chromo-
somes, the DNA is packaged into nucleosomes, DNA wound around histones. Chromosomes have two structurally and functionally
distinct territories: euchromatin and heterochromatin. The euchromatin is less condensed, gene-rich (gene is defined as a section of
DNA), and more easily transcribed due to its condensed state and hence the more active part of the genome. In comparison, the
heterochromatin is highly condensed, gene-poor, and transcriptionally silent, hence containing similar repeating units [26].

When a gene is active a protein can be created. An RNA polymerase attaches to the gene and moves along the DNA reading the DNA
sequence. As it reads the sequence a messenger RNA, mRNA, is created from free nucleotide bases in the nucleus and exits the nucleus
from the nucleus pores. This process is called transcription. The mRNA binds to a ribosome, located in the cytoplasm, which reads the
mRNA three bases at a time using a transfer RNA, tRNA creating an amino acid after each triplet is read. This process is called
translation. Once the amino acids have been created, the chain of amino acids folds to create a protein.

2.3. Cell-specific radiation damage

To enable accurate modelling of different cell types in the context of radiation interactions, it is essential to understand the dif-
ferences between cells in terms of geometry, as well as their specific biological characteristics [27]. The geometry of a cell, particularly
its volume, shape, and subcellular structures, significantly influences the spatial distribution of energy deposition at the microscopic
scale. The overall shape and size of a cell determine the path of incoming radiation and the degree of energy deposition within the cell.
Larger cells or those with complex shapes may experience different radiation dose distributions compared to smaller, simpler cells. The
presence and arrangement of organelles, particularly the nucleus, is critical since radiation-induced DNA damage is a key determinant
of cellular response. The size, shape, and position of the nucleus relative to other organelles (e.g., mitochondria, endoplasmic retic-
ulum) can affect how radiation interacts with cellular components. Variations in the cellular composition (e.g., water content, protein
concentration, lipid membranes) affect how radiation energy is absorbed and dissipated. Dense, highly metabolic cells might exhibit
different radiation responses compared to cells with less dense cytoplasm.

Fig. 4 shows a schematic of how different cells are created based on a single genome. Beyond the shape and cytoplasm-to-nucleus
ratio, gene expression defines a specific cell and its ability to carry out its specific functions [28]. All cells have some genes called
house-keeping genes which are genes expressed in all cells of a multi-cellular organism. Some genes are only expressed in certain cells.
These genes code for proteins involved in essential activities for a specific cell. For example, fibroblasts have genes specifically
expressed due to the mechanical loads placed on connective tissue [29]

Fig. 4. Schematic of gene expression in different cell lines showing different cells can express house-keeping genes present in both cell types and
express genes specific to the cell type. The schematic also shows examples of genetic mutation which leads to genetic instability and the creation of a
cancer cell, such as an MCF7 cell from the genetic instability developed from an epithelial cell. There are several methods for genetic mutations
including substitution, insertion, deletion, and inversion. These genetic mutations are changes within the DNA sequence using the four bases in the
DNA: adenine, cytosine, guanine, and thymine. This image was created with BioRender.com.
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When DNA mutations occur, they lead to changes in the base pair structure, the formation of the nucleus, and chromatin
compaction. These alterations also affect cell structure, function, and the proteins produced [30]. This alters the cellular behaviour
leading to genetic instability. A high frequency of mutations within a cellular lineage’s genome that give rise to cancer is known as
genetic instability. There are many methods for genomic instability based on the rearrangement of the DNA sequence containing the
four bases adenine, cytosine, guanine, and thymine. Examples of genetic mutations found in cancer cells include missense, nonsense,
and frameshift mutations and chromosome rearrangements.

The primary objective of any radiation treatment is to increase the radiation dose to aberrant cancer cells while restricting exposure
to normal cells that are nearby or in the radiation’s trajectory. While both healthy and cancerous cells are damaged by radiation,
normal cells can predominantly repair themselves more rapidly while preserving their regular functioning state in comparison to
cancer cells. Cancer cells typically are less effective than healthy cells in repairing radiation-induced damage, which leads to differ-
ential cancer cell killing [31]. The differences are heavily based on the type and structure of the cell.

The nucleus to cytoplasm volume ratio in healthy cells is generally lower than many cancerous cells [32]. This would in turn affect
the spatial distribution of ionisations occurring outside the nucleus and could greatly influence the damage observed and the
biochemical pathways triggered due to the spatial variations in chemical composition and densities of sub-cellular structures.
Numerous diseases are largely influenced by alterations in a cell’s shape and structure.

Mutations that lead to cancer can prompt cells to become amorphous andmalleable by causing them to lose the adhesions that hold
them to neighbouring cells. This gives the cancer cells freedom to spread to and proliferate in other bodily regions. The overall shape of
the cell is fundamental not only in cancer detection, but also for curative purposes. Despite the progression of understanding behind
the basic principles of ionising radiation on individual biological systems, less is understood about the key differences between the
behaviour of healthy and cancerous cells from ionising irradiation.

However, there remains a gap in modelling the differences between various cell types, especially in comparing cancerous and
healthy cells. While there has been progress in simulating radiation-induced damage, these models often rely on simplified or ho-
mogeneous cell representations, with a limited consideration of cell geometry and composition. For example, many current simula-
tions treat the cell as a single, uniform entity, typically using water as a substitution for cellular composition, which oversimplifies the
complex biological environment. Water is frequently assumed to represent the medium within cells due to its high prevalence and
relatively simple interactions with radiation, but it is important to recognise the limitations of this assumption. Water’s role is often
overemphasised, and its use as a model for the cell’s biochemical and structural complexity may not accurately reflect the intricate
behaviour of various cellular components, such as proteins, lipids, and nucleic acids.

The lack of detailed, accurate representations of both cancerous and healthy cells, considering their unique geometric and chemical
properties, limits our ability to fully understand radiation-induced damage at the micro and nanoscale. Future simulations that
incorporate more precise modelling of cell geometry, composition, and microstructural details could enhance our understanding of
biological damage, offering valuable insights into experimental findings. However, the current limitations of computational models,

Fig. 5. The phases of damage occurring over time from ionising irradiation on biological matter. (1) Physical - occurring from ionisation and
excitations from interactions of charged particles with matter. (2) Physicochemical – creation of radiolytic products such as free radicals. (3)
Chemical – heterogeneous and homogeneous reactions and diffusions within the cell. (4) Biochemical - DNA repair mechanisms, examples include
BER (Base Excision Repair), NER (Nucleotide Excision Repair), MMR (Mismatch Repair), HR (Homologous Recombination) and NHEJ (Non-ho-
mologous End Joining). (5) Biological – cellular and tissue response and long-term effects. The phases of damage according to the water radiolysis as
implemented in GEANT4-DNA. The image is adapted from Chappuis et al. [23]; the full list of dissociation channels is available in Ref. [33]. This
image was created with BioRender.com.
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particularly in their oversimplification of cellular environments, should be carefully considered when interpreting simulation results.
Future simulations using accurate cell composition both geometrically and chemically and of both cancerous and healthy cells would
help to understand biological damage occurring at the micro and nanoscale, extending our understanding of experimental activity.

2.4. Damage from ionising irradiation implemented in GEANT4-DNA

Biological damage from ionising radiation is a complex sequence of events including damage to DNA, lipids, proteins, and me-
tabolites amongst others. Biological effects also depend on several factors based on their nature and timing after exposure. Damage
from ionising radiation occurs in five phases: physical, physicochemical, chemical, biochemical and biological, as shown in Fig. 5
(adapted from Chappuis et al. [23]; the full list of dissociation channels is available in the work of Shin et al. [33]).

GEANT4-DNA uses macroscopic geometry to track particle interactions and energy deposition at the cell and tissue level but then
shifts to molecular-scale geometry to model the biochemical consequences of these interactions (e.g., DNA damage, radical formation).
The modelling framework allows for a multiscale approach, transitioning from the physics of particle interactions (at the cellular or
tissue level) to the chemical effects of energy deposition at the molecular and atomic levels, with detailed geometric representations of
individual molecules like DNA. The geometric representation of the DNA molecule, or other biomolecules, is used to model how close
these radicals are to key sites within the molecule, like sugar-phosphate backbones or bases in the case of DNA, and how they might
cause damage, such as strand breaks or base modifications.

The following sub-sections will describe both the damage occurring biologically from ionising radiation and how GEANT4-DNA
implements damage analysis for these different phases of damage: physical, physicochemical, chemical, biochemical, and biological.

2.4.1. Physical processes
The physical damage consists of the deposition of energy from charged particle interactions with matter, such as ionisation and

excitation. These processes involve the generation of electrons typically lasting for 10–15 s. GEANT4-DNA describes the physical in-
teractions as processes using different models. These models use a sequential event-by-event (interaction-by-interaction) process of
physical interactions of radiation with biological medium. The models, which may be theoretical or semi-empirical, are responsible for
the computation of the physical interaction and full depiction of the final system, including the production of secondary particles,
energy loss and emission angles [19]. The theoretical models are derived from fundamental principles of physics, such as the electron
scattering models or the continuous energy loss models, where the energy loss of charged particles is based on fundamental in-
teractions such as the Bethe-Bloch formula [34]. The semi-empirical models incorporate experimental data to refine their predictions
for example, for track structure models which may use parameters fitted to experimental data to describe the distribution of energy
deposition along a particle’s track. In GEANT4, all required particles, processes and models are defined by a "physics constructor" [35].
GEANT4-DNA currently has nine physics constructors: G4EmDNAPhysics and G4EmDNAPhysics, options 1 to 8. There are three key
physics constructors: option 2, 4 and 6. The G4EmDNAPhysics_option2 was the first set of models applied, simulating electron in-
teractions up to 1 MeV as well as all other particle interactions, however, it contained deficiencies of inelastic modelling. These de-
ficiencies include limited cross-sectional data, insufficient energy transfer calculations or oversimplified modelling. It also enabled
more accurate simulations of stopping powers, dose point kernels and W-values in liquid water. G4EmDNAPhysics_option4 is most
used and provided an alternative model for inelastic models including an updated cross-section for excitation and ionisation. This
option is the recommended andmostly used option for interactions at the DNA levels as it contains electron elastic and inelastic models
up to 10 keV and is being extended up to 10 MeV. G4EmDNAPhysics_option6 allowed the implementation of the cross-section models
describing interactions electrons, elastic and inelastic models, in liquid water up to 255 keV obtained from the CPA100 code, another
Monte Carlo track structure code, enabling the DNA material interactions [36]. Further information on these constructors, processes
andmodels can be found in literature [10]. The selection of the physics constructor is often based on the type of the simulation required
by the users’ application and the interaction of the particle of interest under investigation. The selection of the physics constructor is
often based on the application requirements and the interaction of the particle of interest under investigation. The choice of physics
constructor has been shown to be most important when using electrons in comparison to protons or hydrogen [35].

2.4.2. Physicochemical processes
The secondary electrons, in the physicochemical phase, begin to create radiolytic products such as free radicals, between 10– 15 and

10–12 s. The main products of radiation in water are hydrated electrons, eaq- , hydroxyl radicals HO•, hydrogen radicals H•, radiolytic
hydrogen H2, hydrogen peroxide H2O2 and hydroperoxyl radical HO2•.

2.4.3. Chemical processes
GEANT4-DNA can also simulate the water radiolysis in an irradiated medium up to 1 µs after irradiation for different biological

targets at the micro and nanometre scale [35]. This means interactions from the homogeneous chemical diffusion and their onward
paths. For accurate simulations, water radiolysis must be carefully implemented into the definition of damage phases within
GEANT4-DNA. The reactions and scheme of damages implemented over the three phases is shown by Fig. 5.

GEANT4-DNA utilises a dissociation channel according to the mode of electronic alterations that the water molecules undertake
along with the appropriate branching ratios that the user has preselected. A water molecule is decomposed within the physical stage
where water molecules dissociate. This occurs if the water molecules are either ionised or undergo electron attachment. The physi-
cochemical stage starts with the creation and distribution of radiation-induced spurs along the axis of the tracks [37], this is the water
radiolysis production stage. The chemical stage occurs breaking up spur, diffusing the molecules which are later described
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homogenously after 1 μs from the initial irradiation. The location of the dissociation products, immediately following dissociation, in
time and space presents a challenge in simulating the chemical phase of damage from ionising irradiation. Currently, empirical
root-mean-squared distance and momentum conservation are used to calculate these initial positions, with the chemical species being
described by the Brownian motion. Due to the step-by-step definition of the diffusion of particles, all species are diffused within a time
step and placed in a new position. A reaction occurs when the distance between two Brownian particles is less than a reaction radius.
Hence the time step is computed to verify whether a reaction has occurred in GEANT4-DNA, presented by a constructor called
G4EmDNAChemistry with options 1, 2 and 3. The original G4EmDNAChemisty was implemented with parameter values from PAR-
TRAC [38]. Option 1 was implemented a set of chemistry parameters from Shin et al. [33], option 2 included chemistry parameters for
reactions with DNA components and option 3 implements the independent reaction time (IRT) approach from Ramos-Mendez et al.
[39]. The successive chemical reactions occur, starting the DNA damage formation from 10-12 to 1 s. The free radicals react with the
biomolecules such as the DNA, lipids, and proteins in addition to the cell redox status changing between 1 and 3600 s. Currently,
GEANT4-DNA can simulate the initial production of free radicals and their interactions with biomolecules; it cannot directly simulate
the dynamic changes in redox status of the cell. Dynamic changes in a cell’s redox status refer to fluctuations in oxidant and antioxidant
levels in response to internal and external stimuli, such as metabolic activity, environmental stressors, and cellular damage. These
fluctuations are tightly regulated, as they play a crucial role in key biological processes, including cell signalling, gene expression,
apoptosis, and DNA repair. While maintaining a balanced redox state is essential for cellular function and survival, GEANT4-DNA does
not currently model these dynamic changes directly. The modelling of cell redox status changes would require additional modelling
frameworks or integration with biochemical models.

GEANT4-DNA can model the diffusion of species in addition to the reaction mechanism by either using the step-by-step (SBS)
method, independent reaction time (IRT) method, or the IRT sync method [40]. The SBS method computes the trajectory of species on
a step-by-step diffusion basis, where two species react when their separation distance is below a defined threshold. This can become
computationally exhaustive. Compared to the SBS technique, the IRT method offers a higher computational efficiency by computing
random timings of reaction from the initial position of the species. Then the reactions occur one by one starting with the shortest
reaction times. The higher computational efficiency also comes with loss of information on the position of the radiolytic species over
time. The IRT sync method is an IRT approach with a time step limitation, where IRT sync stores all the molecular positions at each
time step like the SBS method.

Radiation-based Monte Carlo simulations on a simplified pure liquid model are not appropriate for generating radioactive species
in environments that are relevant to biology. This limitation arises from the model’s inability to account for the heterogeneity of
biological systems (e.g., assuming pure water instead of biological materials and neglecting the complexity of cellular structures such
as organelles), specific molecular interactions (e.g., the spatial organization of DNA within a cell), and chemical reactions beyond
ionisation and excitation (e.g., oxidative damage mechanisms). A more accurate simulation requires detailed models that incorporate
biomolecular structures, spatial organisation, and dynamic biological processes, such as DNA damage, repair pathways, and radical
reactions. As a result, in simulation the addition of the chemical impact of uniformly distributed molecules, also referred to as
scavengers, are required.

The application of a comprehensive structure for scavenger utilisation is being studied by GEANT4-DNA. The inclusion of
competing chemical reactions, where scavengers interact with radiation-induced species, significantly disturbs the radiolysis mech-
anism. For example, in the presence of scavengers, hydroxyl radicals may react with these molecules before they can interact with
DNA, potentially reducing DNA damage. Chappuis et al. [23] investigated the SBS and IRT models, validating their implementation in
Geant4-DNA through comparisons with other Monte Carlo track-structure codes. Their findings highlighted the role of macromole-
cules, such as lipids and plasmids, as scavengers that influence the distribution, reactivity, and lifetime of reactive species within the
cell. These mechanisms, in turn, impact biological outcomes, including DNA damage and repair processes. Furthermore, their study
underscored the importance of extending simulations to incorporate the homogeneous chemical stage, enabling a more accurate
representation of cellular scavenging effects at the mesoscopic level.

2.4.4. Biochemical processes
The biochemical stage involves damage to the cellular components which triggers a cascade of biochemical events. This refers to

alterations at the molecular and chemical level within the cell that disrupt normal biological functions. This type of damage can occur
to various cellular components including the DNA, proteins, lipids and other biomolecules. The type of biochemical damage includes
DNA damage, protein damage, lipid peroxidation, altered metabolites and mitochondrial damage. Once the damage occurs, the cell
enters a phase where DNA repair mechanisms are activated, and a variety of enzymatic reactions take place to restore cellular integrity.
Concurrently, alterations in key cellular pathways may occur, influencing processes like cell cycle regulation, apoptosis, and survival
signalling. Based on the extent of the damage and the effectiveness of repair, the cell may then proceed to one of several outcomes. The
cell can either proliferate, or survive but no longer proliferate, or undergo cell death through apoptosis, necrosis, or autophagy.

2.4.5. Biological processes
The biological phase of radiation damage can span a wide range of timescales, fromminutes to years [41]. The extent of the damage

depends on several factors, including the efficiency of repair mechanisms, the type of radiation, and the quantity and complexity of the
induced damage. Radiation is typically classified into two categories based on its LET: high LET (e.g., alpha particles, protons, and
neutrons) and low LET (e.g., electrons, gamma rays, and X-rays) [42]. LET refers to the average amount of energy a particle loses per
unit of distance travelled through tissue. Low LET radiation tends to produce a low concentration of ionisation events along its track,
leading to isolated damage sites. In contrast, high LET radiation causes a high concentration of ionisation events, resulting in more
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complex damage, including clustered lesions. Approximately 70 % of the energy deposited by low LET radiation results in isolated
lesions, while around 90 % of the energy deposited by high LET radiation leads to clustered damage sites [43].

DNA damage can be produced through either direct or indirect action. Direct damage occurs when radiation damages the DNA by
the deposition of energy directly into the DNA molecule. GEANT4-DNA classifies a direct damage when sufficient energy is deposited
in proximity of the sugar phosphate group. The proximity can be defined by a radius or a hydration shell, where the energy threshold
can be defined as a linear probability from 5 eV to 37.5 eV [44–47] or as a fixed threshold limit of 17.5 eV [14,48–50]. When secondary
electrons and primary radiation interact in the molecular environment around DNA, chemical species are produced that could lead to
indirect damages. In GEANT4-DNA strand breaks occur when free radicals interact with the DNA. The activation probability defines if
these reactions classify as a strand break; this is defined by diffusion coefficients and reaction rates. Both indirect and direct damage
can cause single strand breaks (SSBs), double strand breaks (DSBs), base modifications, and DNA helix distortions. However indirect
damages mostly cause SSBs, and DNA base modifications which contribute to an increased complexity of a lesion [51]. DSBs are
considered most lethal since they can cause genomic instability and cell death. DSBs are defined by a break in the phosphor-based
backbone of both strands of the DNA generally separated by a user defined number of base pairs (bp) [43]. The secondary elec-
trons generated in ionising radiation interactions are primarily in charge of the energy deposition on the DNA. For a nanometric
description of the track structure to be obtained, an exhaustive description of their transport is thus required. GEANT4-DNA uses the
information from the simulation such as energy deposition, in addition to the chemical reaction outcomes to infer biological damage
using semi-empirical biological repair prediction models, such as cell survival. In GEANT4-DNA, three repair models have been
applied: the Local Effect Model IV (LEM IV) which uses non-re-joined DSB as its endpoint [52], the Two Lesion Kinetic Model (TLK)
which uses the survival fraction as its endpoint [53], and Belov model which uses DSB repair as its endpoint [54]. Their imple-
mentation enables the quantification of protein and enzyme kinetics, DNA re-joining and cell survival.

The examples in GEANT4-DNA discussed henceforth in the review, are examples which demonstrated geometrical and biological
damage simulation capabilities, going beyond physics and chemistry. Incorporating biological repair mechanisms into GEANT4-DNA
is essential for extending damage estimation beyond microseconds, the longest duration that GEANT4-DNA’s simulation of water
radiolysis can achieve. The following sub-sections discuss the biological damage analysis in each of these examples. Detailed de-
scriptions of the various GEANT4-DNA examples and their agreement with other track structure codes can be found in literature [19,
35], however the use of biological damage quantification and repair models is summarised here.

2.4.5.1. Density-based clustering algorithm approach. The “wholeNuclearDNA” example [55] was created to determine the relative
quantification of the number of direct complex damages resulting from proton irradiations dependent on the cell type and the density
of DNA within the nuclei of the cells. This example outputs information about the type of particle per step, process per step, location of
damage based on which strand of the DNA was hit, and details of the energy depositions and step length of the tracks. The information
about the tracks is analysed by the density-based clustering algorithm, DBSCAN [56]. The DBSCAN works on the assumption that
clusters are dense regions in space separated by regions of lower density, as shown in Fig. 6. Subsequently, it groups the denser group
data points into a single cluster. Such clustering algorithms are prevailing tools to recognise and define groups and the links between
them. In comparison to other algorithms, the DSBCAN is computationally proficient and requires only two input parameters: the radius
of the neighbourhood area and the minimum number of points needed to form a cluster [57,58]. The location of energy transfer events
in the DNA-sensitive volumes in relation to potential double helix damage is defined by the "wholeNuclearDNA" example. All the
registered inelastic interactions would then be processed by the clustering algorithm. This selection would solely consider direct
damages. Hence, the “wholeNuclearDNA” example enabled the evaluation of direct damages in geometrically cell-based models. The
advanced geometry of a fibroblast cell highlighted the need for accurate cell geometry for accurate biological damage analysis.

The “clustering” example extends the use of the DBSCAN algorithm and investigates the pattern of energy deposition on a simplified
cell geometry. The geometry used in this example is a simple target box of 1 µm × 1 µm × 0.5 µm; so, the track simulations could be
carried out in micron scale volumes representing DNA containments. There are necessary parameters defined in the “clustering”

Fig. 6. A representation of the DBSCAN algorithm where the radius of the neighbourhood area is defined. The minimum points to define a cluster is
given as 3 as an example. The DBSCAN then defines a cluster depending on the densities and difference in densities. This image was adapted from
Khater et al. [59]. Abbreviations: MinPts - minimum points per cluster.
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example, which can be adjusted by the user: neighbourhood radius of a point (eps), minimum points per cluster (MinPts), the
probability that a point falls in a sensitive area from which it can directly or indirectly reach the DNA (SPointsProb) and the energy
bounds (EMinDamage & EMaxDamage). The default selection of the values for these parameters are based on biological parameters;
for example, the eps is usually set to 3.2 nm representing the distance within two SSBs to be considered as a DSB since this is the size of
ten base pairs. Similar to Fig. 6, once the clusters are formed, the code scans all clusters once and merge them if their barycenters are
separated by less than the maximum distance selected by the user. Alongside the latest GEANT4-DNA physics models, SSBs, complex
SSBs, DSBs and cluster sizes can be evaluated.

2.4.5.2. The computematchedepdna algorithm. The “PDB4DNA” example focuses on the interaction descriptions on a DNA level to
estimate the number of direct SSBs and DSBs [10]. The example uses a dinucleosome geometry extracted from the ‘‘1ZZB” file, ob-
tained from the Protein Data Bank, PDB [60]. The PDBlib::ComputeMatchEdepDNA algorithm used in this example is used to find the
closest atom to each energy deposition. Fig. 7 pictorially presents a simplification of this example’s energy deposition. This specific
algorithm is optimised for the DNA molecule and no other stereochemical conformation. The algorithm aims to assign the energy
deposition to a sphere bound with a nucleotide, where the centre of a bound sphere is understood as the geometrical barycenter of a
nucleotide, hence only nucleic structures can be implemented in this example. The radius here is defined as the maximum distance
between the barycentre and atom coordinates creating the nucleotide, including the maximum Van der Waals radius, 1.8 Angstrom for
the element phosphor.

Once an energy deposition is assigned to a bound sphere, the Van der Waals radii are checked to locate the atom of the nucleotide
nearest the energy deposition. The nearest two nucleotides are included in the algorithm since the nucleotide bound spheres overlap.
Upon determining a pair, the algorithm returns the energy deposition, the DNA strand, the nucleotide identifier, and the group
identifier (base, phosphate, or sugar group). The assessment of biological damage is the next phase of analysis in this example. SSBs are
determined using a minimum energy deposition of 8.22 eV, corresponding to the first excitation energy level of liquid water in
GEANT4-DNA models in the sugar-phosphate backbone which can be user adjusted. DSBs are defined when a maximum distance of 10
bp are separating two SSBs on opposite DNA strands [61].

At the beginning of the simulation, an empty associative map is created for each DNA strand. The nucleotide identification and
energy deposition are recorded if either strand is not empty after tracking a primary particle and all its secondaries. The maps are
updated each time the closest atom is successfully identified. These maps are then read at the end of each event to compute the number
of SSBs and DSBs, using the approach where a certain distance must be defined between the strand breaks to classify as a DSB.

2.4.5.3. Direct and indirect damage classification. The “dnadamage1” example focuses on the inclusion of the indirect effects of DNA
damage, a shortcoming in all the examples explained so far, by classifying damages based on the source of damage. Direct damage is
defined by the radius and the energy bounds for an event to create a strand break [62]. This radius is defined as the distance from the
DNA molecules at which energy depositions will be considered to interact with the DNA molecules. These DNA molecules are defined
as six molecules representing sugar, phosphate, and 4 bases encompassed in a hydration shell. The indirect damage is characterised
based on the reaction that can produce damage and its probability. The chemistry lists enable the differentiation of the energy required
to break the bonds between the different base pairs. This emphasises the need for DNA specific geometry.

The characterisation of breaks and their complexity is based on a scheme proposed by Nikjoo et al. [63] initiated in the “dna-
damage1” example. Tables 1 and 2 describe the available characterisation of breaks and their complexity, after further development

Fig. 7. A schematic of the algorithm used in the “PDB4DNA” example, where an energy deposition is assigned to nucleotides. Then the assignment
is evaluated at the end of each event to determine the biological damage. In this case, since there are two energy depositions within 10 base pairs
and on opposite strands, this is classified as a DSB.
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from the initial implementation in the “dnadamage1” example to the later examples such as in “molecularDNA”. These tables provide
details about the source of damage and the complexity of SSB and DSB. These specific details are valuable to investigate different
processes of DNA damage induction and hence enable the user to investigate the specific damage repair mechanisms. Two key pa-
rameters are defined in the tables, and hence define the damages: (1) DDSB which is the maximum separation between two break events
on opposite DNA strands to be considered independently as a DSB, typically 10 bp; (2) Ds which is the length of undamaged base pairs
required for two damaged segments to be considered independently, typically 100 bp.

2.4.5.4. DNA damage repair models. To increase the complexity of the defined biological damage in GEANT4-DNA, the “molec-
ularDNA” example, includes DNA damage repair models for irradiated cells based on the mathematical approach outlined by Belov
et al. [54] and further examined by Sakata et al. [64]. DNA repair is the procedure in which a cell maintains the integrity of its genetic
code. Repairs for simple lesions, a damage or change within the cell caused by trauma or disease, can be independently carried out. The
repair of more complex lesions, with multiple DNA processing steps, is regulated by the DNA damage response (DDR) [65,66]. There
are different DNA repair pathways for the repair of different damages. Homologous recombination (HR), nonhomologous end joining
(NHEJ), single-strand annealing (SSA) and alternative end joining (alt-NHEJ) are the main pathways for DSB repairing [67].

Fig. 8 shows the biological processes involved in the repair process. The enzyme Ataxia Telangiectasia Mutated, ATM kinases, are
activated in response to DNA damage, by activating enzymes to fix the broken strand, initiating a cellular response (Fig. 8b). At various
checkpoints, the cell cycle is stopped to try and repair the damage (Fig. 8a). A cell-cycle has twomajor phases: interphase (G1, S, and G2

Fig. 8. (a) An explanation of the cell cycle with the cell cycle checkpoints highlighted as the possible points of repair. (b) The timeline of the repair
including the irradiation, creation of a DSB and the repair. (c) A schematic of homologous recombination (HR), nonhomologous end joining (NHEJ),
single strand annealing (SSA) and alternative end joining (alt-NHEJ), also known as microhomology-medicates end joining (MMEJ). This image was
created with BioRender.com.
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Table 1
A description of the damage classifications in GEANT4-DNA. These classifications are analysed based on the source of the damage. Denotations
represent the source of the damage, namely direct, d, indirect, i, mixed, m, and hybrid, hyb. This table was inspired by Nikjoo et al. [63].

Damage Type of DNA damage Definition (source of damage) Representation of DNA damages

SSBd Simple SSB The SSB includes only direct (X) damages

SSBi Simple SSB The SSB includes only indirect (O) damages

SSBm Complex SSB The 2xSSB*, 2SSBs** or SSB+ include both direct and indirect breaks

DSBd Simple DSB The DSB includes only direct damages
D: Distance between damages
DDSB: Maximum distance between damages to give a DSB

DSBi Simple DSB The DSB includes only indirect damages

DSBm Complex DSB The DSB+ or DSB++ include both direct and indirect breaks

DSBhyb Complex DSB The DSB contains both a direct and indirect damage

* 2xSSB refers to two SSBs as independent damages; refer to Table 2 for further explanation.
** 2SSB refers to the SSBs on opposite strands too far apart to be considered as a DSB; refer to Table 2 for further explanation.
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phases), where the cell grows andmakes a copy of its DNA; mitotic (M) phase, where the cell separates its DNA to form two new cells. If
the repair is successful, either cell replication or genetic instability will occur. If the repair is unsuccessful cell apoptosis will occur.
Fig. 8c briefly presents the DSB repair pathways of homologous recombination (HR), nonhomologous end joining (NHEJ), single strand
annealing (SSA) and alternative end joining (alt-NHEJ), also known as microhomology-medicates end joining (MMEJ).

Considering these four DSB repair pathways, the model in GEANT4-DNA calculates the accumulated repair protein yield by

Table 2
A pictorial representation and description of the damage classifications in GEANT4-DNA. These classifications are analysed based on the complexity
of the damage. Denotations represent the source of the damage, namely direct, d, indirect, i, mixed, m, and hybrid, hyb. This table was inspired by
Nikjoo et al. [63].

Damage Type of DNA
damage

Definition (damage complexity) Representation of DNA damages

SSB Simple SSB A single damage of either direct or indirect nature

2 x SSB* Multiple isolated
SSBs

Two SSBs as independent damages
DS: Minimum length of undamaged base pairs required for two damaged segments
to be considered independently (100 bp)

SSB+ Complex SSB Two SSBs as complex damages since they are within the same damaged segment
under analysis

2SSB** Simple SSB
cluster

The SSBs on opposite strands too far apart to be considered as a DSB but less than
Ds

DSB Simple DSB Damages are less than DDSB
DDSB: Maximum distance between damages to give a DSB

DSB+ Complex DSB A DSB and at least one additional break within DS

DSB++ Complex DSB At least 2 DSBs within DS

* 2xSSB refers to two SSBs as independent damages.
** 2SSB refers to the SSBs on opposite strands too far apart to be considered as a DSB.
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considering the number of repairable and non-repairable DSBs (DSB+ and DSB++) per unit of dose per cell. Themodel implemented in
GEANT4-DNA applies the mass-action kinetics approach. The mass-action kinetics approach uses the law of mass action which sets the
foundation of the kinetics of chemical reactions. The law states that the rate of reaction is proportional to the chemical activities of the
reactants involved where the chemical activity depends on concentrations of the reactants. The rate constants used in the model are
evaluated using y-H2AX foci experimental data on the kinetics of different stages of DSB repair. y-H2AX is involved in the cellular
response after a DSB and hence can be used as a biomarker of radiation exposure monitored over time.

In addition to the y-H2AX analysis, the “molecularDNA” example also enables survival fraction evaluation, a common radiobio-
logical assay, based on the TLK model proposed by Stewart et al. [53], shown in Fig. 9. The survival fraction analysis allows the cell
viability to be determined based on the proportion of live, healthy cells within a population. The TLK model uses the subdivisions of
each kind and complexity of DSBs, each with their own fast or slow DNA repair characteristics to calculate the survival fraction of a cell
population 14 days after an irradiation based on the experimental procedure by Suzuki et al. [68], where a colony was defined with
>50 cells kept in 5 % CO2 incubation at 37 ◦C after 14 days. Additionally, the DNA fragments associated with the DSB can interact with
each other in pairs and form lethal or non-lethal chromosomal aberrations.

The “dsbandrepair” example bases its geometry in the DNAFabric tool, where voxels of “straight”, “up”, “down”, “right” and “left”
are used to create DNA conformations for both the heterochromatin and euchromatin regions. The addition of the heterochromatin and
euchromatin was a key difference from the “molecularDNA” example. The geometry in the “molecularDNA” example is modelled using
FractalDNA, a package in python [46]. Three geometries are presented in this example namely, human fibroblast, human endothelial
and yeast cell. The “dsbandrepair” example in addition to the Belov and TLK models described above, provides another biological
model the LEM IVmodel. The LEM IVmodel calculates cell survival based on the number of lethal damages that consider the induction
of DSB and their spatial distribution. The fast and slow components of re-joining observed in experiments are related to the processing
of simple and complex DSBs. In the “dsbandrepair” example each model is activated depending on the user.

3. Initial modelling of biological structures

To develop modelling of advanced biological structures in GEANT4-DNA, it is important to understand and analyse the methods
and models previously used. Fig. 10 summarises the key developments spread across various track structure codes developed until
2016, which founded the basis for the current biological modelling. Further developments, providing a greater diversity in geometrical
modelling, regarding the DNA and beyond the DNA level to the cellular level are discussed in section 4.

Initially, the structure of the DNA was investigated. Finch and Klug [69] presented the idea of the solenoidal structure of a
chromatin fibre after observing the folding of nucleofilaments into supercoils under an electron microscope. They also used the idea of
spacing between the turns of the solenoid rather than between the nucleosomes. This emphasised the need of histones for the stabi-
lisation of the solenoidal DNA structure. Woodcock et al. [70] built upon the zig-zag model of the DNA structure, based on the initial
folding step in the nucleosome packing forming a zig-zag ribbon which coils to form the double helix structure. Again, the importance
of the histone for stabilisation was highlighted. The DNA model in the work of Charlton et al. [71] defined the DNA structure to
differentiate between the base pairs and the sugar-phosphate back bone. Charlton et al. [71] used a central cylinder of 1 nm diameter to

Fig. 9. Key assumptions, models and parameters used for the implementation of the TLK model based on Suzuki et al. [68] for the survival fraction
modelling in GEANT4-DNA.
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symbolise the base pairs, and half-cylinders, with a diameter of 2.3 nm and a width of 0.34 nm, as the sugar-phosphate back bone. Each
model of the DNA abovementioned also described parameters such as packing ratio, pitch values and dimensions of the DNA as
applicable. Nikjoo and Goodhead [9] investigated energy depositions in small sub-cellular targets represented by spheres or cylinders
without any inner structure. These all concluded the dependence of biological damage on the structure of the DNA. Hence, special
attention should be given to the modelling of the DNA structure for cell-specific models as cells not only biologically differ in their DNA
compaction, but also this would influence the DNA damage quantification.

As biological advances in the knowledge of the DNA structure were made, more complex models were able to be created. Michalik
and Begusova [72] proposed a model of a nucleosome consisting of a cylindrical histone of 6.52 nm diameter and 5.7 nm in length. The
DNA double helix, formed of 200 bp (34 bp from the two DNA linkers and 166 bp from the DNA loops) with a diameter of 2.4 nm was
wrapped around the histone with a pitch of 2.7 nm. Bernal and Liendo [73] used the quarter cylinder DNA structural geometry which
was used to create the B-DNA conformation to evaluate direct damage. Peudon et al. [74] used the PDB to provide the structure of each
DNA fragment (base, sugar-phosphate, or amino acid) that was taken from the nucleosome core particle 1AOI [75,76]. This geometry
and their developed binary-encounter-Bethe, BEB, cross sections allowed to extend computations to amino acids constituent of his-
tones to model accurately electron transport in chromatin via Monte Carlo simulations, and then DNA strand breaks. Bernal and Liendo
[73] modelled 900 fragments of 30 nm chromatin fibres, containing a total of 500 nucleosomes. However, this model did not include
the complete DNA content and hence highlighted the importance of base pair sequences to simulate realistic changes in genetic
material.

Nikjoo and Girard [77] aimed to address the issue of incomplete DNA modelling by investigating different compaction levels:
B-DNA double helix using the solenoid approach, nucleosomes, chromatin fibre loops and chromosomes territories to represent the
complete genome of a spherically modelled cell nucleus containing approximately 6 × 109 bp. Friedland et al. [14] applied a similar
approach in PARTRAC to model the whole genome of a fibroblast cell nucleus and a lymphocyte in their G0/G1 phase. This phase is
used since the DNA density remains constant unlike in other cell cycle phases. The atomistic level approach was applied and arranged
to form chromatin fibre loops. This geometrical approach created an unbroken sequence of DNA enabling the evaluation of DNA
fragments. These studies emphasised that the complexity of biological analysis is dependent on the complexity of the geometrical
model.

Incerti et al. [78] constructed DNA geometries directly in the GEANT4 application, starting with a simplified nucleus of 6 × 109 bp
modelled by randomly oriented short segments of chromatin fibres. It was ensured that they do not overlap with neighbours based on
the genetic dimensions proposed by Charlton et al. [71], as discussed earlier in this section. Between 2013 and 2015 several studies
were occurring simultaneously to develop the geometries in GEANT4-DNA. Dos Santos et al. [55] used five compaction levels, namely
DNA double helix, nucleosomes, chromatin fibres, chromatin fibre loops and chromosome territories to create ellipsoidal fibroblast
and endothelium cell nuclei in the G0/G1 phase, as illustrated in Fig. 8a. The morphology of many cells were extensively investigated
by the group to realise the dimensions of each nucleus. The relative volume of the DNA in the cell nucleus was calculated for each cell
type, concluding the DNA is less compacted in the fibroblast than the endothelial cell used in the study. The chromatin fibre was

Fig. 10. Progresses of the initial modelling of biological structures in simulation from the DNA level to the cell level.
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modelled by 90 nucleosomes, 31 nm in diameter and 161 nm in length. Each nucleosome consists of a cylindrical histone of 3.25 nm
radius and 5.7 nm height, wrapped by 2 turns of DNA double helix. The DNA double helix contained 200 bp with an overall diameter of
2.16 nm and spheres of 0.34 nm representing the bases and backbone. Four pieces of chromatin fibre were assembled to form a
diamond shape loop, which was used to full the chromosome territories. An additional compaction level inspired from a previous
rosette-like structure was created from seven of the diamonds to form a flower shape used to fill the chromosome territories. Each
nucleus was divided into 46 cubic regions with volumes proportional to the number of base pairs contained in it. There were filled
uniformly to represent the number of base pairs per chromosome. The successful initial modelling of the whole DNA content of a
specific cell was proposed as an advanced example in GEANT4, eventually implemented as the “wholeNuclearDNA” example. It was
underlined in this study the dependence of the quantity and complexity of clustering increasing with DNA density, as the endothelium
cell nucleus was always affected more than the fibroblast cell nucleus, despite change in particle or energy. Dos Santos et al. [79]
additionally investigated the effects of chromatin condensation on direct DSBs comparing euchromatin and heterochromatin regions,
decondensed and condensed respectively. They concluded that the condensed regions could be the location of more severe lesions in
comparison to decondensed regions. They also investigated the effect of geometrical DNA description on nanodosimetric parameters
using a cylindrical target volume representing 18 × 103 bp of DNA as a double helix DNA or randomly orientated cylinder approach
[80–82]. Their work recommended the usage of thorough DNA geometry and scoring methods without fixed boundaries to analyse
biologically relevant damage. All their analysis was carried out by evaluating clustering effects from the adapted DSBCAN algorithm.
Bernal et al. [83,84] created the first, stand alone and publicly available procedure to allow the construction of an atomistic
geometrical description of B-DNA. The analysis approach of the closest atom for an energy deposition was used to evaluate the bio-
logical damage. The atoms were represented as spheres and placed with corresponding Van der Waals radii. Later they expanded their
B-DNA geometrical model to another two conformations, A- and Z-DNA. They observed a slight dependence on the DNA conformity
and direct strand break yield. They also observed an increase in DBS yield with the packing ratio of the DNA double helix. Further work
by Semsarha et al. [85–88], Bernal et al. [70], Tajik et al. [87] reinforced these findings by studying the effect on DNA damage with
DNA conformation from different irradiation sources to investigate direct and indirect effects, comparisons with experimental data to
investigate SSB and DSB and the role of histones in the DNA structure on DNA damage quantification. These studies highlighted the
dependency of biological damage on the DNA conformation. The investigations regarding compaction and conformation indicated that
the compaction and conformation of the DNA within a cell nucleus affects the DNA damage quantification and therefore an important
consideration for cell-specific cell modelling.

Delage et al. [60] created a geometrical model based on the open source and free PDB. The PDB describes protein and nucleic acid
structures including the atom coordinates, atom connectivity, and information about source of details. GEANT4-DNA successfully
reads the PDB file and recreates the geometry to an atomistic scale. An external and open-source database enables the user to choose
any model they desire for evaluation. The analysis method used is the closest atom in the DNA molecule approach to evaluate direct
damage.

To encourage more accurate geometrical modelling, Meylan et al. [89] created a tool called DNAFabric, to easily adapt, visualise
and modify geometries to account for different biological conditions. The models created in DNAFabric could then be exported into
GEANT4-DNA and be used as targets. The tool initially investigated the compaction of a chromatin fibre and proposed to extend their
models to multi-scale, molecular and cellular levels. The geometries created in DNAFabric have been successfully implemented in
examples such as the “dnadamage1” and “dsbandrepair” examples in GEANT4-DNA.

After the initial geometrical modelling and definitions of DNA damage, several new geometries and advancements have aimed to
help close the gap between physics, chemistry, and biology by providing more accurate biological modelling as well as evaluation of
biological damage. The challenge in combining the principles and methods of these three fields into a coherent and accurate model
remains. For example, while physics provides detailed descriptions of radiation interactions, translating these effects into biological
outcomes, such as DNA damage, requires integrating chemical reactions and biological processes. Additionally, current models have
shortfalls in the complexity needed to accurately represent biological systems, including the biological responses from radiation. The
following section discusses the current models.

4. Advances in geometrical modelling

4.1. DNA level modelling

The “PDB4DNA” example and the “dnadamage1” example are currently available in GEANT4-DNA evolving the DNA level ge-
ometry. The “dnadamage1” example models a segment of chromatin fibre to analyse the direct and indirect damage. The “PDB4DNA”
example, enables an interface to the PDB for the implementation of realistic molecular geometries and a variety of nucleosomes [60].
The “PDB4DNA” example has been explored using the standard ‘1ZZB’ DNA model to investigate the direct and indirect effects of low
energy [90] and quantification of DSBs [91] in addition to advancing to other models from the PDB, namely the ‘1BNA’ model
investigating the relative biological effectiveness from fast neutrons [92]. The “dnadamage1” example uses the DNAFabric tool, to
create a 40 nm heterochromatin fibre with 18 nucleosomes and 19 linkers. Despite the use of the DNAFabric tool, “dnadamage1”
example has not been used in many publications alone.

Further advances in DNA level modelling in GEANT4-DNA investigated the effect of chromatin compaction. Chromatin compaction
plays a vital role in DNA repair. The compaction of the chromatin influences how the DNA interacts with radiation and hence in-
fluences the sensitivity to DNA damage and the yields of DSBs [93–98]. Most cells modelled before 2019 were without any euchro-
matin contribution or differentiation between regions of heterochromatin and euchromatin of a cell nucleus.
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Tang et al. [99] investigated the effect of chromatin compaction DNA damage by modelling a fibroblast cell filled with either
heterochromatin or euchromatin only, and an endothelial cell filled with heterochromatin only or a uniform distribution of 42 %
heterochromatin and the remaining of euchromatin. The DNA damage evaluation investigated the proportion of direct and indirect
damage. Each cell model used the DNAFabric tool and the whole human genome in the G0/G1 cycle phase. Radiobiological studies
provided the dimensions and volume for each cell type. DNAFabric models a cell nucleus in three steps. First, 46 chromosomes are
placed in a condensed form. These condensed forms are then expanded, using a space filling algorithm, generating DNA loops within
each domain ensuring a continuous chromosomal territory [100]. A compilation of 20 nucleotide pairs created a B-DNA double helix
which was wrapped around a histone protein to create a nucleosome. 23 nucleosomes are rotated in the Z-direction to create the
chromatin fibre which is connected by nucleosome linkers. The chromatin fibres were then compacted into five different voxels
(straight, right, left, up and down) representing different compactions of the chromatin fibre. These chromatin voxels are then con-
tained into domains, representing human chromosomes, where the chromatin domains are spheres with a radius of 500 nm containing
approximately 1 million pairs of nucleotides. Tang et al. [99] concluded that the damage on the genome is dependent on chromatin
compaction and damage occurs to both the euchromatin and heterochromatin regions. They also observed an increase in indirect
damage in the euchromatin compared to the heterochromatin initiating a possibility of increasing radiosensitivity. The increase in
indirect effects on the euchromatin can be explained by the euchromatin being more hydrated and has a lower concentration of
histones [101]. Non-histone proteins were not modelled in the geometry directly, however the scavenging effects of radicals by
non-histone proteins were considered through different parameters.

The DNAFabric tool was enhanced by Thibaut et al. [102]. They modelled a new endothelial cell nucleus in the G0/G1 phase based
on the isochore theory, to investigate the need of accurate chromatin compaction for radiation damage investigations. The isochore
theory defines the heterochromatin and euchromatin compaction distributed along the genome according to five different families (L1,
L2, H1, H2 and H3), each with a different heterochromatin to euchromatin ratio related to their compaction level. For this cell, 48 % of
the nuclei was modelled as the heterochromatin and the rest was modelled as the euchromatin voxels. The isochore mapping [103] and
the human reference sequence (GRCh38- fully mapped genome in the form of FASTA files) [104,105] were also required to create this
geometry. A 6–10 % increase in DSB yield was observed by the organisation of the chromatin fibres in different compaction levels. It
was further identified that the genome core (H2 and /H3 families – mostly euchromatin) was more radiosensitive than the genome
desert (L1, L2 and H1 families). Thibaut et al. [102] also observed their isochore geometry to have a higher mean number of indirect
strand breaks in comparison to similar numbers of direct strand breaks over a range of energies. These simulation differences would
translate into more significant biological effects. Again, this highlighted the need for accurate DNA geometry which can only be
successful if advanced biological analysis accompanies it. This particularly creates interest for investigations of biological repair
pathways on highly detailed nuclear geometry.

As an alternative to the DNAFabric tool, investigations on the chromosome territory-interchromatin compartment (CT-IC) were
used to model the DNA. Lee and Wang [106] investigated DNA DSB yield by introducing the CT-IC geometrical modelling for the
nucleus. Their DNA model was used to present a cell-by-cell simulation integrating GEANT4-DNA and sub-nuclear structures to
quantify biological damage. The model highlights the uneven distribution of chromatin domains and interchromatin compartment
with a chromatin compaction to be of a 22:1 ratio. This is due to each chromosome occupying distinct chromosomal territories during
the interphase, which are comprised of a multitude of chromatin domains containing the bead like structures. The bead-like structure is
comprised of 30 nm diameter chromatin fibres. To apply this model, firstly, a data library containing detailed track structure co-
ordinates (PTSC) for various particle types, energy and doses using GEANT4-DNA was created. Additionally, a cell nucleus dataset
library was used which contained detailed chromatin fibre locations for many cells. The use of such a database makes implementation
of multiple cell-specific modelling more easily incorporable through this modelling approach. The PTSC is then mapped and overlaid
with the cell nucleus to produce DNA DSBs on a cell-by-cell basis. The sphere packing algorithm packs 6000 chromatin domains of 400
nm diameter into a spherical cell nucleus of 11 μm in diameter. The damage analysis was carried out using a clustering algorithm, by
applying alternative biological quantification suitable for this model. However, the authors emphasised the intermediate complexity of
this model due to the lack of molecular detail and fine resolution on their DNA structures.

Ingram et al. [107] used the modelling approach initiated by Lee and Wang [106] to study cellular radiosensitivity in different cell
types by using different genome organisations for different cells to quantify DNA damage. They used information about the chro-
mosome structure in the form of Hi-C data, a genomic analysis technique which averages the result of a large cell population [108].
This data is implemented into GEANT4-DNA by a python-based code called nuclear organisation modelling environment (G-NOME).
Three cell types, namely human foetal lung fibroblast (IMR90), human adult mammary epithelial (HMEC), and human B-lymphocyte
(GM12878) were created containing 6 × 109 bp. The varying chromosomal connections within different cell types are shown to be
essential for differences in cellular radiosensitivity. Difference in shapes, spherical and ellipsoidal, and inclusion of Lamina-associated
domains (LADs) were created to analyse the effect of DNA conformation. Similar to Lee and Wang [106], a bead-like structure is
defined by topologically associated domains (TADs). Each bead produced by G-NOME is placed as a spherical geometry in GEANT4 to
implement the geometry in GEANT4-DNA. However, the analysis and controls are based in their DNA damage application [109,110].
Ingram et al. [107] observed that changes in either the cell-type, addition of LADs and changes to the shape do not have noticeable
influences on the yields of DSB and SSB DNA damage. However, differences were observed in the pattern of damage. They also
observed changes in inter/intra chromosomal DSB clustering which may be a predictor of inter- and intra-chromosomal misrepair,
which would result in differing biological responses. This modelling approach is already included in the TOPAS-NBio, an extension of
TOPAS, layered on top of the GEANT4 MC toolkit [111]. This modelling approach could be expanded to include the nucleosomes
rather than cylinders in the beads and be more representative of euchromatin and heterochromatin regions. This method of DNA
conformational modelling can be used to model different cell sub-types and cell-cycle specific states in addition to different cell types,
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solely based on the differences in chromatin conformation. Hence, modelling according to the genome organisations has great po-
tential to advance cell-specific modelling. For DNA level modelling in particular, the inclusion of the effect of different repair pathways
with the differences in chromatin conformation should reflect behaviour such as proliferation rate of each cell type.

To summarise, the DNA level modelling has been advanced to include the euchromatin and heterochromatin regions of the nucleus.
The DNAFabric tool has been used to model different cell types with accurate DNA level modelling. However, this requires expertise in
an external software to create the model and then import it into GEANT4-DNA. Alternatively, CT-IC is based on databases, such as the
“PDB4DNA” example in GEANT4-DNA. The inclusion of databases provides an easier method to implement a variety of nuclei. This
methodology can also be advanced to consider different geometries alternative to cylinders. This would also help to consider het-
erochromatin and euchromatin nature, thus advancing the model. To date, there are no investigations on the different combinations of
base pairs and the effect this has on the DNA damage. Since different base pair sequences require different energies for DNA damage,
accounted for in GEANT4, this could provide a novel method in geometrical modelling to create cell-specific geometry at the DNA
level. Advancements in the geometrical models would also require cooperative physics models to be compatible with such geometrical
advances.

4.2. Cellular level modelling

The “clustering”, “wholenuclearDNA”, "microbeam", “molecularDNA” and “dsbandrepair” examples focused on creating cell ge-
ometries in GEANT4-DNA. The “dsbandrepair” example is part of the advanced examples in GEANT4-DNA whereas the “microbeam”
example also provides a novel approach to model a cell, however, is included within GEANT4 only. The “clustering” example enables
the evaluation of SSBs, DSBs and complex SSBs due to direct damage using the clustering algorithm. The default model is of a target
box; however, this can be altered to mimic a cell like geometry.

The “wholenuclearDNA” example [55] uses the clustering algorithm to calculate the direct, indirect and mixed DSBs. This example
models a complex fibroblast cell which represents the nucleus of a single human cell using the complete human genome in the G0/G1
phase of the cell cycle with a total of 6 × 109 bp. The morphology of the ellipsoid axes and the volumes were experimentally obtained.
The nucleus is based on the CT-IC model using five different levels of compaction to creating “rosettes” from the DNA double helix
model [100]. The five compaction levels are the DNA double helix, nucleosomes, chromatin fibres, chromatin fibre loops and chro-
mosome territories. These are subsequently placed in chromosome territories with volumes proportional to the number of base pairs
composing the chromosome. The DNA composition in the nucleus is based on the atomistic approach where six molecules, four for the
bases and two for the sugar-phosphate backbone. This cell model also includes the cell nucleus and cytoplasm, where the volume of the
nucleus is about a quarter of the whole cell volume [112]. This is modelled solely using GEANT4-DNA while still maintaining accurate
DNA density, biological relevance, and similar results for DNA damage to relevant published studies. The authors of this example
analysed the effect of DNA density on clustered damage at different energies by modelling an endothelial cell for comparison with the
fibroblast cell, where the volumes of the fibroblast and endothelial are 732 μm3 and 219 μm3, respectively. They observed an increase
of the total number of complex DNA damages in the endothelium cell nucleus due to the increase of DNA density in that nucleus. It can
therefore be concluded that there is a dependence of DNA density and cell type to direct DNA clustered damages and hence damage
repair. Limitations of this example include the evaluation of only direct damages due to a limited implementation of chemistry and
physics models at the time of publication to account for indirect effects. There is also limited experimental data to assess the influence
of DNA density and hence limited publications using this geometrical approach.

The “microbeam” example provides a cell geometry by using confocal microscopy images of a fibroblast cell [113]. The nucleus of
the fibroblast cell was stained using the fluorescent H2B-GFP protein, and the cytoplasm was marked with propidium iodide, an RNA
and DNAmarker. The propidium iodide is also able to locate the nuclear regions highly rich in RNA protein and heterochromatin inside
the cell’s nucleus. Images were obtained using a Leica DMR TCS SP2 confocal microscope for several two-dimensional resolutions, up
to 512× 512 pixels. This stack of images was then reconstructed to create a 3D model using the Leica Confocal Software. These images
were transferred into the Mercury Computer Systems, Inc., Amiraw, for filtering and geometry reconstruction [114]. Filtering was
necessary to eliminate the residual fluorescence generated by the cell glass support used for microscopy. An image reconstruction
methodology provides information about the total number of voxels for each cellular region (cytoplasm, nucleus, and nucleoli) and
their dimensions. The confocal data is imported into GEANT4 by a list of each voxel’s position, material composition and fluorescence
intensity content for the construction of the geometry in GEANT4. This example has a huge potential in GEANT4-DNA since the
elemental mineral composition is also included and is calculated using the GUPIX software [115] for the nuclear and cytoplasmic
areas. This can be used to evaluate the effect of a realistic cell composition rather than solely of water. Furthermore, this modelling
method can be used to create realistic 3D and multi-cellular phantoms of biological tissues and even organ sub-volumes. Despite this
geometrical approach requiring extensive image reconstruction tools, Arnaud et al. [116] created an A-431 cell geometry to explore
the effect of source distribution with the Auger emitter iodine 125 for radioimmunotherapy. Using a similar geometrical modelling
approach as in the “microbeam” example, they concluded the cell geometry, as well as the radionuclide distribution can change the
whole energy deposition in a whole cell or nucleus, especially for short range particles. Key differences were observed between
positioning the source at the cell surface and targeting the nucleus. These alterations caused fewer damages to be registered in the
nucleus for the spherical model, as low energy electrons could not reach the nucleus, however when an electron does reach the nucleus,
more energy is deposited.

To advance the cell-based geometry the DNAFabric tool has been used. Meylan et al. [46] modelled a human fibroblast in the
G0/G1 phase of approximately 6.4 × 109 bp of nucleotides. The overall cell geometry is given as an ellipsoidal, with the same three
step methodology regarding the condensed DNA placement and expansion into the volume of the nucleus as described in section 4.1.
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Sakata et al. [50] used a similar modelling approach to enhance the fibroblast model by creating a fractal cell nucleus. This helped to
create a continuous chromatin segment by iterating a Hilbert curve as a fractal 8 times providing a 0.012 bp/nm3 DNA density in
comparison to the 0.015 bp/nm3 DNA density used by Meylan et al. [46]. The chromatin voxels which fell outside the Hilbert curve
were not included in the geometry. This geometry has been used to investigate the IRT methods introduced into GEANT4-DNA to
compute the diffusion of the radiolytic products. Sakata et al. [64] modelled a cell geometry, using the fractal geometry method, by
immersing the cell nucleus into the cytoplasm which was all surrounded by the cell membrane. This was created by including a 1 mm
thick water absorber covering the cell nucleus, just before the cell geometry, acting as cytoplasm to mimic the T25 cell culture flask.
Based on the cell nucleus geometry of Sakata et al. [50], a cell model was created where the nucleic volume of approximately 528 μm3

containing 6 × 109 bp and a cell volume of 2052 μm3 was used. The remaining cell was filled with water to model the cytoplasm. The
authors observed the geometrical parametric improvement to not have much influence on the DSB yields. However, turning off the
histone scavenging effect created a decrease of the SSB to DSB ratio yield. This initiated the idea that the histone scavenging has a role
in protecting against radiation-induced DSBs. They highlighted the need for several additional parameters for modelling other cells
beyond geometry including the mechanisms of radiation-induced DNA damage. Shin et al. [117] created a human fibroblast cell which
was used in the “molecularDNA” example. They used three segmented models, straight, turned, and turned-twisted to create
inter-linked chromatin segments.

The “molecularDNA” example offers three different targets: cylinders, E. coli and human cell based on previous prototypes [33,45,
50,118–120]. The authors not only advanced the human fibroblast model but also included the latest approach to model the chemical
stage. Each of these biological targets contained different base pair densities to be biologically representative. The chemical ad-
vancements use the synchronous IRT model and implements the G4EmDNAChemistry_option3 chemistry list based on Plante and
Devroye [40], hence direct and indirect damage can be calculated, where direct damage is associated with a strand molecule, or a base
molecule and an indirect damage is classified when a chemical reaction leads to a strand break. Additionally, an upgrade of
computational tools to estimate DDR such as repair kinetics and survival probability of cells has also been implemented. This example
expands the damage classification adding further complexity of damage in addition to the source of damage. Further detail about this
example can be found elsewhere [22]. More recently, Chatzipapas et al. [121] advanced the “molecularDNA” example with new cell
geometries for investigating DNA damage and response from helium beams. The authors modelled HTB-177 and MCF7 cells based on
the default human cell geometry available. The information used for these models were acquired from morphometric experimental
data [122]. They changed the voxel size for both cell types to contain 38 nucleosomes to give a base pair density of approximately
0.011 bp/nm3 and 0.017 bp/nm3 for the HTB-177 and MCF7 cell lines respectively. The lack of modelled difference between the two
cell lines could indicate the external cell geometry is not enough for cell-specific modelling or radiosensitivity analysis. Therefore,
differences in cells from the cell shape to the DNA, should be included in the future. The models in this example also create a geometry
for the cell and nucleus only, not the chemical composition of the cytoplasm nor the sub-cellular structures.

Wang et al. [123] provides an interesting alternative to using DNAFabric. The authors modelled six different cell lines; using
mesh-type modelling obtained from fluorescence tomography. This modelling technique was investigated for the PHITS and GATE
Monte Carlo codes and has started in GEANT4-DNA to model the mitochondria networks, described in more detail in section 4.3. The
methodology introduced by Wang et al. [123] can be used directly in GEANT4-DNA. It can also help in providing accurate cell
geometrical modelling from the DNA to the cellular level. It can also be easily expanded for multiple cells and cell populations.

The “dsbandrepair” example furthers the cell-specific modelling approach in examples in GEANT4-DNA by considering euchro-
matin and heterochromatin regions. Unlike the “molecularDNA” example which is modelled using python, “dsbandrepair” uses
DNAFabric to create the heterochromatin and euchromatin regions of a human fibroblast, human endothelium and Saccharomyces
Cerevisiae yeast cell. The heterochromatin and euchromatin regions are determined using experimental data. This example is coupled
with the ability to apply repair models for extensive biological damage analysis in GEANT4-DNA.

To summarise, different cellular geometries, which lacked enough distinction between them, do not greatly affect the yields of SSBs
and DSBs. This is consistent with observations of a near-constant DSB yield rates across many cell types. This indicates that the effect of
cell geometry does not seem to be the only crucial parameter to investigate. The DNA level and DNA compaction should still be taken
into consideration in addition to the external cell geometrical modelling. The lack of distinction also arises from the lack of modelling
beyond the nucleus, as highlighted by the “microbeam” example, where the inclusion of the chemical composition can greatly affect
the energy deposition. Methods such as the mesh-type modelling and the use of databases for the chromatin compaction are both
plausible methods with great potential to model specifically cells all within GEANT4 itself.

4.3. New biological structure level modelling

Taheri et al. [124] provide an extensive review on the advances on nanoparticle radiosensitisation modelling with the
GEANT4-DNA toolkit. Nanoparticles have been modelled using GEANT4-DNA outside the cell membrane, within the whole cell, inside
the cytoplasm both distributed and around the nucleus and inside the nucleus only. Although nanoparticles are not biological
structures themselves, Taheri et al. [124] suggested the need for more complex structures of human cells, including organelles in
addition to the modelling of DNA damage, repair processes and chemical reactions over longer timescales to understand the effects of
nanoparticles at the biological scale in GEANT4-DNA. This section describes geometrical modelling of biological structures beyond the
nucleus and cell, such as the E.Coli structure presented in the “molecularDNA” example. E.Coli is of interest in the radiobiological field
due to the striking similarities this particular bacterial variation has to mutational changes in higher plants and animals [125]. Lampe
et al. [45] created an E.Coli bacterial cell using the space-filling Hilbert curve approach. Straight and rotated DNA segments were
modelled containing the structure of B-DNA. This geometry was packed into an ellipsoid, for which the Hilbert curve was iterated 4
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times, and 3 Hilbert curves were placed end to end to fill the entire cellular ellipsoid. Again, voxel regions outside the defined nucleus
region were not considered providing a 4.63 × 106 bp E.Coli structure, keeping the model mostly connected.

Belov et al. [126] modelled a neural network containing 10 cells, reconstructed from NeuroMorpho.org repository [127], as
implemented in the “neuron” example. The 3D neuron model is made of cylindrical segments for the dendrites and spherical segments
for the soma to complete the neuron. Alongside providing a new application in the GEANT4-DNA toolkit, the cell morphology was also
concluded to be a determining factor in neuronal radiation injury. Bayarchimeg et al. [128] developed a NEURON application to
investigate the effects of radiation on the central nervous system. The toolkit reads any standardised neuromorphometric format (SWC)
file [104] representing the neuron morphology and is modelled based on the work by Belov et al. [126]. The SWC files describe 3D
coordinates of a neuron morphology. The multiple cell modelling promotes the ability of GEANT4-DNA to model populations of cells
rather than single cells.

The effect of sub-cellular targets driving radiosensitivity beyond the DNA in the nucleus is sparsely studied, in comparison to the
DNA. Mitochondria are responsible for key functions such as metabolism and reactive species production. They are the only extra-
nuclear material containing genetic material; however, they lack functional DNA repair [129]. McMahon et al. [130] was the first
to model the mitochondria as a target when investigating the effect of mitochondria for radiosensitisation by gold nanoparticles. This
provided information on the physical dose distribution at the sub-cellular scale. In GEANT4-DNA, 30 elliptical mitochondria were
randomly distributed and orientated in the cytoplasm of a cell with a nucleus. The estimation of DNA damage was representative of the
degree of the clustering ionisations. A threefold factor increase was observed in the number of ionising events to the cell irrespective of
the inclusion of nanoparticles and energy of X-ray. However, a much smaller impact on ionisation clustering was observed within the
nucleus. This meant that DNAwas subject to significantly more radiosensitisation inmitochondria than within the nuclear volume. The
mitochondria have become of increasing interest due to their role in cell survival. Zein [131] created a more complicated model by
utilising the G4TessellatedSolid class in GEANT4 enabling complex and irregular solids to be defined by a surface mesh, with the
implementation of CAD based geometries importable directly into GEANT4 by CADMesh [132]. The mitochondrial phantom inves-
tigated by Zein [131] was modelled from staining the tracks of mitochondrial networks’ continuous remodelling. Zein [131] converted
the 2D slices into 3D objects as STL file formats using Imaris creating a mesh geometry in GEANT4 from the STL files [133]. Most
importantly, Zein [131] described a new method for building phantoms from microscopic images. Tavakoli et al. [134] used a
mathematical algorithm for geometrical construction to create a model for the circular mt-DNA, containing approximately 17,000 bp.
Later this methodology was expanded to create a geometrical nucleotide resolution model of supercoiled mt-DNA, also containing
approximately 17,000 bp. These geometries were created to perform realistic evaluations of DNA free radical reactions. The latter
geometry includes two semicircles and spiral paths between them, creating the SmtDNA tool.

Kondo et al. [135] created a pUC19 plasmid geometry with 2686 bp in a buffered solution of DMSO. Plasmid DNA can be found in
three different conformations (supercoiled, open circular, and linear) representative of DNA damage (no damage, SSB and DSB) [136].
Through gel electrophoresis, the intensity of the three DNA damage classifications can be quantified. The simulation took into
consideration DNA concentration, dosage, DMSO and plasmid supercoiling. The latter was measured using the super helix density
value used in a Brownian dynamics plasmid generation algorithm [137,138]. The plasmid was deformed into a 179-sided polygon,
where each side contained 14–15 bp. Algorithms were used to create the coiling of the plasmid using the DNAFabric tool. These
geometries helped to validate the IRT models emerging in GEANT4-DNA to include water radiolysis in GEANT4-DNA simulation.

This sub-section uses the geometrical modelling techniques used for the nucleus and cell modelling to model beyond the DNA and
nucleus. Sub-cellular structures and their effect and role in biological response from ionising irradiation is a field yet to be fully un-
derstood. The use of databases, mesh-based modelling, and tools such as the DNAFabric tool to create such different structures re-
inforces the reliability of these modelling methods to create any specific biological structure desired by a user.

4.4. Cell population modelling

As the DNA, cellular and sub-cellular modelling are evolving in GEANT4-DNA, it is vital to remember the aim of simulations. The
aim of simulations is to model as accurately as possible the experimental procedure to obtain comparable results between the two. Cells
are not irradiated as a single cell, hence modelling multicellular populations are more representative of radiobiological studies.
Populations and multicellular populations also can change the behaviour of a given cell and hence its biological damage response. The
following section provides summaries and relevance of brief studies which used multicellular modelling.

Forster et al. [139] used a multicellular tumour of head and neck squamous cell carcinomas (HNSCC) to model pO2-dependent DNA
damage for chromosome aberrations and cell killing from misrejoining. The authors filled a volume of 0.2 mm3 with 1224
non-overlapping cells of 1.53 × 108 cells/cm3 density using algorithms described previously by Forster et al. [140]. To be repre-
sentative of FaDu HNSCC cells, cell volumes of 1437 μm3 to 2053 μm3 were used, where the nucleus occupied 8 % of the cellular
volume. As an application for the new stochastic model proposed, the voxelised tumour was replicated 125 times to form a cubic
volume of 1 mm3, generating a connected network of blood vessel through 1 mm3 tumour. They concluded that other mechanisms,
beyond misrejoinings involving DSBs may be important. Although the authors used the geometry to test their stochastic model, they
provided insight of multicellular modelling. Similarly, Tamborino et al. [141] used multicellular modelling to evaluate the early ra-
diation DNA damage occurring during 177Lu-DOTATATE radionuclide therapy by using both polygonal mesh models from repre-
sentative confocal microscopic images defining the nucleus, cytoplasm and gogli apparatus. These cells were copied to create a cell
population.

Liu et al. [142] created a computational multicellular system using a python-based C++ code, accompanied by GEANT4-DNA for
the radiation transport to obtain the dose and DSB yield. This idea was based on the need to represent 2D, or 3D models of cell culture
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used in radiobiological studies. Their multicellular simulation included spherical cells with both nucleus and cytoplasm compartments.
The cytoplasm was treated as representative of all other cellular organelles inside it; however, all were modelled with liquid water
material. Meshed grids were used to create the 3D layout by stacking multiple layers of 2D monolayer grid without cells overlapping
each other, providing a total of 1000 cells. These were then randomly distributed inside the cell culture model. The final geometry can
be imported into GEANT4 for the radiation transport. The authors conveyed guidelines for creating a thorough toolset for simulating
DNA damage and cellular dosage in multicellular tissue systems. Additional experimental research is required for rigorous validation
and benchmarking to assess the performance of the proposed model thoroughly.

Salim and Taherparvar [143] used multicellular modelling, previously described by Oliver et al. [144], who modelled cells as two
concentric spheres. One representing the nucleus and the other sphere mimicking cytoplasmic regions using typical values of a cell
from literature (compartment sizes, elemental compositions, and number densities).

Another approach was described by Salim and Taherparvar [143] used a hexagonal packing approach and split the model into 3
layers, where the central cell is surrounded by 12 others with nucleic and cell dimensions typical for lymphocytes and V79 Chinese
hamster cells and intercellular spacing. These are embedded in a larger sphere representing the extracellular matrix with a density of
soft tissue. The study was used to in the Medical Internal Radiation Dose (MIRD) tool. The authors concluded the presence of cyto-
plasm, extracellular matrix and surrounding cells can affect the nuclear dose by up to 13 %. Additionally, they reinforced the effect of
cell and nuclei sizes on the dose [143].

Methods to model cell populations have been introduced in this sub-section including both the use of external tools and capabilities
within GEANT4. Advantages and disadvantages of each method have been briefly discussed including some models considering
different sizes of cells within the same cell population to the lack chemical composition and DNA level geometry. This has indicated a
vast number of options for a user to model cell populations. However, to be representative of radiobiological studies, populations, and
cell-to-cell interactions within these populations should be accounted for and hence such models also require adequate biological
damage analysis and physical models based on the numerous biological damage outcomes from a cell population.

5. Co-operative platforms with GEANT4-DNA

Beyond its stand-alone use, GEANT4-DNA has also been involved in the creation of co-operative platforms to enhance the
development of biology in GEANT4-DNA. These platforms address current gaps in GEANT4-DNA by looking at the subcellular and
multicellular geometrical modelling. They also create alternative biological damage analysis approaches to account for the changes in
their geometry. Six such co-operative platforms are described in the following sub-sections.

5.1. Radiation damage to biomolecules (RADAMOL)

RADAMOL is an extension of the previously created RADACK model investigating radical attack to biomolecules [145,146]. To
evaluate DNA radiation damage caused by electrons, protons, and alpha particles, the RADAMOL simulation programme was initially
created in 2014. Its primary focus was on the impact of charge migration and scavenger concentration on DNA damage quality [147].
In such simulations, electron and hole migration along the DNA macromolecule was considered for the first time in 2014. The static
geometrical models used the PDB format to provide atomistic details of a free DNA oligomer or DNA in a complex with a lac repressor
protein. The distribution of primary biomolecular damage was analysed by investigating radiation type, energy, oxygen content, and
DNA interaction with proteins. As a result, RADAMOL can examine how radiation harm affects various intracellular functions and
subcellular structures. The study of subcellular structures is becoming increasingly crucial to comprehend how radiation affects DNA
and how to most effectively treat individual cancers.

5.2. CompuCell3D (CC3D)

Lui et al. [148] presented CC3D as a platform that facilitates multi-cell-based models alongside the evaluation of how radiation
affects the biology of a living tissue, considering the effect of time. CC3D has been extensively used to model tumour characteristics
such as vascular tumour angiogenesis [149]. To model vascular tumour angiogenesis, different cell types such as necrotic, endothelial,
proliferating tumour and neovascular endothelial cells and extracellular matrix (ECM) are used to model a vascular tumour undergoing
microbeam radiation treatment. The spatial size of the spheroid model was ensured to match the spatial scale of the radiation beam,
such as in the “microbeam” example in GEANT4. To link the two platforms successfully, the RADCELLmodule was used [149]. Tumour
cellular geometry created in CC3D was translated into GEANT4 by RADCELL, which also provided information about the cell dose and
DNA damage to CC3D, updating the cell characteristics with time, during GEANT4 simulations. CC3D includes various cell biology
modelling, including cell growth and mitosis, cell-cell adhesion, and vascular endothelial growth factor (VEGF) signalling process. The
use of an additional platform to GEANT4 enables identical simulations to be carried out to compare the effects of tumour growth and
morphology without the effect of irradiation.

Biological effects from ionising irradiation have been established to be highly complex mechanisms involving multiple processes at
different spatial and temporal scales. CC3D enables the study of both a single cell and entire tissue at the same time and models the
effect of time on biological damage. The authors of CC3D use a ‘cell state transition model’ which quantifies the temporal transition of
the possible cell phenotypes after irradiation through three major cell states, which are dependent on the cell-cycle: healthy, arrested,
and dead. Through python code, based on simplified wrapper and interface generator (SWIG), cell dose and damage are quantified to
determine the cell transitions for CC3D cells [150,151]. The macroscopic behaviour of cells according to cell transition state were
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determined by DSBs and glucose concentration and not linked to intracellular responses. Lui et al. [148] proposed the use of repair
pathways to be included in the intracellular simulation functionality. However, this requires estimating cell parameters from
measurable data or theoretical values.

It is evident that this extensive modelling platform can be used to examine how radiotherapy would be delivered to such a complex
tumour involving vascularity, a common occurrence in malignant solid tumours. Moreover, this potential to expand models to other
complex 3D cell cultures in GEANT4, will broaden the interpretation of radiation damage in complex biological structures. Although
detailed geometrical modelling at the cellular and DNA level is yet to be implemented in this example, since the aforementioned study,
an investigation of radiation-induced gastrulation failure of chick embryo has been carried out [152].

5.3. Cell population (CPOP)

CPOP, is an open-source C++ population modeler created by Maigne et al. [153] for radiobiological applications, with the ability
to model 2D and 3D realistic cell populations. CPOP can represent enormous 3D cell populations by using force law systems to control
cell-cell interactions and independent deformable cells that are specified with their nucleus, cytoplasm, and membranes. Pairing CPOP
with GEANT4 facilitated the investigation of energy depositions throughout cells to investigate radiation outcomes using high-Z
nanoparticles.

CPOP is separated into two primary libraries: the Multi Agent System (MAS) library, which involves the ‘Agent’ family class, which
is the cell interactions within the population, and the "Modeler" library, which uses meshes to model cell geometry. This Modeler
contains two family classes ‘geometry’ and ‘models’ corresponding to the geometry of each cell and the model chosen to create it. Each
cell is accompanied by comprehensive parameters: nucleus radius, cell membrane radius, forces, cytoplasm, nucleoplasm materials,
direction, orientation, and speed. The geometry can be transferred into GEANT4 toolkit by a generation of an XML file or simulating
GEANT4 energy depositions through CPOP, for which the energy depositions are automatically calculated and allocated to cell
population geometry in the XML file. After compilation, CPOP can initiate GEANT4 simulations because it has a complete interface
with the GEANT4 Monte Carlo toolkit.

The geometrical model presented in the introduction to CPOPwas based on the realistic 3D cell population of SK-MEL28 melanoma
with dimensions of the spheroid diameter, spheroid population, cell diameter and nucleus diameter defined. The regions of energy
depositions were defined across three virtual layers corresponding to the layers of the spheroid by radius: necrosis, intermediary and
external. This enables users to fix their own parameters including force law system definitions for cell-to-cell interactions. The
experimental comparison was obtained from X-RAD 320 Biological irradiator generating orthovoltage x-rays while investigating
gadolinium nanoparticles present in the spheroid.

A key advantage of this platform over CC3D is the ability to obtain deformable cell shapes with dynamic radii, agreeable with
experimental outcomes. These are created using meshes to warp each cell creating deformable cells, using a dynamic radius to obtain a
high-level conformation of cell membranes and their neighbours. Unlike CC3D, which models population growth, CPOP represents a
final state of desired cell number as observed with microscopy and can create multicellular spheroids with a population of over one
million cells using the Computational Geometry Algorithms Library (CGAL) [154]. The combination with GEANT4 addresses the need
of 3D cell culture modelling in GEANT4 which currently just investigates 2D cell culture models. The creators of CPOP proposed to
further expand this work by integrating DNA geometrical models into cell nuclei and using GEANT4-DNA physics and modelling to
evaluate biological damage.

5.4. DNA damage response to ionising radiation (IDDRRA)

IDDRRA presented by Chatzipapas et al. [155] focuses on providing DNA models of any base sequence and geometry defined by
mathematical functions in python to be modelled within minutes in several positions and orientations, with an integrated graphical
user interface (GUI). They also developed algorithms to analyse the direct DNA damage, namely DSB, SSB, clustered strand breaks in
addition to the probability of repair. The future of this work aims to include more detailed repair models and indirect effects from
irradiation.

5.5. MINAS TIRITH

The MINAS TIRITH tool was developed by Thibait et al. [156] for simulating radiation-induced DNA damage at the cell population
level. The method was based on databases of GEANT4-DNA microdosimetric parameters and DNA damage distributions. Thibait et al.
[156] presented a cell population of 200,000 cells with a single nucleus geometry, of approximately 6 × 109 bp represented by an
elliptical cylinder, representative of an endothelial cell type.

In this tool the geometry is used to assign certain microdosimetric parameters for the dose and damage considerations. A specific
energy is defined to each cell in the population modelled for a particular absorbed dose. Each cell is then assigned a realistic number of
DNA damage based on the specific energy retaining consideration of the stochastic nature of their occurrence. Since the MINAS TIRITH
only takes account of the variability of cellular responses associated with the distribution of energy deposition and excludes other types
of individual variability or the heterogeneity of cell nucleus shape (geometry or volume) within the cell population, a microdosimetry
formalism was employed.

Unlike the other software’s, the MINAS TIRITH tool has made use of the GEANT4-DNA extension of the GEANT4 toolkit and works
towards reducing computational time due to complicated geometry. The authors also highlighted the comparisons of the MINAS
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TIRITH tool endothelial cells with the GEANT4-DNA fibroblast cells as a reference. This has also been previously highlighted in the
work of Sakata et al. [157] where experimental data is compared to that of a different cell type in Monte Carlo modelling. This is a key
indicator for the need for cell-specific modelling to the DNA level in simulation work. The authors proposed to increase comparisons
with experimental data obtained from cell populations and validate their tool further by comparisons with foci and DSBs. However, it
does assume several things regarding the modelled geometry: fixed time point of cells, detailed DNA geometry, a single size nucleus
and cell size despite cells in a population not being all the same dimensions.

5.6. TOPAS-nBio

TOPAS-nBio [158] is an extension of the original TOPAS project which focuses on physico-chemical simulations at the nanoscopic
and microscopic scales. The specific objective of this project was to create a flexible and easy-to-use platform to run GEANT4 simu-
lations for users without solid programming training. GEANT4 requires the user to build their own applications, having to implement,
compile, and debug a few C++ classes. TOPAS and TOPAS-nBio work using text files in which parameters are as user-controllable as
possible, covering a long range of applications and preventing the inexpert user from creating their own code. In TOPAS-nBio, DNA
molecules are represented as volume models, meaning their molecular or atomic composition is omitted. The DNA model follows a
double-helix structure in which each nucleotide is composed of two volumes, a nitrogenous base, and a sugar-phosphate backbone.
Different elementary volumes can represent these moieties, such as half-cylinders, cylinder sectors, or spheres. An additional volume
representing the neighbour hydration layer surrounds the backbone volumes.

The TOPAS-nBio collaboration included three distinct types of damages that can be inferred from the physical, physicochemical,
and chemical stages of GEANT4 simulations. First, direct damage is considered by the accumulation of energy deposits in the volumes
representing bases and sugar-phosphate backbones, assuming a damaged structure when a given threshold is exceeded. Second, in-
direct damage is mediated by the diffusion and reaction of radicals produced after water radiolysis. As TOPAS-nBio lacks the molecular
composition of each base pair in the DNA double-helix, a stochastic approach is utilised, selecting randomly whether a volume is
damaged by a radical entering into it according to a given probability fixed by the user. Third, quasi-direct damage is the charge
transfer that happens at the physical stage whenever a water molecule in the proximities (up to 11–13 water molecules) of the DNA
molecule is ionised [159,160]. This charge transfer can induce damage in each moiety of the nucleotides, with a probability controlled
by the user in TOPAS-nBio. As shown by Bertolet et al. [161], whenever volume models are utilised, the parameters to control when
direct, indirect, and quasi-direct damage happens as a function of physicochemical events need to be tailored to each specific geo-
metric model. As GEANT4-DNA is developing, the quasi-direct effects are yet to be fully explored in GEANT4-DNA.

TOPAS-nBio allows the building of plasmids of different lengths and shapes, nucleosomes, chromatin fibers, as well as a full human
nucleus in the G0/G1 cycle stage, following the fractal 3D Hilbert curve [162]. Damage is reported following the Standard DNA
Damage (SDD) specification defined by Schuemann et al. [163], which allows post-processing in the way desired by the user. Other
outputs are also possible, such as a tally of the SSB and DSB, as well as their complexity, defined as the number of nucleotide moieties
affected in a given damage site [164]. The mechanistic repair kinetics model DAMARIS for NHEJ, developed by Warmenhoven et al.
[165], is also included as an extra stage in the GEANT4 simulation, taking the SDD file outputted by the physicochemical simulation.
Recent focuses have been on developing a phenotype-specific nucleus model instead of using the Hilbert 3D curve to fill the space in a
fractal pattern. A ‘translator’ of Hi-C data has been developed. This is a topological analysis of the connections across chromosomes
[107]. TOPAS-nBio can generate a nucleus with spheres representing TADs as depicted in Hi-C assays. Each TAD is, in turn, composed
of cubic voxels of different sizes (12, 24, and 48 nm side), which have arrangements of nucleosomes oriented in multiple ways.
Additionally, ‘linker’ DNA strands are added wherever the voxels cannot naturally connect the double strands of DNA and between
TADs so that the entire genetic material contained in the nucleus is connected. However, alongside geometrical advancements,
GEANT4 tracking and scoring, at the chemical stage, is still a challenge due to the large size of these geometries. The subsequent release
of TOPAS-nBio aims to provide fully functional simulations of DNA damage using this geometry. This would provide a sustainable
method to create many cell-specific geometrical models for DNA damage analysis.

6. Conclusion and outlook

GEANT4-DNA can model geometries and provide biological analysis to the DNA level. GEANT4-DNA keeps developing towards
closing the gap between physics, biology, and chemistry in Monte Carlo modelling for the analysis of biological damage from ionising
radiation. This review has provided an overview of biological analysis and biological geometries that have been developed so far,
highlighting the latest developments and future possible development avenues for GEANT4-DNA. The code has shown to be com-
parable to radiobiological studies in addition to evaluating energy distributions and biological damage to the DNA level which can be
difficult to experimentally obtain in radiobiological studies. However, the biological analysis in simulation is also limited, due to the
need of geometrical and cell-specific modelling in addition to the choice of algorithmic parameters used in the analysis models.
Advances have been discussed in the review regarding the DNA, cellular, biological structures, cell population level modelling and use
of cooperative platforms.

From this review, it can be summarised for accurate DNA quantification analysis of biological damage on a specific cell line, a cell
model in GEANT4-DNA should contain the correct chemical composition of a cell, include sub-cellular components of the cell in
addition to the DNA, cell-specific geometrical shape, DNA density and have the supporting physics and chemistry to account for in-
direct effects of the recently developed models which can be used and possibly to be included in GEANT4-DNA. Once cell-specific
models are developed to contain realistic and accurate biological descriptions while maintaining computational efficiency, detailed
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models about cell populations should be investigated further to enable the mimicry of a tissue-scale environment and biologically
relevant damage of such radiobiological models. The environment would also include modelling simulations in cell media rather than
arbitrary water and inclusion of cell-to-cell interactions and their effect on biological damage from irradiation. A way to include such a
vast amount of biology, including the fourth dimension of time, could be to link GEANT4-DNA with biologically focused external
platforms, such as CC3D.

Despite significant advancements in population geometric modelling, these platforms still face challenges in their analysis of
physics and chemistry. In GEANT4-DNA, many models oversimplify the molecular composition of cells by assuming that they consist
solely of water, neglecting the more complex chemical makeup of cytoplasm. However, some collaborative platforms, such as Com-
puCell3D, have made strides by incorporating advanced biological effects, such as the impact of time post-irradiation on cells and the
influence of the ECM on cell populations, which can significantly affect the biological damage response following irradiation. Further
exploration of the compatibility of these platforms with GEANT4 presents a promising opportunity to enhance geometric modelling in
GEANT4-DNA. These advancements not only could improve the biological fidelity of models for radiobiological studies but also could
extend analysis beyond DNA and DNA damage repair, including critical factors like the effects of the ECM. This holistic approach could
lead to more accurate simulations and better understanding of cellular responses to radiation.

The topical software GEANT4-DNA is relatively new and hence can be geometrically expanded in different ways. It has been made
evident that many of the advancements in the biological analysis and biological geometries have not been exploited to their full
potential. However, the development of GEANT4-DNA, using the advances discussed in this review, provides a promising future of
GEANT4-DNA to evaluate biological damage comparable to radiobiological studies.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

[1] J. Crowther, Some considerations relative to the action of X-rays on tissue cells, Proc. R. Soc. London Ser. B 96 (1924) 207–211.
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