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Models of biological effects of radiation in the
Geant4 Toolkit

S. Chauvie, Z. Francis, S. Guatelli, S. Incerti, B. Mascialino, G. Montarou, P. Moretto, P. Nieminen, M. G. Pia

Abstract— A project, named Geant4-DNA, is in progress to
extend the Geant4d simulation toolkit to model the effects of
radiation with biological systems at cellular and DNA level.

The first component implemented in the first development cycle
of the project describes the fractional survival of a population of
cells irradiated with photons or charged particles. The software
system developed provides the user the option to choose among a
small set of alternative models for the calculation of mammalian
cell survival after irradiation. The flexible design adopted makes
the system open to further extension to implement other cell
survival models available in literature.

The preliminary design of a prototype of the cell survival models
implemented and preliminary results in some selected cell lines
are described.

Index Terms— Monte Carlo, Geant4, Radiobiological damage,
Radiobiological modeling, Cell survival.

I. INTRODUCTION

EANT4 [1] - [2] is a software toolkit for the simulation
of the passage of particles through matter. It is used by
a large number of experiments and projects in a variety of ap-
plication domains, including high energy physics, astrophysics
and space science, medical physics and radiation protection.
A project, named Geant4-DNA [3], is in progress to extend
the Geant4 simulation toolkit to model the effects of radiation
with biological systems at cellular and DNA level. For the first
time a general-purpose Monte Carlo system is equipped with
functionality specific to the simulation of biological effects
of radiation. The Geant4-DNA project exploits the Geant4
architectural design to equip an open source, general purpose
Monte Carlo system for particle transport for the first time with
functionality specific to radiobiology simulation.
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This novel approach provides the user the opportunity to
combine specialized tools for the study of the biological effects
of radiation with the rich simulation functionality of a full
Monte Carlo system for particle transport.

The Geant4-DNA software encompasses various domains:
the extension of Geant4 physics processes down to the energy
scale relevant to bio-molecular systems, the development of
models to describe biological processes, and the description
of biological entities, such as cells or the DNA molecule.
The capability to address the simulation of biological effects
of radiation together with the advanced functionality offered
by Geant4 in other simulation domains (geometry, physics,
interactive tools) opens a wide domain of novel applications:
from oncological radiotherapy to the radiation protection of
astronauts.

The Geant4-DNA software is open-source; it is publicly
released in the Geant4 Toolkit.

This paper describes the design of a prototype of the new
cell survival models, their significant implementation features
and verification in some selected cell lines.

II. CELL SURVIVAL MODELS

The responses of biological systems to radiation exposure are
of critical concern both to radiotherapy and to risk assessment.
The biological effects of radiation can be manifold, from cell
killing, to mutation in germ cells, up to carcinogenesis or
leukemogenesis.

In radiobiology one of the most important concepts is the
cell survival. From a biological point of view a cell is defined
“dead” if it has lost its capacity for sustained proliferation
or its reproductive integrity. This means that a cell may still
be physically present in the biological system and apparently
intact, but it has lost the capacity to divide indefinitely and to
produce a large number of progeny.

Cell survival to irradiation is in general studied by means
of in vitro essays. A cell survival curve is usually plotted as
a function of the dose; an example is shown in Figure 2. A
survival curve depends on many factors, such as the cell line
response, the radiation type, the dose rate, etc. Many models
and theories have been proposed to describe the cell survival
in the past decades, but an universal theory of radiation cell
killing is not available yet.

Some of the most widely spread cell survival models have
been introduced in Geant4; their characteristics are described
below.
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o The Linear-Quadratic (LQ) model [4] is one of the most
extensively used for cell survival analysis and for the
description of other radiobiological endpoints [5] - [7].
The survival curve is described by means of an equation,
that describes two basic mechanisms of cell killing: non-
repairable lesion and repairable lesion exchange.

e The Katz track structure model [8] - [9] assumes two
different modes of cell killing: a -kill mode, in which
sub-lethal damages derive from J-rays, and an ion-kill
mode, according to which a cell may be inactivated by
the passage of a primary ion through its nucleus or by
a long-range §-ray deriving from a primary ion passing
outside its nucleus.

o The target theory models [10] are exponential dose re-
sponse curves. They are based on the assumption that
killing a cell is the result of a multi-step process, and
that within the cell a multiplicity of discrete, physically
describable targets exists for radiation action.

o The Lethal-Potentially Lethal (LPL) model [12] is based
on the assumption that radiation-induced lesions can be
divided in two groups: potentially repairable lesions and
lethal lesions. Lesions induced by radiation are repairable
to return the undamaged state by an enzymatic process. If
a lesion is not repaired, it will convert into an irreparable
and lethal lesion. The time for potential damage repair is
accounted in the mathematical model. For its features, the
LPL model gives insight into the biophysics of the repair
processes and dose rates, as well as the likelihood of DNA
mis-repair.

III. THE PROTOTYPE

The problem domain addressed is wide and complex. To cope
with such a complexity, the Geant4-DNA project follows an
iterative and incremental software process.

The work presented for the development of biological models
is part of the first development cycle of the project. The first
component addressed describes a primary biological endpoint
on a simple biological system: the survival of a population of
cells irradiated with photons or charged particles. The object
oriented technology adopted by Geant4 allows providing the set
of models described in Section II to simulate the response of
a cell line to irradiation, leaving the option to users to choose
among them the one to activate.

Figure 1 shows a prototype design to include radiobiological
models in the Geant4 toolkit. A strategy pattern encapsulates
radiobiological models, thus making them interchangeable. The
flexible design adopted makes the system open to further
extension to other radiobiological models available in literature.

A. Verification of cell survival models

The software implementation in Geant4 is compared against
references derived from the theoretical sources of the models
implemented, with the aim of verifying the code correctness.
As an example, Figure 2 shows the result of the verification
process: the continuous line represents the fractional survival

Geant4-DNA models for biological statistical effects

S Effect
ChiontibModel G4BioStatisticalEffect

/I Sorobability() ‘
bioModel->probability (P

[BioLinearquadratic ][ Celisunvivalkatz_|[_CellSurvivalLethalP
; 1t 1
L 1L 10

ethal || CellSurvivalSingleHitMultiTarget | etc.
: |
: i

Cell survival
Chromosome aberration

Fig. 1. Design of the Geant4-DNA radiobiological models.
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Fig. 2.  Fractional survival survival of a population of V79 — 379A cells
irradiated with a 3.66 MeV/n proton beam [13] vs dose absorbed. The
continuous line represents the theoretical model, data points represent Geant4
simulation.

calculated with the LQ model S = e *P-8D * vs dose
absorbed, while data points represent Geant4 simulation results.
The parameters o« = 0.32 and § = —0.039 were evaluated by
Folkard [13] irradiating Chinese hamster V79 — 379A cells by
means of a 3.66 M eV /n proton beam. The software reproduces
correctly the reference theoretical models.

IV. CONCLUSIONS

The Geant4-DNA project is in progress to extend the Geant4
simulation toolkit to model the effects of radiation with biolo-
gical systems at cellular and DNA level.

The development of a first set of radiobiological models to
describe the survival fraction of a cell population exposed to
radiation is in progress.

The flexible design adopted makes the system open to further
extension to other radiobiological models available in literature.

For the first time a general-purpose Monte Carlo system
is equipped with functionality specific to the simulation of
biological effects of radiation.
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