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Abstract
In this PhD work, the mechanisms of chromosome aberration formation by ionizing radiation were investigated by studying their dependence on proximity effects
(i.e., dependence of the chromosome fragments rejoining probability on the fragment distance), radiation quality, cell line, and dose. To do so, several changes in
the BIANCA (BIophysical ANalysis of Cell death and chromosome Aberrations)
model, seeking to improve the performance and expand its capabilities, were carried out. As a result, the BIANCA model was upgraded to explicitly represent arm
domains within chromosomes, two new rejoining probability functions were included
and simulations of microbeam irradiations were also made available. Additionally,
the overall performance of the code was considerably improved allowing more and
better simulation setups. The upgraded version of BIANCA was then applied in
a number of contexts testing: the new hypothesis regarding proximity effects, the
model capability to provide theoretical explanations for microbeam experimental
data, and the model predictive power in terms of cell survival.
First, BIANCA was applied to human lymphocytes and fibroblasts exposed
to a wide range of radiation qualities and doses, investigating the behaviour of an
exponential and a Gaussian probability function of the form 𝑃 (𝑟) = 𝑒−𝑟/𝜎 and
2
2
𝑃 (𝑟) = 𝑒−𝑟 /2𝜎 , respectively, to model proximity effects. Yields of the main chromosome aberration categories were calculated using both functions and compared
against a variety of experimental datasets. The outcomes of the simulations showed
that, for lymphocytes, an exponential function can describe proximity effects better
than a Gaussian one, independent of radiation quality and for the considered dose
range. On the other hand, for fibroblasts, while the exponential function still has the
upper hand, the results at high LET values deserve further investigation. Moreover,
not only the trends of the absolute yields, but also the trends of their relative ratios
(𝐹 - and 𝐺-ratios), were reproduced with the exponential function as well.
Later, in collaboration with the BioQuaRT (Biologically Weighted Quantities in RadioTherapy) project, the model was used as a means to interpret experimental data from a theoretical point of view in experiments on hamster ovary cells
irradiated with 𝛼-particle microbeams. Higher yields of chromosome aberrations
were observed at the highest LET radiation (85 𝑣𝑠 17 𝑘𝑒𝑉 /𝜇𝑚). The irradiation
conditions were reproduced with BIANCA, which allowed to interpret the results
in terms of the particle effectiveness at inducing DNA cluster lesions. In another
collaboration, the predictive power of BIANCA in terms of cell survival was tested
by studying the behaviour of the model parameters in a number of datasets covering
hamster and fibroblasts cells irradiated by protons, C- and He-ions, at energies and
doses of interest for tumour hadrontherapy. Based on this study, an approach to predict cell survival curves for cell lines and LET values not available experimentally,
was proposed.
Finally, in the pursue of further improvements to the model, part of this
PhD work was invested in the development of a fortran code that aims at modelling
the 3D structure of the genome starting from HiC data (i.e. data on in vivo contact
frequency between all loci of the genome). The code is built on a restraint-based

method called LorDG. After benchmarking a first version of our code against the
original implementation, several optimizations have been carried out in order to
make it suitable for integration with BIANCA. So far, the construction of diploid
cell models from haploid data and the implementation of libraries to manage the
vast amount of data coming from HiC datasets, have been accomplished. Additionally, a coarse-grain/top-bottom method is under development. This method aims
at producing higher resolution conformations (down to tens of kilo-basepair) of the
chromatin, while keeping reasonable the demand of computational resources.
Key-words: Biophysical modelling. Chromosome aberrations. BIANCA.
Computational radiobiology. HiC maps
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Figure 2 – A scheme of the different organizational levels of the chromatin. At the
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mix. Image adapted from: Savage, J. Med. Genet. (1976) [4]. . . . . . .
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Figure 5 – Diagrammatic representation of the formation of some CAs by HR, SSA
and NHEJ involving up to two DSBs and chromosomes. Red boxes and
thunders represent DSBs. The green and blue horizontal lines represent
chromosomes and their telomeres (vertical box). Pink arrows on top of
a chromosome intend the orientation of the strand (needed by HR and
SSA as they require sequence homology). (1-2) When HR occur between
regions of sequence homology but located at different chromosomes (Ectopic HR), reciprocal translocations and dicentrics can arise along with
acentric fragments. (3) In NHEJ, at least two DSB are needed to form
an exchange. A dicentric is formed when two centromere-containing
fragments are joined after being processed by the DNA-PK complex.
One or two acentric fragments can also accompany the exchange, resulting in a complete or incomplete exchange respectively. (4) an example
of an intra-chromosomal deletion as a consequence of SSA when the
DSBs lie in an extensive region of sequence homology. Figure modified
from G. Obe et al. Mutat. res. (2002) [6]. . . . . . . . . . . . . . . . .
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exchange follow different kinematics so there is a contribution from fast
and slow components to the total yield. Source: M. Durante et al. Mutat. Res. (2013) [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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peak around 100 𝑘𝑒𝑉 /𝜇𝑚 and then a decrease even at higher LET and
doses due to saturation effects. Source: Friedrich et al. J. Radiat. Res.
(2013) [2]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 9 – Illustration of the track structure of two different radiation qualities.
Blue (top): 10 𝑀 𝑒𝑉 proton (∼ 5 𝑘𝑒𝑉 /𝜇𝑚). Red (Bottom): 200 𝑀 𝑒𝑉
Carbon ion (∼ 100 𝑘𝑒𝑉 /𝜇𝑚). In both cases, the primary particles deposit a small fraction of their energy along their track (solid lines).
Most of the energy is deposited by secondary electrons (points) near
the track core, with notorious differences in their corresponding energy
distribution patterns. A DNA structure is superimposed for scale. This
highlights the importance of nanodosimetric calculations as densely
ionizing radiation (e.g. Carbon ions in the figure) has the potential to
induce more breaks in the genome than sparsely ionizing radiation (e.g.
protons in the figure) at such scale. Source: S. McMahon and K. Prise.
Cancers. (2019) [10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
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heterodimer and DNA-PKcs. The synaptic phase, where two DNA ends
in sufficient close proximity, move together while are prepared for the
next phase. In the post-synaptic phase, repair enzymes attempt to clean
up dirty DSBs and finalize the rejoining process. Source: W. Friedland
et al.. Radiat. Res. (2010) [11]. . . . . . . . . . . . . . . . . . . . . . . 49
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[14]), 16.2 𝑘𝑒𝑉 /𝜇𝑚 He ions, 437 𝑘𝑒𝑉 /𝜇𝑚 Ne ions, 76.3 𝑘𝑒𝑉 /𝜇𝑚 C
ions, 321 𝑘𝑒𝑉 /𝜇𝑚 Ne ions, 108 𝑘𝑒𝑉 /𝜇𝑚 C ions, and 132 𝑘𝑒𝑉 /𝜇𝑚
𝛼−particles. The lines are simulation results, whereas the points are
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the right as comments. The target information is controlled by the
Cell_Dish keyword. Beam, Particle and doses determine the irradiation setup. The adjustable parameters, namely, the CLy and 𝜎 and
the selection of the model are passed through the Cluster_Yield, mydist and Model keywords, respectively. The order of the lines does not
matter but for a given line, the key values order does. . . . . . . . . .
Figure 15 – An example of the cell models available in BIANCA. On top, an AG
fibroblast grown as monolayer modelled as an elliptical cylinder. At the
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geometrical model are those shown in Table 3. Each color represents
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(a),(c) and (e)), each aberration must be accompanied by at least one
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and (d) can be distinguished and scored separately or translated to simple exchanges. The number of "equivalent simple exchanges" is equal to
the minimum number of linear fragments associated to the multicentric fragment. Acentric linear fragments smaller than 3 𝑀 𝑏𝑝𝑠 are not
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Figure 19 – Aberrations in lymphocytes calculated by the exponential model. Full
symbols are experimental values taken from [18]; the error bars represent one standard deviation from the mean, calculated from the raw
numbers (both 137 𝐶𝑠 𝛾−ray data sets pooled) assuming Poisson statistics. Empty symbols, connected by lines to guide the eye (from top
to bottom: total aberrations, dicentrics, excess acentric fragments and
centric rings), are results of simulations performed by the exponential
model, with 𝜎 = 0.8 𝜇𝑚 and CL = 3.1 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . Source: Tello et al.
DNArepair (2017) [19]. . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 20 – Aberrations in lymphocytes calculated by the Gaussian model. Like in
Figure 19, full symbols are experimental values taken from [18], with
standard deviations calculated assuming Poisson statistics. Empty symbols, connected by lines to guide the eye (from top to bottom: total
aberrations, dicentrics, excess acentric fragments and centric rings),
are results of simulations performed by the Gaussian model, with 𝜎 =
1.1 𝜇𝑚 and CL = 2.3 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . Source: Tello et al. DNArepair (2017)
[19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 21 – F- and G-ratio for lymphocytes irradiated by 3 𝐺𝑦 137 𝐶𝑠 𝛾−rays. Points
represent values of F (open symbols) and G (closed symbols) calculated
with the exponential model for different values of 𝜎, whereas the upper
and lower solid lines represent the (mean) experimental value of F and
G, respectively, according to [18]. Source: Tello et al. DNArepair (2017)
[19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 22 – Aberrations in AG1522 fibroblasts calculated by the exponential model.
Full symbols represent experimental values taken from [20] ("Day 0"
data set, with error bars representing one standard deviation calculated
from the raw numbers assuming Poisson statistics), whereas the empty
symbols, connected by lines to guide the eye (from top to bottom: total
aberrations, dicentrics, excess acentric fragments and centric rings),
are results of simulations performed by the exponential model (with
𝜎 = 0.7 𝜇𝑚 and CL = 4.0 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 ). Source: Tello et al. DNArepair
(2017) [19]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 23 – Aberrations in AG01522 fibroblasts calculated by the Gaussian model.
Like in Figure 22, full symbols represent experimental values taken
from [20]; empty symbols, connected by lines to guide the eye (from
top to bottom: total aberrations, dicentrics, excess acentric fragments
and centric rings), are results of simulations performed by the Gaussian
model with 𝜎 = 1.3 𝜇𝑚 and CL = 2.0 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . Source: Tello et al.
DNArepair (2017) [19]. . . . . . . . . . . . . . . . . . . . . . . . . . .
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Figure 24 – Aberrations in human lymphocytes exposed to 3.5 𝑘𝑒𝑉 /𝜇𝑚 protons.
Empty symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess acentrics and dotted line for centric
rings), represent simulation outcomes obtained with the exponential
model, taking 𝐶𝐿 = 0.02 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one
standard deviation from the mean, calculated from the raw numbers
assuming Poisson statistics. Source: Tello et al. DNArepair (2018) [21].
Figure 25 – Aberrations in human lymphocytes exposed to 5.3 𝑘𝑒𝑉 /𝜇𝑚 protons.
Empty symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess acentrics and dotted line for centric
rings), represent simulation outcomes obtained with the exponential
model, taking 𝐶𝐿 = 0.03 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one
standard deviation from the mean, calculated from the raw numbers
assuming Poisson statistics. Source: Tello et al. DNArepair (2018) [21].
Figure 26 – Aberrations in human lymphocytes exposed to 19.0 𝑘𝑒𝑉 /𝜇𝑚 protons.
Empty symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess acentrics and dotted line for centric
rings), represent simulation outcomes obtained with the exponential
model, taking 𝐶𝐿 = 0.21 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one
standard deviation from the mean, calculated from the raw numbers
assuming Poisson statistics. Source: Tello et al. DNArepair (2018) [21].
Figure 27 – Aberrations in human lymphocytes exposed to 150 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles.
Empty symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess acentrics and dotted line for centric
rings), represent simulation outcomes obtained with the exponential
model, taking 𝐶𝐿 = 1.06 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one
standard deviation from the mean, calculated from the raw numbers
assuming Poisson statistics. Source: Tello et al. DNArepair (2018) [21].
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Figure 28 – Aberrations in human fibroblasts exposed to 116 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles.
Empty symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess acentrics and dotted line for centric
rings), represent simulation outcomes obtained with the exponential
model, taking 𝐶𝐿 = 0.47 𝜇𝑚−1 . Full symbols are experimental values
taken from Cornforth et al. [20]; the error bars represent one standard
deviation from the mean, calculated from the raw numbers assuming
Poisson statistics. Source: Tello et al. DNArepair (2018) [21]. . . . . . . 100
Figure 29 – (a) Survival of V79 cells irradiated with protons of different LET (7.7, 11.0, 20.0
and 30.5 𝑘𝑒𝑉 /𝜇𝑚), as well as X-rays. The lines are simulation outcomes, the points are experimental data taken from Belli et al. (1998)
[22]. (b) Survival of AG01522 cells irradiated with protons of different
LET (from top to bottom: 0.63, 1.68, 2.45 and 7.50 𝑘𝑒𝑉 /𝜇𝑚). The lines
are simulation outcomes, the points are experimental data taken from
Marshall et al. (2016) [23]. Source: Carante et al. PMB. (2018) [24]. . . 107
Figure 30 – CL yields used to simulate the survival of proton-irradiated V79 cells
(lower line and points) and AG01522 cells (upper line and points). Each
point represents the mean number of CLs per micrometer used as a code
input, whereas the lines are linear-quadratic fits. A 5% relative error
was assigned to each CL yield. Source: Carante et al. PMB. (2018) [24]. 109
Figure 31 – Survival of V79 cells irradiated by Carbon beams of different (doseaveraged) LET, as well as X-rays as a reference. Panel (a): 22.5, 360.0, 102.0
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points are simulation outcomes, whereas the lines are experimental data
fits of the form 𝑆(𝐷) = exp(−𝛼𝐷 − 𝛽𝐷2 ) taken from Furusawa et al.
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CL yields used to simulate the survival of Carbon-irradiated V79 cells
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Introduction
When ionizing radiation impinges on living cells during the 𝐺0/𝐺1 phase of the cell
cycle, it can produce a variety of chromosome aberrations, which mainly consist of largescale incorrect rearrangement of chromosome fragments. This is an important end-point
in radiobiology because it is related to both cell death and cell conversion to malignancy.
Since the very beginning, it was clear that the involved fragments have to be created close
in space, and investigating the ratios of specific aberration types can help characterizing
such "proximity effects". In this context, biophysical modelling can contribute clarifying the features of proximity effects. Throughout the years, different models have been
proposed to describe the formation of chromosome aberrations and their relation to cell
death. To account for proximity effects, a number of functions describing the probability
for two chromosome fragments (mis-)rejoin have been proposed. Typically, such functions
depend on the initial distance between the two fragment free-ends. However, evaluating
whether a certain function can model the rejoining process better than another one is not
trivial, because in general different models have been implemented in different simulation
codes and tested under different conditions in terms of considered cell types, dose values,
radiation quality, etc.
The present thesis work tackles the topic of chromosome aberration (CA) formation from a biophysical perspective. During this PhD project, the BIANCA (BIophysical
ANalysis of Cell death and chromosome Aberrations) model, which is implemented as a
Monte-Carlo code, was upgraded in order to expand its capabilities and performance. The
model is based on three main assumptions, linking the initial DNA cluster damage, dependent on both radiation quality and the cell line features, to the production of chromosome
aberrations, which in turn can lead to clonogenic cell death. Previous model versions have
successfully reproduced experimental results with regard to inter-chromosome exchanges.
Nevertheless, a finer distinction of chromosome aberration products at the intra/inter-arm
intra-chromosome level was necessary. Furthermore, going towards more refined computational models of CA formation implies not only to revisit the mechanisms that govern
proximity effects, but also to aim at including sophisticated models of the DNA capable
to describe the process of CA formation down to the molecular level. In this matter, a
new scenario for chromatin 3D modelling has been opened with the advent of the so called
HiC maps.
In chapter one, the action of ionizing radiation on living systems is discussed. It
includes a description of the main physical mechanisms of interaction of radiation with
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matter, basic concepts in radiobiology and chromatin organization, and a review on the
chromosome aberrations topic. Chapter two deals with the biophysical modelling of chromosome aberrations. The basic components of the modelling problem are discussed and
some of the different approaches that have been developed in recent years are summarized.
Chapter three is divided in three sections in order to present, first, an overview of
the BIANCA model foundations, theoretical assumptions, and evolution of the model/code
throughout the years. Next, a section describing the current implementation of the code
follows. This section constitutes the core of the work carried out during this PhD thesis,
as new functionalities were included and the whole architecture of the code was revisited
in this project. Finally, a third section dealing with chromatin modelling based on HiC
maps is introduced. An ongoing complementary project to this thesis aimed at improving
the geometrical modelling in BIANCA is discussed, and a restraint-based optimization
method called LorDG is presented.
Chapter four comprises five sections presenting the results of the activities carried
out during this PhD thesis. The technical and model improvements of BIANCA are presented first. Then, the next two sections display the results of a systematic study on the
formation of chromosome aberrations in human lymphocytes and fibroblasts. Two different proximity functions, added during this project, were tested against experimental data
on a wide range of LET and dose values for both cell lines. A fourth section, summarizes
the conclusions of two collaborations in which BIANCA was applied in the context of
hadrontherapy. In collaboration with the BioQuaRT (Biologically Weighted Quantities in
RadioTherapy) project, BIANCA served as a means to interpret experimental data on
microbeam irradiation with 𝛼-particles, in terms of critical DNA damage. In the second
collaboration, experimental survival data on V79, human fibroblast and U87 cells exposed
to protons, C-ions and He-ions, was analyzed in terms of cluster lesion yields per micron,
and a method to predict dose-response curves for ions was proposed. The last section of
chapter four is about the current state of a project that started during this PhD, which
aims at including HiC data sets in the chromatin modelling of BIANCA by means of
the LorDG method mentioned above. Thus, the current fortran implementation and tests
results of such method are presented.
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1 Action of radiation on living systems
Radiobiology consists of the study of the effects of ionizing radiation (IR) in biological systems such as cells, biological tissues and living organisms. The smallest unit
of all living organisms, capable of independent existence, is the cell. Cells contain both
organic and inorganic materials and their structure is divided into two main components:
the cytoplasm, in which metabolic functions are supported, and the nucleus, which contains all the genetic information (DNA). It is commonly accepted that the cell nucleus is
the sensitive target when IR interacts with a living system [29]. Nevertheless, there exist
other known effects that cannot be explained within this target theory based on the cell
nucleus, for instance, genomic instability1 [30] and bystander effects2 [31]. The study of
these phenomena is also very important for the understanding of radiation-induced damages and the development of corresponding study models [32, 33]. Nonetheless, the effects
of IR on the DNA continue to play a major role in the radiobiological problem. Thus, it
is still necessary to analyze the action of radiation down to the molecular (DNA) level.

1.1 Ionizing radiation and its effects
The radiation that is able to leave charged a given atom or molecule is considered Ionizing Radiation. Living organisms are continuously exposed to IRs from different
sources as IR is, in fact, present everywhere coming from the outer space. There are several other mechanisms to produce it such as 𝑋−ray machines, cyclotrons, and nuclear
reactors for instance. This radiation can be emitted by the decay of an unstable nucleus
or by de-excitation of atoms and/or nuclei. According to its origin, it can be regarded as
extraterrestrial (e.g. cosmic rays), NORM (Naturally Occurring Radiation Material such
as Uranium, Thorium, and Radium) or artificial (e.g Medical facilities and Nuclear Reactors, among others). In 2008 it was published a summary of public and worker exposures
to different types of radiations by the UNSCEAR [34]. The fact that IRs can ionize the
media that they traverse implies that they may cause injuries to cells. If the amount of
energy deposited by a given radiation is enough to directly disrupt the structure of an
atom or molecule, it is considered directly ionizing radiation. It may also happen that
the solely ionizing particle is not able to induce a direct damage, but produces a number
of secondary particles (e.g. secondary electrons) that induce chemical and/or biological
damage. When this occurs, such IR is called indirectly ionizing radiation.
1

2

High frequency of mutations within the genome due to defects in the checkpoint and/or repair machinery of a cell linage, during mitosis or DNA damage events.
A phenomenon in which unirradiated cells display biological damage due to signaling from nearby
irradiated cells.
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From a physical point of view, ionizing radiation can be classified into electromagnetic (EM) and particulate. When radiation traverses a material it may or may not
interact with the atoms of the media. Biological effects can occur when some energy is
deposited within the cell or tissue [35].
Photons constitute the EM radiation and they are characterized by their wavelength or frequency spectrum. They interact with matter through photoelectric effect,
Compton scattering, and pair production processes mainly. The chance for one of these
processes to happen, is determined by the cross section, which in turn depends on the
characteristics of the target and the photon incident energy 𝐸. In photoelectric absorption, an 𝑋−ray or 𝛾 photon transfers all its energy to an inner-shell electron leading to
a vacancy after ejection of the latter. Then, a fluorescence or Auger electron emission
follows when the vacancy is occupied by other outer electron of the atom. The difference
between the photon incident energy and the binding energy of the core electron corresponds to the kinetic energy of the ejected electron. The cross section of photoelectric
absorption strongly depends on 𝐸 and the 𝑍 number of the material [36]. For instance,
in human tissues where 𝑍 ≃ 7.4 [37], this is the main mechanism of interaction up to
𝐸 ∼ 30 − 50𝑘𝑒𝑉 .
Compton scattering refers to the collision of a photon with an electron of the atom.
During the collision, only a fraction of the photon energy is transferred to the electron
leading to its ejection from the orbital [36]. The photon goes on with the remaining
energy leaving behind the atom ionized. The emitted electron will, typically, interact
with other atoms producing a cascade of ionizations that will result in the emission of
secondary electrons, also known as 𝛿−rays. In biological tissues, Compton scattering is
the dominant mechanism at photon energies from 100 𝑘𝑒𝑉 to 10 𝑀 𝑒𝑉 . This energy range
is in the therapeutic radiation range.
Photons with energy above 1.022 𝑀 𝑒𝑉 can also interact with the Coulomb field of
an atomic nucleus, converting themselves into an electron-positron pair [36]. This process
is called pair production. Positrons have a very short lifetime and they annihilate with
an electron at the end of its range producing two new 𝛾−rays of about 0.511 𝑀 𝑒𝑉 . Pair
production can also happen in the presence of the Coulomb field of an atomic electron
yielding to a triplet-production. In this process, the atomic electron is also ejected from
its shell along with the electron-positron pair. The threshold energy for triplet-production
is twice the threshold energy for pair-production.
In all the aforementioned cases, the number of ionizations produced by secondary
electrons are much greater than those directly produced by the primary photons. Thus,
EM radiation is considered as indirectly ionizing.
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Particulate radiation refers to a beam of massive particles that is able to excite and
ionize the atoms and molecules of a target. Such particles may or may not be charged.
Additionally, charged particles can be classified as light and heavy particles [35]. For
instance, electrons and positrons are regarded as light charged particles, while ions belong
to the heavy charged particle category. Protons and 𝛼−particles are generally considered
as light ions as well. The behavior of light particles is different than that of heavy particles
of the same energy, in terms of the amount of energy that they deposit per unit path
length. Such quantity is the so called Linear Energy Transfer (LET) or electronic stopping
power. A semi-classical expression for this quantity was obtained by Bohr back in 1915
[38]. However, Bethe and Bloch derived a more sophisticated formulation accounting for
quantum mechanical effects years later [39, 40]. The Bethe-Bloch formula depends on
several parameters and quantities describing the absorbing material, the projectile and
their interaction. In Eq. 1.1, 𝜌, 𝑍, and 𝐴 represent the absorbing material’s density, atomic
number, and atomic weight, respectively. The projectile velocity is 𝑣, its charge is 𝑧 and
𝑊𝑚𝑎𝑥 , the maximum energy transfer in a single collision. The Bethe-Bloch formula reads,
(︁ 𝑊
)︁
𝐶
𝑍 𝑧2
𝑑𝐸
𝑚𝑎𝑥
= 4𝜋𝑁𝐴 𝑟𝑒2 𝑚𝑒 𝑐2 𝜌
ln
− 𝛽 2 − 𝛿/2 −
−
2
𝑑𝑥
𝐴𝛽
𝐼
𝑍
[︂

]︂

(1.1)

where 𝑁𝐴 is the Avogadro’s number, 𝑟𝑒 is the classical electron radius, 𝑚𝑒 is the
mass of the electron, 𝑐 is the speed of light in vacuum, and 𝛽 represents the ratio 𝑣/𝑐. 𝐼 is
the mean excitation potential of the absorbing material, 𝛿 is the density effect correction
and 𝐶 is the shell correction. An exhaustive description of the various terms and their
meaning can be found for example in [41].
It is worth noticing that the energy loss depends on the inverse square of the
velocity of the incident particle and on the square of the ion charge. On the contrary,
there is no dependence on the projectile mass. At non-relativistic energies the stopping
power is dominated by the 1/𝛽 2 term and decreases with increasing velocity, until a
minimum is reached around 𝑣 = 0.96𝑐. As the energy further increases, 𝑑𝐸/𝑑𝑥 increases
again due to the logarithmic term. The dependence of the energy loss on the energy of the
projectile is of great importance for hadrontherapy, since charged particles deposit most
of their energy just before the end of their path. The penetration of charged particles
into a given medium will depend on their LET and, in general, is much higher for low
LET radiation. Energetic ions show a well defined range, just after a very sharp peak
in the energy deposition distribution as a function of depth (Bragg peak). Thus, ions
offer advantages for cancer treatment over photon and electron beams, both from the
dosimetric and radiobiological point of views.
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Figure 1 – Direct and Indirect action of ionizing radiation on the genetic material. The very
breakage of a bond that splits the molecule and provokes chemical reactions, constitutes
a direct action. The creation of free radicals after the hit, which attack the DNA inducing
changes, represents an indirect action of radiation. Source: Desouky et al. J. Rad: Res.
(2015) [1].
Neutrons are within the uncharged particle category and they deposit their energy
into the medium through different processes that depend on their initial energy and the
target mass. Such processes are, elastic scattering, inelastic scattering, neutron capture
and fission [42]. The microscopic cross section is a quantity defined to represent the
measure of the probabilities of each such reaction. As neutrons are not able for themselves
to interact with the electronic structure of an atom, they are regarded as indirectly ionizing
radiation.
When an atom or molecule of a biological sample is ionized or excited, it follows
a series of chemical reactions between such an atom or molecule and the medium that
surrounds it. The typical time scale for an ionized molecule to become a free radical is
only about 10−15 to 10−10 s. In turn, free radicals may lead to cell damage by starting chain
reactions on the neighbouring molecules. In lipids, for instance, these chain-reactions are
related to damage in the cell membrane. In the case of direct damage, a biomolecule
(BioM) hit by IR produces radicals that subsequently may undergo cross linking with
other radicals. The chemical reaction path can be represented as,
𝐼𝑅 + 𝐵𝑖𝑜𝑀 → 𝑅* + 𝐻 *

𝑅* + 𝑅* → 𝑅* − 𝑅*

(𝐶𝑟𝑜𝑠𝑠 𝑙𝑖𝑛𝑘𝑖𝑛𝑔)

(1.2)

(1.3)

where 𝑅* and 𝐻 * stands for radicals and 𝑅* − 𝑅* is the product of the cross linking.
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This mechanism is the dominant effect when high LET radiation (see below) impacts on
biological media.
On the other hand, the interaction of IR with water produces 𝐻2 𝑂+ and electronically excited water molecules. After radiolysis, such products decompose into 𝑂𝐻 and
𝐻 radicals. Also, electrons can be produced from IR-water interactions. These electrons
rapidly thermalize and are solvated by dielectric interactions becoming 𝑒−
𝑎𝑞 radicals. Fi−
nally, all these radicals, namely, 𝑂𝐻, 𝐻 , and 𝑒𝑎𝑞 , as being highly reactive with cells,
DNA, and lipids, induce damages in the cell. This is the mechanism for indirect damage
and is more frequent in the case of low LET irradiation. Figure 1 shows the mechanisms
of direct and indirect damage schematically.
∙

∙

∙

∙

1.2 DNA and chromatin structure
DNA stands for Deoxyribose Nucleic Acid and consists of a long strand of nucleotides that form a helix. Nucleotides are made up of a pair of chemical bases attached to
sugar-phosphate groups at the ends. The chemical bases are formed by Guanine-Cytosine
(GC) or Adenine-Thymine (AT) pairs connected by hydrogen bonds. This pairing results
in base pairs with similar shapes and sizes. The backbone of the helix is bounded by
covalent bonds between the sugar-phosphate groups at the extremes of the nucleotides.
The instructions that control cell function are coded in the DNA. Genes are long genetic material sequences that contain specific information for the organism functioning,
such as those used for protein synthesis. Genes vary in extent and content and are the
fundamental objects of study of genetics [46].
Back in the early 40′ 𝑠 it was hypothesized that the DNA was the carrier of the
genetic information. This hypothesis was confirmed years later when Watson and Crick
showed how the genetic information can be stored in and copied from the DNA [47].
They discovered that Guanine pairs with Cytosine and Adenine with Thymine in such a
way that the helical structure can store arbitrarily long sequences of different nucleotides
despite the shape differences between those purines and pyrimidines. The Watson and
Crick work was inspired by previous works about the composition of the DNA, mainly
those of Visher, E. Chargaff [48, 49], Maurice Wilkins [50] and Rosalind Franklin and R.
G. Gosling [51]3 . They also discovered that the backbone of the helix runs in opposite
directions and that this mechanism makes it possible the successful replication of DNA.
Despite having the same composition, not all the DNA molecules have the same
chemical structure. In human cells, there are three main configurations of DNA, namely,
3

"However, the data which really helped us to obtain the structure was mainly obtained by Rosalind
Franklin, who died a few years ago." Crick’s letter to Monod. December 31th 1961 [52]
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the B-, A- and Z-DNA [53]. Each of them have different biological functions. For instance,
B-DNA is the primary (canonical) form of DNA that encodes the genetic information due
to its flexibility. This was the DNA configuration described by Watson and Crick in their
famous paper. In B-DNA, the base pairs (bp) are nearly perpendicular to the helix axis,
the distance between two adjacent nucleotides is about 0.34 𝑛𝑚 and the twisting angle is
36°, which results in 10 bps per turn. The helix diameter is 2.4 𝑛𝑚.
A-DNA can be observed when dehydrated DNA is put under X-rays, also, in some
RNA-DNA hybrids and doubled stranded RNA. In both A- and B-DNA the twisting of
the helix is right handed and the bases follow the Watson-Crick pattern. However, in the
A conformation, the base pairs are no longer perpendicular to the helix axis but are tilted
about 19°. Thus, A-DNA is wider and shorter than B-DNA. A-DNA seems to be related
with DNA-drug as well as DNA-protein interactions. In addition, it has been looked up
to its role in genome structure and function [54].
A third form of DNA was described by Alexander Rich and coworkers when they
were studying the 𝑑(𝐺𝐶)3 hexamer. They concluded that this hexamer also forms a helical
structure but, unlike the other conformations, it is left-handed and the sugar-phosphate
backbone shows a zigzag pattern. Hence the name, Z-DNA for this configuration [55, 56].
Despite it is observed in certain physiological cellular processes before decaying to the B
form [57], the biological function of the Z-DNA is still unknown. Nevertheless, it has been
suggested to play a role in the pathology of poxviruses [58]. Table 1 displays a summary of
some features of the aforementioned DNA conformations and how they compare to each
other.
Table 1 – Comparison of the main features of the A-, B- and Z-DNA conformations.
DNA conformation
Shape
Rise per Base Pairs
Helix Diameter
Screw sense
Glycosidic bond
Base pairs per helix turn
Pitch per Helix turn
Base pair tilt (Helix axis)
Major Groove
Minor Groove

A

B

Z

Broadest
2.3Å
25.5Å
Right-handed
anti
10.7
25.3Å
19°
Narrow and very deep
Very broad and swallow

Intermediate
3.4Å
23.7Å
Right-handed
anti
12
35.4Å
1°
Wide and quite width
Narrow and quite deep

Narrowest
3.8Å
18.4Å
Left-handed
alternating anti and syn
10
45.6Å
9°
Flat
Very narrow and deep

By the XIX century, chromosomes had been discovered in the nucleus of eukaryotic
cells. Their structure and function were better understood once the DNA structure was
unveiled. Chromosomes are long strands of DNA with associated proteins that bend and
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pack the genetic material in order to fit it into the nucleus dimension. This DNA + packing
proteins complex is called Chromatin. As mentioned before, long sequences of DNA with
specific information are called genes, so every chromosome carries a determined number
of genes. Most plant and animal cells are diploid, which means that chromosomes are
present in pairs within the nucleus. Two chromosomes with the same array of genes are
called homologous.
Nonetheless, genes represent a small fraction of the DNA content present in mammalian cells (less than 5%). This suggests that the function of the DNA primary structure,
i.e. the nucleotide sequence, may be related to controlling the spatial organization of the
chromatin as well [59]. Such spatial organization and its dynamics play a major role in the
regulation of biological processes like gene expression, replication, recombination and repair [60, 61]. X-rays analyses of eukaryotic DNA reveal that the genetic material is highly
packaged into basic chromatin units called nucleosomes [62, 63, 64]. The structure of the
nucleosomes consists of two turns of DNA (containing ∼ 150𝑏𝑝𝑠) wrapped around an octamer of histone proteins [65, 66]. Then, nucleosomes link to each other through shorter
DNA fragments in a "bead-on-a-string" manner to subsequently arrange themselves in
higher order structures [67]. This hierarchical arrangement includes the 30𝑛𝑚 chromatin
fiber, chromatin loops, intermediate segregation states and finally, the chromosomes. The
mechanisms that allow such condensation involve DNA-protein interactions that depend
on the local mechanical properties and composition of the DNA. For instance, a number of
papers have discussed the influence of the periodicity of dinucleotides like AA/TT in the
formation and positioning of nucleosomes [68, 69, 70]. Additionally, Audit et al. used the
wavelet transform technique to compare the DNA text with bending profiles based on nucleosome positioning data. In their works, they found that there is a long range correlation
(LRC) between DNA structural elements involved in the packaging of the chromatin in
eukaryotic and, to some extent, archaeal genome at the 100−200𝑏𝑝 range. They concluded
that these LRCs are a signature of nucleosomal structure [71, 72, 73]. Nevertheless, the
precise way in which the DNA primary structure contributes to chromatin organization
continues to be a hot topic in molecular biology.
At the kilo base pair (kbp) scale, chromatin organizes in the so called 30𝑛𝑚 fiber,
which consists of a super-helix state with 6 nucleosomes (∼ 1.2𝑘𝑏𝑝𝑠) per turn. Then,
the chromatin fiber forms loops and higher order structures. With regard to chromatin
structure and composition, it has been observed that anchor points of chromatin loop
domains are constituted by ∼ 1𝑘𝑏𝑝 AT-rich sequence patterns [74, 75]. Furthermore,
other experimental works have linked the gene position and transcriptional activity with
the microscopic organization of the chromatin, including the formation of loops [76, 77,
78]. Again, this speaks in favor of an influence of the primary structure of DNA in the
packaging of chromatin.
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Figure 2 – A scheme of the different organizational levels of the chromatin. At the nucleosomal scale, the DNA follows scale-invariant principles along the sequence and shows
long range correlations in the primary structure that are related to nucleosome formation
and positioning. Before the mega base pair (Mbp) regime, the chromatin self-organizes
in globular states that are in agreement with the fractal globule. From chromatin loops
to TADs and compartments, there appear correlations between chromatin states, accessibility and composition (e.g. gene content or presence of promoters/enhancers), and the
spatial distribution and contact profile of the chromatin. At the chromosome scale (tens
of Mbps and higher), the distinction between territories is prominent. Chromosomes are
organized in well-defined domains, still, some regions intermingle with other domains.
Source: Vuthy et al. Genes (2015) [3].
Larger scales ranging from tens to thousands of kbps show intermediate compaction and segregation states of the chromatin before the identification as a chromosome. The advent of Chromosome Conformation Capture (3C) technologies enabled to
study multiple loci interactions in the genome4 . This led to the creation of interaction
matrices of all vs. all genome regions by means of the Hi-C maps [79]. Statistical analysis
of intrachromosomal interactions revealed that chromatin segregates in two types of compartments (labeled A and B) that are related to open and close states of the chromatin. In
this way, folding and unfolding, which is an essential feature of chromatin dynamics, appears to be strongly correlated with the disposition of these compartments. For instance,
Lieberman et al. [79] concluded that the A compartment is more closely associated with
open, accessible, actively transcribed chromatin.
Another remarkable finding was that the interaction probability 𝐼 as a function
of the genomic distance 𝑠, follows a power-law scaling between ∼ 500𝑘𝑏𝑝 and ∼ 7𝑀 𝑏𝑝.
Power-law dependencies of this kind are typical of polymer systems and in fact, it has
4

In the context of Chromosome Conformation Capture techniques, an interaction means a contact
between loci. The technology is based on the crosslinking of cells in vivo in order to "capture" all the
contacts between different regions of the genome, in close proximity.
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been proposed that the chromatin can be modeled as a polymer in equilibrium [80, 81].
Notwithstanding, Hi-C data shows a scaling factor dramatically different to that predicted
by the equilibrium state. In the equilibrium globule, an 𝐼(𝑠) ∼ 𝑠−3/2 is expected while in
the data, a 𝑠−1.08 trend was found. In contrast, the model proposed by Grosberg et al.,
called the "fractal globule" [82, 83], agrees more with the Hi-C data. The fractal globule can
be described as a long-lived, non-equilibrium polymer conformation. It is highly compact
and unknotted, which facilitates the folding and unfolding of regions of the polymer. In
the fractal globule, the predicted scaling factor is −1, which is very close to the value
extracted from the data. Additionally, Mateos-Langerak et al. [81] reported a 𝑠1/3 scaling
of the three dimensional distance between loci, using 3D-FISH. This is consistent with the
fractal globule that predicts the same scaling factor, unlike the equilibrium state where
𝑠1/2 is predicted. Thus, the structure of chromatin at the Mbp scale is consistent with the
fractal globule.
Chromosomes are the highest organizational level of chromatin. It is observed that
they occupy well-defined territories (CTs) [84] and their distribution within the nucleus
is highly non-random [85]. For instance, in lymphocytes, gene-poor chromosomes tend
to reside in the predominantly hetero-chromatic nuclear periphery, while gene-rich CTs
accommodate in the eu-chromatic region at the nucleus core. Interestingly, the transcriptional activity has been correlated with the gene position relative to the periphery and
the bulk of CTs [86, 87]. Many factors determine the arrangement of chromosome domains within the cell nucleus; the DNA primary structure seems to play a central role at
the smaller scales (e.g. DNA wrapping, nucleosome formation, loop anchoring). However,
secondary and tertiary structures like the so called Topologically Associated Domains
(TADs: clusters of chromatin loops with statistically significant preferred contact and
border zones rich in CTCF protein.) and compartments, may also play an important
role in the shaping and functioning of the chromosomes [79, 59, 88]. Figure 2 depicts
our current understanding of the chromatin organizational levels. From the double helix
to the chromosome territories, the relationship between the chromatin structure and its
functioning is yet to be determined.

1.3 Chromosome aberrations
Nowadays it is widely accepted that Double-Strand Breaks (DSBs) in the DNA
constitute the critical damage responsible for the formation of chromosome aberrations
(CAs) [6, 89]. When lesions of this type are induced on the genetic material (due to
IR for that matters), a number of repair mechanisms are activated. The failure of such
mechanisms to restitute (eurepair) the created chromatin fragments, leads to different
types of chromosome aberrations (see Figure 3). For instance, an un-repaired DSB appears

Chapter 1. Action of radiation on living systems

31

Figure 3 – Two-break types of chromosome and chromatid aberrations. exchanges can
be Symmetric (S) or Asymmetric (A) depending on whether an acentric fragment is
formed or not, provided that the exchange is complete (that is, all four ends rejoin).
Additionally, the exchanges may occur between different chromosomes (interchanges),
or between fragments of the same chromosome (intra- and inter-arm intrachanges). For
chromatid-type aberrations, the intrachanges can be further classified as intra- or interchromatid depending on how the sister-chromatids mix. Image adapted from: Savage, J.
Med. Genet. (1976) [4].
as a terminal deletion at mitosis and implies the loss of genetic material. It can also happen
that two DSB interact (misrepair) forming an exchange that may lead to a mutation or
cell inactivation. In any case, the fate of the cell will depend on how these processes take
place.

1.3.1 Observation and classification
When DSBs are induced during the 𝐺0 /𝐺1 (pre-replication) phase of the cell cycle5 ,
the aberrations eventually formed at this stage are referred to as chromosomal aberrations.
If, on the other hand, such lesions and their consequences occur during 𝐺2 /𝑆, the corresponding aberrations are termed chromatid aberrations. Such distinction is motivated by
5

There are two well defined periods in the cell proliferation cycle, namely, mitosis (M), where division
takes place, and DNA synthesis (S), where DNA replication occurs. The gap between M and S is
called G1 phase and the gap between S and M, G2 phase. The 𝐺0 phase can be regarded as a resting
phase in which the cell is outside of the replicative cycle due to external factors or as part of its own
genetic programming.
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the observation of chromosomes after the action of a clastogen6 , at the first post-induction
division when the cell has not yet undergone any subsequent division or chromosome duplication that could lead to selection or modification of some aberrations. Since chromosomes
in metaphase (when observations are usually carried out) consist of two sister-chromatids,
chromosome aberrations appear to affect both sister-chromatids while, chromatid aberrations involve only one, at any given locus. In this way, the chromosome products recovered at metaphase reflect the duplication state of the chromatin at the moment when the
breakages were induced. The aberrations scored before replication/mitosis are thus called
primary aberrations. In contrast, secondary or derived aberrations are those detected after
several cell divisions. However, their origin is more complicated to track [4] since most of
the transmissible chromatid-type aberrations will look like chromosome-type aberrations
after duplication. Hence, the presence of chromatid-type aberrations in later generations
of cells could be regarded as an indicator of ongoing genomic instabilities.
Chromosome rearrangements are generally visible under the microscope only when
chromatin is in its condensed state. Thus, in order to observe CAs at any time after the
initial damage, the chromatin needs to be forced to condense before mitosis by means
of Premature Chromosome Condensation (PCC) techniques. This can be accomplished
by cell fusion with mitotic cells in order to expose them to activated p34cdc2/cyclinB
complex (a chromosome condensation promoter [90]), or either by treatment with Calyculin A, a toxin extracted from marine sponge Discodermia Calyx, that inhibits protein
serine/threonine phosphatase (involved in the cell cycle progression)[91]. PCC with Calyculin A has proven to be a powerful tool for biodosimetric analysis as it allows to increase
the number of spreads while avoids problems related to cell-cycle alterations and does not
increase significantly the background aberrations [92].
Visualization of the structural changes in chromosomes, either during metaphase
or at interphase with PCC, can be achieved through one of the two staining techniques
available: GIEMSA staining and FISH (Fluorescence In Situ Hybridization). In GIEMSA
staining, all chromosomes are dyed with the same color accomplishing high contrast with
respect to the cytoplasm, and the identification of CAs is based on the number of centromeres and the shape of the final chromosome products. On the other hand, FISH
allows for selective painting of one or more pairs of homologous chromosomes, which enables identification of a wider spectrum of aberrations with respect to GIEMSA staining,
as will be explained.
Chromosome aberrations result from the interaction (mis/un-rejoin) of chromatin
breaks. According to where those breaks are located and how they interact, aberrations
can be roughly divided into exchanges, in which two or more breaks interact, and discon6

A mutagenic agent able to disrupt or induce breaks on a chromosome (e.g. ionizing radiation).
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Figure 4 – Visualization of chromosome aberrations with cross-species color banding (RxFISH). (A) Translocation. (B) Symmetrical inter-arm exchange. (C) Asymmetrical interarm intrachange. Image adapted from: M. Durante et al. Mutat. Res. (2013) [5].
tinuities or deletions, in which a break remains open. Furthermore, when only two breaks
and up to two chromosomes are involved in the formation of an exchange, it is called a
simple exchange. Within the "simple exchange" category there are the interchanges, interarm intrachanges and the intra-arm intrachanges subcategories, which correspond to two
breaks situated in two different chromosomes, in different arms of the same chromosome
or in the same arm of a chromosome, respectively. Figure 3 shows some examples of the
aberrations that arise from the interaction of two breaks. When the four ends of the two
breaks interact in such a way that an acentric fragment is always created, the rejoining
process is Asymmetrical (A). If, on the other hand, an acentric fragment is never formed
unless the exchange is incomplete (one of the ends do not rejoin at all), the rejoining is
Symmetrical (S).
The scoring of CAs with GIEMSA staining allows to identify only a portion of
these categories since the chromosomes are colored all the same. For instance, inversions
and small deletions would appear as normal chromosomes under the microscope. Additionally, the so called "complex exchanges", which by definition involve more than two breaks
and at least two chromosomes, are also non-distinguishable with GIEMSA staining [93].
Nonetheless, this technique is useful to score other aberrations such as dicentrics, rings
and deletions, since their scoring is rather based on the shape and number of centromeres
of the resultant chromosomes. In contrast, FISH painting7 can provide more detailed information about the morphology of the rejoined chromatin fragments, and thus, it enables
to distinguish aberrations that otherwise would be regarded as normal chromosomes (e.g.
reciprocal translocations, insertions, etc.) [94, 95]. With FISH, aberrations would appear
as multicolored "chromosomes" made up of pieces of other chromosomes (interchanges) or
with altered color patterns (intrachanges) as illustrated in Figure 4.
7

Not only the standard technique but also its variations: Spectral karyotyping (SKY), multiplex FISH
(m-FISH) and cross-species color banding FISH (Rx-FISH).
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1.3.2 DSB repair and aberration formation
Although DSBs are identified as critical lesions leading to CA, the dose response
curve (DRC) for cell death or CA shows, in general, a non-linear trend that differs from
the prominent linearity of the DRC for DSB [96]. In this way, the relationship between
CA formation and DNA damage is not directly linked to the induction but to the repair
of the DSBs. There are at least three DSB repair mechanisms available in eukaryotic
cells, namely, Homologous Recombination (HR), Single-Strand Annealing (SSA) and NonHomologous End Joining (NHEJ) [97].
HR is highly accurate at restoring the original sequence at the break but is available only during the S and G2 phases of the cell cycle [98]. SSA is activated when a DSB
occurs between two repeated sequences in such a way that two complementary strands
can be annealed. This annealed intermediate can be processed by digesting away the single stranded tails and filling in the gaps. Both HR and SSA require regions of sequence
homology and it has been shown that both repair pathways involve the products of the
XRCC2 and XRCC3 genes [99, 100, 101]. This gene family is homologous to the Saccaromyces Cerevisiae Rad52 gene group responsible for HR in yeast (highly proficient in
HR). In this way, it has been elucidated that mammalian cells may use HR [102, 103, 104]
more than was suspected in the past [97]. On the other hand, NHEJ is the predominant
repair pathway along the cell cycle and does not require extensive homology between
DNA termini in order to bind them. Instead, in NHEJ, the DNA ends bind with heterodimers of the Ku70 and Ku80 proteins, and the catalytic subunit (DNA-PKcs) of the
DNA-dependent Protein Kinase (DNA-PK) is activated. Then, the rejoining process is
completed by the DNA ligase IV/XRCC4 complex. In general, NHEJ is considered errorprone since even when attempting to eu-repair the fragments, information can be lost
[105].
In principle, all the repair mechanisms may lead to any kind of exchange. Nonetheless, HR can be triggered by one single DSB while NHEJ and SSA will require at least
two DSB for an exchange (see Figure 5). Complex exchanges (those involving three or
more DSBs and at least two chromosomes) can be formed by HR, SSA or NHEJ as well.
The exact contribution of each repair pathway to a particular type of CA remains unclear
as all the mechanisms compete actively for DSB processing. In any case, the resulting
products may represent both small (up to the kbp scale) and large (visible with microscope) scale alterations in the DNA. Thus, chromosome aberrations are not the product
of a specific cellular process but the consequence of the DSB repair dynamics [106].
DSB repair follows both slow and fast kinetics depending on the particular repair
path and the stage of the cell cycle [107, 108]. In G1 phase, CAs are formed with the
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Figure 5 – Diagrammatic representation of the formation of some CAs by HR, SSA and
NHEJ involving up to two DSBs and chromosomes. Red boxes and thunders represent
DSBs. The green and blue horizontal lines represent chromosomes and their telomeres
(vertical box). Pink arrows on top of a chromosome intend the orientation of the strand
(needed by HR and SSA as they require sequence homology). (1-2) When HR occur
between regions of sequence homology but located at different chromosomes (Ectopic
HR), reciprocal translocations and dicentrics can arise along with acentric fragments. (3)
In NHEJ, at least two DSB are needed to form an exchange. A dicentric is formed when
two centromere-containing fragments are joined after being processed by the DNA-PK
complex. One or two acentric fragments can also accompany the exchange, resulting in
a complete or incomplete exchange respectively. (4) an example of an intra-chromosomal
deletion as a consequence of SSA when the DSBs lie in an extensive region of sequence
homology. Figure modified from G. Obe et al. Mutat. res. (2002) [6].
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same kinetics as DSB repair, that is, fast kinetics due to NHEJ up to few hours after
exposure and then slow kinetics involving alternative NHEJ paths as will be explained in
brief [109, 110, 7]. On the other hand, in ref. [8], the formation of CA after 𝛾−irradiation
of G2 human fibroblasts was analyzed, showing that at this stage, all exchanges form
very quickly (presumably by NHEJ). Furthermore, since no chromatid-type exchanges
are observed many hours after exposure in G2 cells, it is believed that after the first stage
of DSB processing, the damages are repaired via the slow error-free HR mechanism [111].
There are alternative forms of NHEJ to backup when the cell is deficient in any of
the proteins and/or complexes needed for the "canonical" NHEJ (C-NHEJ) [112, 113, 114].
For instance, Yan et al. found an alternative path for rejoining in XRCC4- and LigaseIVdeficient mouse B cells, by studying the role of C-NHEJ in the context class-switch recombination8 [115]. Furthermore, Miladenov and Iliakis [114] described the enzymatic set-up
of the so-called B-NHEJ as a true backup mechanism for C-NHEJ. They showed that
this type of NHEJ does not depend on the DNA-PK complex but instead, on the LigaseIII/XRCC1 complex, and is regulated by the PARP1 polymerase. Additionally, it has
been investigated the role of the Carboxy-terminal Interacting Protein (CtIP), a DNA
end-resection factor, in the formation of translocations [116]. CtIP was originally identified by its participation in HR during G2 [117]. However, resection of the DNA breaks
by CtIP may promote error-prone microhomology-mediated end-joining (MMEJ) during
G1, which can be regarded as a form of B-NHEJ [116, 118].
Still, canonical NHEJ appears to be faster than the alternative NHEJ (B-NHEJ)
pathways which show slower kinematics [119]. In this way, B-NHEJ mechanisms can not
account for the formation of both fast and slow CA. Nonetheless, they may account
for a portion of the CAs for example at higher doses when C-NHEJ is overwhelmed by
the number of DSB sites and/or HR is not available. In any case, all the NHEJ routes
contribute to the formation of CAs, despite that C-NHEJ acts quickly and that could be
interpreted as lower chances to result in misrepairs (due to spatial proximity of the original
DNA ends of a break). Thus, the scenario for the formation of chromosome aberrations is
composed by different actors that account for different portions of the CA yield. C-NHEJ
seems to be responsible for the fast component of the CA yield across the cell cycle, while
B-NHEJ accounts for the slow kinetics in G1. On the other hand, if damages are induced
during the S/G2 phase, still C-NHEJ is the first repair mechanism to process the DSBs
due to its robust kinetics, but it may lead to early CAs. The remaining DSBs are, then,
processed by HR (leading to restitution) but not by B-NHEJ at this stage. (see Figure 6).
8

A biological process that implies the break and rejoin of portions of DNA in order to change the
production of Immunoglobulin from one type to another one.
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Figure 6 – Kinetics of the formation of exchanges in human cells after 𝛾 irradiation. Durante et al. [7] and Gotoh et al. [8] studied the formation of chromosome exchanges in G1
and G2 phase, respectively. They concluded that in both phases, each type of chromosome
and/or chromatid exchange follow different kinematics so there is a contribution from fast
and slow components to the total yield. Source: M. Durante et al. Mutat. Res. (2013) [5].

1.3.3 Cell death and carcinogenesis
Despite the vast amount of aberration categories that are identifiable at the first
metapahase (or during interphase with PCC), only a fraction of such aberrations are
transmissible. This means that only a portion of the primary aberrations can be recovered
in future cell generations. Some of those would be changed significantly due to the influence
of the cell cycle. For example, chromatid-type aberrations would be transformed into
chromosome-like aberrations. Also, small deletions located at the distal regions of the
chromosome could be processed by telomerase proteins leading to capping of the end by
telomere sequences [120, 121].
The hypothesis that chromosome aberrations could be responsible for neoplasia9
was proposed at the beginning of the XX century [122]. However, the fact that cytogenetic techniques at that time were not able to identify such chromosomal changes, made it
difficult that the hypothesis was accepted. The improvements in cytogenetics and molecular biology allowed the observation of recurring chromosomal aberrations, which in turn
identified a large number of previously known and new proto-oncogenes. Several studies
9

Uncontrolled proliferation of the cells in a tissue.
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Figure 7 – Relationship between the average number of "lethal" aberrations (dicentrics
+ rings + large deletions) and the natural logarithm of the surviving fraction of cells.
Source: Cornforth and Bedford, J. Rad. Res. (1987) [9].
showed that such genes are oncogenic, thus confirming the pivotal role of chromosomal
aberrations in tumour development [123].
Typically, translocations, inversions and deletions are more likely to be transmitted
to the cell progeny. In the case of deletions, the loss of part of the DNA sequence, while
it may be compatible with the cell survival, it may also imply the loss of a tumoursupressor gene. On the other hand, translocations and inversions can result either in
the activation of a proto-oncogene (because the gene encoding for a T-cell receptor or
an immunoglobulin protein comes to lie near that proto-oncogene), or the chromosome
breaks occur within a gene on each involved chromosome, thus creating a fusion gene that
encodes a "chimaeric protein". The c-MYC gene translocation in Burkitt’s lymphoma is a
paradigm of the situation in which a proto-oncogene is juxtaposed to an immunoglobulin
gene, thus activating the oncogene. On the other hand, the fusion between the BCR
and c-ABL genes from chromosomes 9 and 22, which leads to the so-called "Philadelphia
chromosome" in Chronic Myelogenous Leukaemia, typifies the scenario in which breakage
on each chromosome occurs within gene introns, producing fusion genes that subsequently
lead to the expression of a fusion protein.
Radiation-induced CAs can lead to cell death as well as to the long term mutations discussed above. The most common form of radiation-induced cell death is the
so-called "mitotic death", which occurs when a cell dies in attempting to divide because of
damaged chromosomes. Death may occur in the first or in a later division following irradiation. Many authors reported a close quantitative relationship between cell killing and
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the induction of asymmetric exchange-type chromosome aberrations such as dicentrics
and rings. This can be explained by the fact that during mitosis, the migration of sister
chromatids towards the two opposite cell "poles" is governed by the centromeres. If a
chromosome carries more than one centromere, as is the case for dicentrics, the cell has a
high probability to fail duplication. The linear-quadratic relationship that is characteristic
of chromosome aberration induction during acute irradiations is thus carried over to the
typical cell survival curve, which according to the linear-quadratic model is expressed by,
𝑆 = 𝑒𝑥𝑝(−𝛼𝐷 − 𝛽𝐷2 )

(1.4)

where 𝐷 is the absorbed dose, 𝑆 is the fraction of surviving cells, and the parameters 𝛼
and 𝛽 depend on various factors including the radiation LET.
One of the most important studies relating the chromosome aberration yield with
the cell killing was performed by Cornforth and Bedford [9]. They found a one-to-one
correspondence between the yield of dicentrics, rings and large deletions (regarded as
lethal aberrations) and the negative of the natural logarithm of the surviving fraction
(− ln 𝑆). Such study was carried out over an AG1522 normal human fibroblast cell line
irradiated with X-rays up to 6 𝐺𝑦 (see Figure 7). Furthermore, an excellent correlation
was found between the fraction of surviving cells and the fraction of cells without visible
aberrations. Additionally, an epidemiological study carried out over data coming from
Italian and Nordic cohorts for various types of DNA damage, has suggested that the
frequency of CAs in peripheral blood lymphocytes is a relevant bio-marker for cancer risk
in humans, reflecting either early biological effects of genotoxic carcinogens or individual
cancer susceptibility [124].

1.4 Radiobiological quantities of interest
Absorbed Dose, Equivalent Dose, LET and RBE.
The energy deposited locally in the medium per unit mass is called the Absorbed Dose.
The international unit for the absorbed dose is the Gray (Gy), which equivalent to J/kg.
Since, for a given dose, not all radiations induce the same biological effect, the quantity
Equivalent Dose is introduced in radiation protection, to compare the biological effectiveness of different radiation qualities. The equivalent dose 𝐻 on a tissue or organ 𝑇 , is
defined as

𝐻𝑇 = 𝐷 * 𝑊𝑅

(1.5)
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where 𝐷 is the absorbed dose and 𝑊𝑅 is a weighting factor that depends on the type and
energy of the incident radiation 𝑅10 . The equivalent dose is usually expressed in Sievert
(Sv).Table 2 shows other units used in radiobiology and their equivalences [44].
Table 2 – Summary of radiation doses and units.
Dose

SI Unit

Old Unit

Absorbed Dose gray (Gy)
rad
Equivalent Dose sievert (Sv) rem

Conversion Factor
100 rad=1 Gy
100 rem=1 Sv

IRs interact with matter through various processes that result in depositions of
energy along their path. The energy loss rate in a particular material depends not only on
the energy and type of radiation but also on the density of the medium as shown in eq. 1.1.
The LET is defined as the expected value of the energy transferred by the projectile to the
medium per unit path length. This quantity accounts for the energy transferred due to
electronic collisions including excitations and ionizations. For charged particles at a given
energy, is defined as the quotient −𝑑𝐸/𝑑𝑙 where 𝑑𝐸 is the average energy transferred to the
medium when the particle has traveled a distance 𝑑𝑙. For photons, the energy depositions
are due to the secondary particles created after interactions with matter. In this way, the
LET of photon beams is defined by the LET of secondary electrons. The most common
unit to express the LET is 𝑘𝑒𝑉 /𝜇𝑚. The biological effects of IRs depend partially on this
quantity, thus, the LET is considered a measure of radiation quality in radiobiology. Low
LET radiations like electrons, 𝛾− and X-rays, produce sparse energy deposition patterns
while ions and neutrons, regarded as high LET particles, tend to deposit their energy
along their tracks. Since different radiations may show diverse biological effects, even at
the same dose, the Relative Biological Effectiveness (RBE) arises as a way to compare
different radiation qualities from a radiabiological point of view. The RBE quantifies the
capacity of a given radiation quality to produce a certain level of biological effect relative
to a radiation of reference (𝛾−rays and X-rays are the common reference) [45].

(︃

𝑅𝐵𝐸 =

𝐷𝑜𝑠𝑒 𝑓 𝑟𝑜𝑚 𝑟𝑒𝑓 𝑒𝑟𝑒𝑛𝑐𝑒 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
𝐷𝑜𝑠𝑒 𝑓 𝑟𝑜𝑚 𝑡𝑒𝑠𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

)︃

(1.6)
𝑔𝑖𝑣𝑒𝑛 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑏𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙 𝑒𝑓 𝑓 𝑒𝑐𝑡

In most cases, the endpoint for measuring RBE is a given level of cell survival in
in vitro cultures.
As a first approximation, the RBE increases with LET. However, the RBE shows a
peak at ∼ 100 𝑘𝑒𝑉 /𝜇𝑚 [2] (see Figure 8). This behavior may be attributed to saturation
10

The International Comission for Radiological Protection (ICRP) has assigned the value of 𝑊𝑅 for
the main radiation qualities [43].
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Figure 8 – RBE values for monoenergetic ion beams of different qualities and in the dose
range of 4 − 30 𝐺𝑦. Color code: p = red; He = blue; C = gray; Ne = orange; heavier ions
than Ne = green. The RBE values show a peak around 100 𝑘𝑒𝑉 /𝜇𝑚 and then a decrease
even at higher LET and doses due to saturation effects. Source: Friedrich et al. J. Radiat.
Res. (2013) [2].
effects denominated "overkilling" that appear after this LET value. That is, at a certain
point the damage on the DNA reaches a maximum so any additional injury does not
really worsen the biological effect. Also, after the peak, the energy depositions are so
close to each other that the number of sites affected reduces, and so the effectiveness of
the radiation. High-LET radiation is able to deliver its energy in regions with sizes close
to the DNA dimensions, thus, it tends to be more effective at inducing damages on the
genetic material. Conversely, for low-LET radiation like photons and electrons, the energy
deposition distribution is more sparse relative to this bio-molecule’s dimensions (∼ 𝑛𝑚).
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2 Models of DNA/chromosome damage and
cell death: analytical and Monte Carlo approaches
2.1 Analytical approaches
Since the beginning of the last century, when experiments on bacteria and chick
embryo cells showed an exponential dependence of cell viability on radiation [125, 126],
mathematical modelling has been an essential part of the fields of radiation biology and
radiation therapy. The first theoretical models on radiation response were developed basing on the idea that cells have sensitive sites (or targets) that can be inactivated by
radiation-induced damaging events (hits). The number of hits was suggested to be proportional to the dose delivered to the cell, and to follow a Poisson distribution with mean
value 𝑛 = 𝐷/𝐷0 , where 𝐷0 is the dose required to induce a mean number of hits equal
to 1.
These simple considerations gave rise to a handful of models that sought to explain
experimental observations regarding cell survival. For instance, in the first studies with
bacteria and chick embryos, the exponential behaviour could be reproduced by assuming
that only un-hit cells survive. Thus, the survival probability, 𝑆, is given by the probability
of being hit 0 times, i.e.

𝑆(𝐷) = 𝑃ℎ𝑖𝑡𝑠 (0, 𝐷) = 𝑒−𝐷/𝐷0

(2.1)

where 𝑃ℎ𝑖𝑡𝑠 (𝑚, 𝐷) is the probability of being hit 𝑚 times after a dose 𝐷. However, this
description was not enough to explain the growing experimental data on mammalian cells
exposed to photon irradiation. Those curves consistently showed a "shouldered" region
that indicated lower sensitivity to radiation at low doses [127, 128]. Then, the multitarget single-hit approach was proposed to address this problem. The hypothesis was
that cells have not only one but 𝑘 sensitive targets (still with 𝑃ℎ𝑖𝑡𝑠 (0, 𝐷) = 𝑒−𝐷/𝐷0 each),
which need to be inactivated in order to kill the cell. This assumption leads to the cell
survival probability given by Equation 2.2, which has a null initial slope that increases
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gradually to 1/𝐷0 at high doses.

𝑆(𝐷) = 1 − (1 − 𝑒−𝐷/𝐷0 )𝑘

(2.2)

Although the multi-target single-hit theory could fit part of the data, there was
evidence that not all cell lines display the "zero initial slope" trend. Furthermore, experiments at high doses often showed an increasing curvature, up to the limit of detectability
[129, 130]. Alternative formulations of the multi-target single-hit theory were proposed to
overcome these problems. However, it appears that formulations based on the target theory lead to survival curves that are too complicated to be useful to explain the radiation
response mechanisms [131]. Moreover, target theory models are also unable to describe
the phenomenon of hypersensitivity to low-doses that is characterized by a V-shaped part
in the 1 − 400 𝑚𝐺𝑦 range [132].
Later on, the Linear-Quadratic (LQ) model was introduced as an alternative model
for cell survival. Its main characteristic is that it incorporates both a constant slope
and a continually increasing quadratic curvature. Although very simple, the LQ model
is nowadays the dominant mathematical model in the context of pre-clinical studies.
Not only does it fit data successfully, but also offers some intuitive explanations for a
range of biological effects. For instance, fractionation effects in tissues and tumors can be
consistently interpreted in terms of the coefficients 𝛼 and 𝛽 of Equation 2.3, by noting
that the ratio 𝛼/𝛽 defines a dose at which both the linear and the quadratic component
contribute equally to cell killing. Thus, if cells are allowed to repair between two fractions
of radiation, the shouldered portion of the curve is repeated and less killing is achieved
in this way. The 𝛼/𝛽 ratio characterizes the degree of such sparing. The LQ formula, for
a single acute irradiation, is given by
𝑆(𝐷) = 𝑒−𝛼𝐷−𝛽𝐷

2

(2.3)

where 𝛼 and 𝛽 are adjustable parameters (cell repopulation has been neglected in this
case).
By the 70’s, Kellerer and Rossi published their Theory of Dual Radiation Action
(TDRA) in order to provide an interpretation for LQ model. They proposed that the
formation of critical lesions was the result of two kinds of mechanisms. On the one hand,
part of the critical lesions can be induced by the interaction of two "elementary lesions"
produced by the same primary track, which is regarded as a first-order mechanism that
leads to the linear term in the dose-response relation. On the other hand, a portion of the
critical lesion can also be induced by two "elementary lesions" produced by independent
tracks, introducing the quadratic term [133]. In this model, the nature of the "lesions"
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was deliberately left unspecified. A year later, Chadwick and Leenhouts identified those
critical lesions with Double-Strand Breaks (DSBs), and the elementary lesions (or sublesions) with Single-Strand Breaks (SSBs). Their work, known as "molecular theory of
cell survival", also reproduced the general trends of the LQ model at low doses [134].
However, it is a matter of fact that DSBs tend to increase linearly with dose, instead of
in a linear-quadratic fashion.
Apart from the aformentioned models, other approaches such as the "Repair MisRepair" (RMR) or the "Lethal Potentially Lethal" (LPL) models were also developed in
the following years [135, 136]. Both RMR and LPL considered the yield of initial damage to be linear with dose. Then, the initial damage can be repaired by either linear or
quadratic kinetics. Additionally, Goodhead tackled the problem from the perspective of
enzyme depletion in his Saturable Repair (SR) model [137]. The basic assumption of the
SR model was that as the number of lesions increases, the probability of successful repair
falls, due to a reduction in the cell’s ability to repair all of the induced damage.
All these models propose a mechanistic link between the LQ model and the damage
induction and repair processes. However, distinguishing which models are correct (if any)
remains controversial as all of them can predict dose response curves relatively well, with
adequate selection of their parameters. Furthermore, at present, the very LQ model is
being challenged by modern radiotherapy techniques, since there is an increasing interest
in including other factors to analyze radiation responses. For instance, charged particle
therapy [138], drug-radiotherapy combinations [139] and the role of tumour microenvironment after radiotherapy [140] among others. As an empirical model, the LQ parameters
do not offer any sort of information about other end-points of interest in radiobiology.
This motivates the development of more and more refined mechanistic models of radiation
response in general.
Recently, most of the efforts, from an analytical point of view, are being focused
on the kinetics of repair. Nevertheless, the induction of damage in the DNA by ionizing
radiation is also an open area for theoretical and analytical developments. Specifically,
the need of cross-section models at low energies for electrons and protons, is one of the
bottlenecks in the field of track structure calculations nowadays [141]. With regard to
repair kinetics, many approaches have been followed, including biphasic [142], biochemical
kinetics [143, 144, 145], multiscale [11, 146] and statistical [147, 148] models. However,
most of these approaches have met controversy, for example, biochemical models have been
criticized with the argument that the biphasic model has never succeeded in providing
definitive values for the repair components [149].
In general, the problem of "identifiability", that is, assigning unique values to the
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model parameters, remains a hot topic as the models use too many parameters and different combinations of values can fit the data. Still, models of NHEJ have been capable of
reproducing trends in both DNA repair kinetics and the role of some key genes [145]. An
alternative method, which addresses the "identifiability" problem, uses Bayesian inference
to assess repair mechanism activation [148]. This method relies on training a simple model
against multiple datasets of DSB repair under different genetic knockouts when multiple
repair mechanisms are activated. Then, with the set of most probable parameters, predictions can be made. The advantage of this model consists of having a small number of
parameters whose interpretation and assignment is more robust.

2.2 Monte Carlo approaches
2.2.1 DNA damage and repair
Nowadays, Monte-Carlo (MC) simulations have become the standard when simulating radiation transport [150]. In such approach, both primary and secondary particles
are followed in an event-by-event basis by modelling each event of ionization, excitation
and scattering that those particles may undergo along their track. Early works on microdosimetric energy depositions at the sub-cellular level, highlighted the importance of
detailed simulations in the context of radiobiology applications, as the energy distribution for different radiation qualities displays high heterogeneity even when similar average
doses are delivered to the same volume [151, 152] (see Figure 9). Advances in this area
have been witnessed since the 90’s, when DNA structure features started to be included
in the calculations [153, 154]. Thus, various aspects such as the amount of energy that
must be deposited in a sugar-phosphate backbone to cause a strand break could be tuned
by experimental data on measurable end-points such as SSB and DSB yields. Furthermore, the models provided means to investigate underlying mechanisms and endpoints
which were not so readily measurable, such as the yield of complex, multiply-damaged
sites [155].
Several MC radiation transport codes have been developed throughout the years
by different groups. Typically, those codes were restricted to the energy range and particle
types of interest to the research group that developed them. Among the most popular
codes applied to dosimetry simulations and/or biophysical modelling, are: EGS [156],
FLUKA [157], Geant4 [158], KURBUC [159], MCNP [160] and PARTRAC [161]. While
many of these MC codes use "condensed history" physics models1 , which are accurate at
the patient scale, it has been shown that simulation of each individual interaction is required at the cellular level [162, 163]. This resulted in the development of specific-purpose
1

when some charged particle interactions are condensed into single steps to improve performance.
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Figure 9 – Illustration of the track structure of two different radiation qualities. Blue (top):
10 𝑀 𝑒𝑉 proton (∼ 5 𝑘𝑒𝑉 /𝜇𝑚). Red (Bottom): 200 𝑀 𝑒𝑉 Carbon ion (∼ 100 𝑘𝑒𝑉 /𝜇𝑚).
In both cases, the primary particles deposit a small fraction of their energy along their
track (solid lines). Most of the energy is deposited by secondary electrons (points) near
the track core, with notorious differences in their corresponding energy distribution patterns. A DNA structure is superimposed for scale. This highlights the importance of
nanodosimetric calculations as densely ionizing radiation (e.g. Carbon ions in the figure)
has the potential to induce more breaks in the genome than sparsely ionizing radiation
(e.g. protons in the figure) at such scale. Source: S. McMahon and K. Prise. Cancers.
(2019) [10].
MC codes that calculate track structures at lower energies, making them applicable to
cellular scales. For instance, the GEANT4 MC code (one of the most widely used) has
been extended to encompass ionizing events at energies relevant to cellular nanodosimetry
(down to a few eV per particle) through the Geant4-DNA project [164, 165]. Additionally,
the TOPAS and TOPASnBio toolkits, which are also extensions of GEANT4, are becoming popular in radiobiology research as they seek to make these Monte Carlo approaches
more generally accessible [166, 167].
The success of MC codes in radiobiology research has kept growing over the years,
and different codes have proven their capabilities in different fields and applications. Nevertheless, there is plenty of room for further improvements in the prediction of DNA
damage from first principles. For instance, interaction cross-sections are one of the key
pieces of input data needed for Monte Carlo models, describing the probability of various
scattering and ionization events as a function of energy and target material. However, little
data on cross-sections in organic materials at low energies (nanoscale), is available. Thus,
MC calculations at the nanoscale use to treat organic materials as water-equivalents. Such
approximation, while usually valid at the highest energies, at the lowest, that may not be
the case [168, 169].
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Additionally, among all the initial damage induced in the DNA, only a portion is
due to direct interaction of radiation with the target molecules (around 30% for photon
irradiation and higher for heavy charged particles). The majority of strand breaks come
from chemical reactions between the DNA and the radical species and ions, created by
the interaction of radiation with the water molecules surrounding the DNA. In this way,
radiation chemistry becomes also an important component of MC simulations towards a
better description of the radiation action in general. Thus, transport of chemical species
started to be developed in most of the codes mentioned above [170, 161, 171, 172, 173].
However, in most cases these codes are still limited to simulations in liquid water, due to
the lack of information on reaction rates in more complex chemical compositions.
Another open area in this field, is the modelling of DNA structures. The standard
practice in MC applications in radiobiology, is to superimpose the outcomes of simulations
in uniform water-equivalent volumes over a geometrical model of the genome, in order
to assess the damage. Notwithstanding, which DNA models to use remains an important
open question since the genome presents several organizational levels, and the damage
induced by ionizing radiation may depend upon its local structure around the track [161,
174, 175, 176].
In spite of such limitations, there are many models based on the aforementioned
transport codes, which predict yields of radiation-induced damages such as DSB, SSB and
base lesions. Those models, in general, may incorporate different geometries and physical
as well as biological models (some of them also include chemical transport). Still, they
produce rather similar predictions. Such apparent flexibility in modelling can be attributed
to the uncertainties associated with the biophysical parameters used in the simulations.
The origin of those uncertainties comes both from experimental measurements on DNA
damage, which are usually difficult to carry out, and, as already commented, from the
lack of ultimate theoretical and computational models at the boundaries between physics,
chemistry and biology.
Nevertheless, there is an ongoing effort in the scientific community of this field,
to facilitate comparisons between models and help in their development. An example of
this effort consists of adopting a Standard for DNA Damage (SDD) reporting system,
which would allow modellers to test their model design and dependencies on underlying
physics properties. This standard aims at promoting further interdisciplinary inter-group
collaborations that will help us in advancing our understanding of DNA response to
ionizing radiation exposure [177].
Regarding DNA repair, the primary mechanisms that cells possess in order to treat
DNA lesions have been extensively studied (see subsection 1.3.2). Many key aspects of
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DSB processing such as the proteins, complexes and other conditions, which are characteristic of a particular repair pathway (e.g. NHEJ, HR, MMEJ), have been identified from
experimental studies. This has enabled the implementation of biochemistry models that
aim at tracking the migration and interaction of DNA ends and proteins in detail.
For instance, Friedland et al. implemented a Monte Carlo model, which simulates
NHEJ in a step-by-step fashion [11]. They used the PARTRAC code to provide starting
conditions concerning the spatial distribution of DSBs and the characterization of lesion
complexity. Then, the processing of DNA termini by the DNA-PK factory was simulated
in detail, including first-order kinetics and diffusive motion. Their model required several
parameters describing the association and dissociation of DNA ends with repair enzymes,
as well as time constants related to the post-synaptic phase of the process, to be tuned.
Such parameter-space was explored by combining both experimental data and hypotheses
on the origin of the slow phase of DSB repair. This resulted in four scenarios for testing different parameter setups. The application of the model to human fibroblasts cells
after low-LET radiation reproduced many features regarding rejoining kinetics, yields of
misrejoining events and chromosome aberration induction. However, as the authors mentioned, further improvements are still required to better reproduce other end-points such
as residual DSBs, and to incorporate more realistic assumptions with regard to DNA ends
diffusion and interactions.
More recently, Henthorn et al. proposed a model to investigate the dependence of
residual and misrepaired DSBs on the initial damage pattern created during ion therapy
[178]. This approach also combines MC simulations of radiation transport with a stochastic
simulation of the NHEJ process. In their work, they used the GEANT4-DNA toolkit
to simulate the transport of different ion species across a water medium representing
a simplified cell model. Then, the energy depositions were translated into DSBs over
a geometrical model of the cell nucleus. This conversion is based on the assumption
that a fraction of the nucleus is occupied by the sensitive material. Thus, to take into
account indirect damage, such sensitive fraction was fitted according to experimental data
that includes indirect effects. To simulate NHEJ, each DSB was allowed to move within
the nucleus by sub-diffusive motion and, at each step, DSB ends underwent a series of
stochastic time-constant-based state changes that represented the recruitment and action
of repair protein complexes. The time constants were fitted according to experimental
data on recruitment kinetics of the proteins involved in NHEJ. The authors applied their
model to protons, 𝛼−particles and Carbon-ions across a range of track-averaged LET
values. Interestingly, they concluded that the early biological effect of radiation can be
predicted based on the extent to which DSBs are clustered. That is, it is independent
of ion type, dose, LET and break complexity, when the fraction of misrepaired DSBs is
considered as the end-point. However, different radiation qualities do produce different
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Figure 10 – Scheme of the NHEJ. The process, as implemented in Friedland et al. (2010),
is divided in three phases: The pre-synaptic phase, in which DNA ends diffuse freely and,
eventually, can be attached to Ku70/80 heterodimer and DNA-PKcs. The synaptic phase,
where two DNA ends in sufficient close proximity, move together while are prepared for
the next phase. In the post-synaptic phase, repair enzymes attempt to clean up dirty DSBs
and finalize the rejoining process. Source: W. Friedland et al.. Radiat. Res. (2010) [11].
cluster patterns at similar LET values. In this way, they suggested that this mechanism
can explain the experimentally observed differences in cell killing and mutation caused by
different ion species at iso-LET.
Nonetheless, it is noticeable how the Micro-homology Mediated End Joining and
Homologous Recombination repair pathways have not yet been implemented in a mechanistic fashion. Thus, their contribution to the chromosome aberration yields remains
neglected in most cases. This may be attributed to the pathway complexity, in the case
of HR, and the relatively lack of details of its functioning, in the case of MMEJ. Furthermore, even though NHEJ has started to be modelled from a mechanistic perspective, the
extensive number of parameters that are required to reproduce experimental data, still
makes it difficult to draw final conclusions regarding model testing and selection.
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2.2.2 Chromosome and cell level response
Apart from the aforementioned models, which focus on detailed simulations of
DNA damage and repair at the nano-scale, there exists another class of models that
focus on simulations of radiation response at the micrometer-scale. Such models aim
at linking early damage with chromosome aberrations and cell death, on a mechanistic
way as well, but paying special attention to proximity effects as the major driver of
misrepair. In exchange of the lack of details about DNA repair, some of these models
have been successful in reproducing yields of chromosome aberrations and cell survival
quite well, with only a few adjustable parameters. Additionally, they are computationally
less expensive, which facilitates their possible use in future clinical applications.
Some of these models use CA yield as the end-point, seeking to reproduce yields of
the main aberration categories observable with painting techniques. Thus, their parameters are, usually, tuned by comparison with FISH data. That is the case of, for instance, the
CAS model developed by Chen et al. [179], which was subsequently upgraded to CAS2
[180]. Another example is the NASA Radiation TrackImage model/code published by
Ponomarev et al. [181]. Furthermore, other models not only use CA yields as end-points,
but also incorporate cell killing as in the case of BIANCA [182] and the Repair-MisrepairFixation (RMF) model [183]. A common feature among these approaches, apart from
focusing on the already mentioned end-points, is that they are heavily based on distance
dependence relationships for modelling the formation of aberrations. As a consequence,
the geometry of the cells nucleus plays an important role as well. Details concerning most
of these models will be presented in subsection 3.2.3, in order to contrast the approach
followed in this thesis work, with similar models.
Nevertheless, some generalities can be outlined here. For instance, while part of
these models distinguish DSBs from clusters of DSBs, the existence of lesions severe
enough to be considered "critical", is a common assumption2 . The distribution of initial
damage is based on LET and dose, distinguishing between sparsely and densely ionizing
radiation. The former, induces damages uniformly distributed over the nucleus volume,
while in the latter, the lesions are placed along "tracks" in order to emulate denser patterns.
The dose determines the number of initial lesions. Additionally, interphase chromosome
organization within the nucleus is essential in the distinction of aberration products. Thus,
these approaches implement, either implicitly or explicitly, the notion of chromosome territories. Finally, proximity effects are taken into account through misrejoining probabilities
between DNA fragments (created by the critical lesions), which depend upon the initial
distance between such lesions.
2

e.g. "reactive DSBs" in CAS2 or "cluster lesions" in BIANCA.
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Regarding cell response in terms of survival, there are extensions of many of the
models cited along this section. However, when it comes about clinical RBE modelling,
the Local Effect Model (LEM) [184] and the Microdosimetric Kinetic Model (MKM) [185],
dominate the scene nowadays. Nevertheless, the enhancements in the BIANCA model in
the last years and during this PhD project, have expanded its capabilities in such a way
that clinical applications are now within the scope of BIANCA (see subsection 4.4.2).
Both LEM and MKM, predict the effects of high LET radiation basing on microdosimetric calculations and biological parameters extracted from photon exposure. In
LEM, the basic assumption is that the local biological effect, that is the damage in a
small cellular sub-volume, is determined by the expectation value of energy deposition
in that sub-volume and is independent of the radiation type. Thus, for a fixed biological
target, the only difference relies on the different radiation track structures. Additionally,
this model assumes that cell survival is given by
𝑆 = 𝑒−⟨𝑁 ⟩

(2.4)

where 𝑁 is the mean number of "lethal events" induced on the cell. Specifically, it is assumed that the Linear-Quadratic relationship observed for photons, holds in those cellular
sub-volumes. Thus, the total number of lethal lesions, 𝑁 , is calculated as
𝛼𝐷𝑟 + 𝛽𝐷𝑟2
𝑑𝑉
(2.5)
𝑉
where 𝐷𝑟 is the dose delivered at a point 𝑟, 𝑉 is the total volume of the nucleus, and 𝛼
and 𝛽 are extracted from photon survival curves irrespective of the radiation quality in
question.
⟨𝑁 ⟩ =

∫︁

More recent versions of the LEM have moved to explicitly consider break repair and
misrepair probabilities similar to some other models described above, but these approaches
have yet to make the transition to clinical practice [186]. On the other hand, the MKM
uses a similar approach with the difference that "sub-lethal events" are also considered.
These "sub-lethal lesions" can either combine and form a "lethal" lesion (misrepair) or
successfully repair. In this model, the average number of "lethal events" is given by

⟨𝑁 ⟩ = 𝐴𝐷 + 𝛽𝐷2

(2.6)

where 𝛽 is independent of the radiation quality and thus, is taken from X-rays curves. In
contrast, 𝐴 depends not only on photon parameters but also on the dose mean specific
energy by single energy deposition events in the domains. Cell survival is then calculated
by means of Equation 2.4.
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These models allow calculation of RBE values in a variety of situations achieving
good agreement with experimental data. Additionally, the MKM has been applied to
brachytherapy [187], and Boron Neutron Capture Therapy [188], while the LEM has
been applied to gold nanoparticle enhanced X-ray therapies [189]. Currently, both models
support treatment planning optimization at carbon therapy centers in Europe (LEM) and
Japan (MKM) [190, 185].
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3 BIANCA model: Former versions and version developed in this work
BIANCA stands for BIophysical ANalysis of Cell death and chromosome Aberration and is a model, implemented as a fortran code, designed to describe the formation
of chromosome aberrations and cell death. It is based on a few mechanistic assumptions
that, along with a small set of adjustable parameters, investigate the interplay between
ionizing radiation and DNA.

3.1 Overview
The early versions of the BIANCA model began development in 1999 by Ballarini
et al. and continued evolving throughout the years to expand and refine its capabilities.
Herein will be described the assumptions of the model, which are common to both the
versions developed in this PhD project, as well as the previous. Also, a brief review of
the main changes and achievements of the BIANCA versions prior to this work will be
presented, as it will help the reader to gain perspective of the evolution of the model.

3.1.1 Model assumptions
Nowadays, the DNA is still considered the primary sensitive target after ionizing
radiation interacts with a living organism [29]. Thus, modelling the cell nucleus as the
Region Of Interest (ROI) has been the main approach over the years to study the radiobiological problem. BIANCA follows this paradigm too. To simulate the formation of
chromosome aberrations (CA), BIANCA assumes that:
1. Ionizing radiation induces a number of effective DNA lesions that are severe enough
to break the chromatin fibre in two independent fragments. Such lesions are referred
to as cluster lesions, or CLs, since it is likely that they are clustered.
2. Two chromatin fragments can undergo end-joining according to the so called "proximity effects". The process of end-joining is modelled as a probabilistic event that
depends on the initial distance, r, of the two involved ends.
3. Asymmetrical CA such as dicentrics, rings and large deletions, where "large" means
large enough to be detected by Giemsa staining in metaphase (i.e. larger than ∼ 3
Mbp, according to [9]), are assumed to lead to clonogenic cell death.
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There exist experimental evidences that support assumptions 1 and 2. Such evidences show that, despite that 1 𝐺𝑦 of radiation produces ∼ 30 − 40 DSBs per cell on
average, only 1 or even fewer chromosome aberrations are induced in the cell. This means
that only a subset of all the initially induced DSBs lead to chromosome aberrations. It is
likely that these critical DSBs are of a complex type, since the complexity of the damage
is a key factor in the biological expression of the radiation effect, as the more complex
the damage, the higher the risk for the repair mechanisms to fail [191]. Thus, in BIANCA
it is assumed that, among all the DSBs induced after irradiation, only those that are
complex enough are able to lead to a chromosome aberration (assumption 1), as long as
they are in spatial proximity (assumption 2). Such complex lesions are likely to be cluster lesions. Since the model does not provide an operational definition of what a cluster
lesion is, the mean number of CLs per unit dose and cell is left as an adjustable parameter. Regarding assumption 3, in the work of Cornforth and Bedford [9] it was found a
one-to-one relationship between the average number of lethal aberrations (where "lethal"
means dicentrics + rings + large acentric fragments) per cell and the logarithm of the cell
surviving fraction, for AG1522 cells exposed to X-rays. In BIANCA, the same reasoning
is extended to other cell lines and radiation qualities in order to approach clonogenic cell
death. Nevertheless, the model does not exclude the fact that there are other mechanisms
that may play an important role in cell killing, for instance, non-transmissible complex
aberrations, apoptosis, etc.

3.1.2 Evolution of BIANCA
3.1.2.1 Early versions
From the first model versions introduced by Ballarini et al. [192], a pivotal role in
biological radiation-induced damage has been attributed to chromosome aberrations. It
was assumed that CAs arise from mis-rejoining or unrejoining of chromosome fragments
produced by severe DNA damages called "Cluster Lesions". In such early versions, the
localization of the interphase chromosomes was not modelled explicitly but rather introduced as a probability of intersection with a particle track whose CL yield was taken
from [193]. The number of cluster lesions for a given dose was extracted from a Poisson
distribution and each CL was assigned to a chromosome arm with a probability proportional to the arm DNA content. It was assumed that every CL leads to a chromosome
break, i.e, it produces two independent fragments. To simulate the formation of chromosome aberrations, it was assumed that each fragment has the same probability to interact
with every other possible partner, without any dependence on proximity. Subsequently,
aberrations were scored and classified. The procedure was then repeated multiple times
in order to achieve statistically significant results. Dose-response curves were constructed
by applying the same procedure for different doses. Good agreement was found with ex-

Chapter 3. BIANCA model: Former versions and version developed in this work

55

perimental data taken from the literature; however, there was a tendency to overestimate
the so-called "complex exchanges". This tendency suggested that proximity effects needed
to be introduced.
Later on, the explicit modelling of chromosome territories was introduced and
proximity effects were taken into account [194, 195, 196]. The interphase chromosomes
were constructed within a sphere of radius 3 𝜇𝑚 (representing a human lymphocyte),
by means of a 3D mesh with 27000 cubic voxels of 0.2 𝜇𝑚 side. The number of voxels
assigned to each territory was proportional to its DNA content. The steps to create each
chromosome territory consisted of selecting a starting voxel and growing the domain by
adding the neighboring voxels that were available until a stop condition was reached (in
principle, determined by the DNA content, however it was not always possible to meet this
criteria for all the chromosomes simultaneously). In this way, it was possible to construct
the 46 interphase chromosome territories (CT). Thus, when a CL hit a voxel, it was
straightforward to determine which chromosome was injured. In such events, the CL was
assigned to one of the chromosome arms according to a probability dependent upon their
genome content.
To account for proximity effects, exchange-type aberrations were assumed to be
originated only by fragments that were spatially close, either in the same territory (intrachanges) or in adjacent ones (interchanges). This assumption was implemented in the
simulation code introducing a cut-off distance 𝑑: two chromosome free-ends were allowed
to undergo end-joining only if their (initial) distance was smaller than 𝑑, and within 𝑑
each pair of fragments had the same end-joining probability. The value of 𝑑 was set to
1.5 𝜇𝑚. For light ions, the CL yield was taken from [193], while for 𝛾−rays it was adjusted
after comparison with experimental data. These improvements in the original model led
to results in line with experimental data [197, 198] for dicentric yields, in the case of
5 𝑘𝑒𝑉 /𝜇𝑚 protons and 86 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles, and F-ratios in the case of gamma-rays,
5 𝑘𝑒𝑉 /𝜇𝑚 protons and 121 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles. Dose response curves for non-lethal
aberrations (e.g. reciprocal translocations) were also computed and compared with experimental results obtained by FISH. The model was then applied to predict aberration
yields in lymphocytes of astronauts involved in long-term missions onboard the MIR space
station or the International Space Station. The calculated dicentric dose-response curves
were consistent with astronauts’ data [199].
In 2007, further extensions of the model were carried out in order to include the
action of heavy charged particles [200, 201]. To this end, some CLs were radially "shifted"
from the track core to simulate the effects of "delta rays" (c.f. subsection 3.2.2). Good
agreement was found with PCC experimental data [202], measuring "simple exchanges"
(dicentrics + translocations) in human lymphocytes exposed to 1 𝐺𝑒𝑉 /𝑢 Fe-ions and
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290 𝑀 𝑒𝑉 /𝑢 C-ions.
3.1.2.2 The first BIANCA
From 2010, the biophysical model thus far developed, which was focused on chromosome aberration formation, was extended to cell death1 [203]. Since very little data is
available on the survival of lymphocytes, which are generally grown as cell suspensions,
fibroblast nuclei were implemented in the code. At this stage, the full set of assumptions
presented in subsection 3.1.1 came into play, that is, the third statement was incorporated. As already mentioned, new geometries were introduced at this point, specifically,
cylindrical nuclei representing AG1522 human and V79 hamster fibroblasts (elliptical and
circular base cylinders, respectively).
Concerning the simulation of irradiation, for each cell line and radiation quality
the average number of CLs per Gy and per cell was fixed as an input parameter. In the
case of ions, the mean number of lesions per micron instead was used (see Equation 3.3
in subsection 3.2.2). For heavy ions, the probability for a lesion to be at the core of the
track was taken as 50%. Those lesions lying at the penumbra (out of the core) of the track
were radially shifted by means of Equation 3.7 (see subsection 3.2.2). As before, the actual
number of lesions was extracted from a Poisson distribution for each dose of interest. Once
the lesions were placed within the nucleus, the formation of aberrations was still modelled
using a step-like probability function. That is, chromatin ends separated at a distance
smaller than a threshold distance 𝑑, had the same chance to rejoin to any potential partner.
The scoring of aberrations was based on the products visible under GIEMSA staining,
namely, dicentrics, rings and deletions, which can be identified by their shape and number
of centromeres. All the steps were repeated until achieving statistical significance. For a
single dose 𝐷, the cell surviving fraction was then calculated as 𝑆(𝐷) = 𝑒−⟨𝐿𝐴⟩ , where
⟨𝐿𝐴⟩ was the average number of "Lethal Aberrations" per cell at a dose 𝐷. Cell survival
curves were constructed by running simulations with several doses.
In the first BIANCA, both the average number of CL per Gy and per cell (𝐶𝐿𝑦)
and the threshold distance (𝑑) needed to be adjusted by comparison with experimental
data. To find those values for a given cell line, a reference radiation curve (typically
photons) was used to first tune 𝑑. Next, keeping unchanged the value of 𝑑, 𝐶𝐿𝑦 was
found for ions at a specific dose, and then both parameters were fixed throughout the
simulations with other doses. The motivation for this procedure came from the observation
that 𝑑 would represent a characteristic of the target cell (independent of the radiation
quality), while 𝐶𝐿𝑦 reflects the ability of a given radiation to induce damage. However,
with regard to the 𝐶𝐿𝑦, some modulation is also expected by the considered cell line,
1

From this extension and on, the model receives its acronym.
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Figure 11 – Survival curves for V79 cells exposed to X-rays and to four carbon-ion beams
of differing energy. Simulations were carried out using the first version of BIANCA. Source:
Ballarini et al. Rad. Res. (2013) [12].
depending on the specific features of the cell repair mechanisms.
Simulated survival curves were compared with survival data on V79 cells exposed
to different mono-energetic beams of protons or Carbon ions, as well as a reference
radiation (X-rays) [12]. From the X-rays data, it was found 𝑑 = 5 𝜇𝑚 and 𝐶𝐿𝑦 =
1.8 𝐺𝑦 −1 𝑐𝑒𝑙𝑙−1 . Using this 𝑑, the values for CLy were in the range of 2 − 4 𝐺𝑦 −1 𝑐𝑒𝑙𝑙−1 for
protons with LET between 7.7 and 34.6 𝑘𝑒𝑉 /𝜇𝑚. On the other hand, for carbon ions, the
value of 𝑑 was fixed to 4 𝜇𝑚 as the cells used in the experiment considered for comparison
were smaller. Concordance with the X-ray experimental curve was found with 𝑑 = 4𝜇𝑚
and a CL yield of 1.3 𝐺𝑦 −1 𝑐𝑒𝑙𝑙−1 . The difference in the CLs yields for the two experiments
may reflect the differences in radiosensitivity between the two cell lines. The Carbon ions
had LET values in the range of 13.7 to 339.1 𝑘𝑒𝑉 /𝜇𝑚 and the CLy were in the range of
2 − 6 𝐺𝑦 −1 𝑐𝑒𝑙𝑙−1 (see Figure 11).
Furthermore, the model was applied to the simulation of human fibrolasts exposed
to X-rays and 116 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles as in [9, 20]. For this cell line, the threshold
distance was found to be 3 𝜇𝑚, while the 𝐶𝐿𝑦 were 2 and 9.4 𝐺𝑦 −1 𝑐𝑒𝑙𝑙−1 , respectively.
With these values, a good agreement with the data (considering the experimental error
bars) was found. The approach was then extended to other two AG1522 data sets taken
from the literature. One data set consisted of gamma rays, C, He and Ne data [13], while
the other one comprised gamma and 𝛼−particles data [14]. In this case, all curves were
obtained with 𝑑 = 5 𝜇𝑚. The difference with respect to the other experimental data set
was attributed to important differences in the experimental techniques carried out by the
corresponding laboratories. Nonetheless, the simulation outcomes were supported by the
experimental data in most cases, as can be seen in Figure 12 [15].
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Figure 12 – From top to bottom: survival of AG1522 cells exposed to 𝛾-rays (two curves:
the upper one compared with data from Hamada et al. 2006 [13], and the lower one
compared with data from Neti et al. 2004 [14]), 16.2 𝑘𝑒𝑉 /𝜇𝑚 He ions, 437 𝑘𝑒𝑉 /𝜇𝑚 Ne
ions, 76.3 𝑘𝑒𝑉 /𝜇𝑚 C ions, 321 𝑘𝑒𝑉 /𝜇𝑚 Ne ions, 108 𝑘𝑒𝑉 /𝜇𝑚 C ions, and 132 𝑘𝑒𝑉 /𝜇𝑚
𝛼−particles. The lines are simulation results, whereas the points are experimental data
taken from Hamada et al. 2006 (upper gamma curve, He ions, C ions, and Ne ions) or
Neti et al. 2004 (lower gamma curve and 𝛼−particles). Source: Ballarini et al. Rad. Res.
(2014) [15].
3.1.2.3 BIANCA II
Despite the positive results obtained with BIANCA, the fact that the threshold
distance was 5 𝜇𝑚 appeared to be incompatible with experimental evidences regarding
chromatin mobility. For instance, 1 − 2𝜇𝑚 DSB migration distances have been estimated
for MCF10A human epithelial cells [204]. Additionally, it has been suggested that repair
mainly takes place in small channels separating adjacent chromosome domains [205]. To
encompass these observations within the framework of BIANCA, a newer version of the
model was developed between 2015 and 2017, BIANCA II. In this version, the threshold
distance was fixed a priori to the average distance between adjacent territories2 . For
human AG01522 fibroblasts, the average distance was found to be 3 𝜇𝑚, while for V79
hamster fibroblasts it was found to be 3.6 𝜇𝑚. It is important to point out that in BIANCA
II the threshold distance d was fixed a priori on the basis of the cell geometry, so it was
no longer an adjustable parameter. Notwithstanding, the proximity effects remained to
be modelled with a step-like function.
On the other hand, the first BIANCA model tended to overestimate the survival
fraction at low doses. This was probalby a consequence of assuming a 100% rejoining
probability within the threshold distance 𝑑. For low doses, when isolated lesions can
be induced, eu-rejoin is always available for the fragment pair created by the lesion. In
2

The distances were computed from the center of mass of each chromosome territory.
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Figure 13 – Yields (mean number per cell) of different aberration types (dicentrics, rings
and deletions, as well as total aberrations) in AG1522 primary normal human fibroblasts
exposed to different doses of X-rays. The lines are simulation outcomes, the points are
experimental data taken from [9].). Source: Carante et al. Rad. Res. (2016) [16].
BIANCA II a more realistic scenario was considered in which a chromosome fragment,
even if one or more potential partners are available within 𝑑, has a probability 𝑓 of
remaining un-rejoined. This assumption is consistent with studies indicating that a certain fraction of exchange-type chromosome aberrations are "incomplete", i.e. not all the
involved chromosome fragments are finally rejoined [206, 207, 208]. Such probability of
remaining un-rejoined is expected to be cell-line-dependent, as more radiosensitive cells
show higher yields of deletions with respect to normal and radioresistant cell lines [209].
Thus, in BIANCA II, 𝑓 was left as an adjustable parameter. In this way, there remained
only two free parameters in the model.
The data set for gamma rays and 116 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles was revisited using the
BIANCA II version [16]. The 𝑓 value was adjusted from the gamma data and then, it was
kept fixed for the simulations with 𝛼−particles. For 𝑓 = 0.18, an acceptable agreement
was found with the experiments even when the aberration categories were separated into
dicentrics, rings and deletions (see Figure 13). The same procedure was carried out for
V79 hamster fibroblasts with data at 3 𝐺𝑦. For this cell line, 𝑓 = 0.8 was found. The two
values of 𝑓 obtained by these comparisons, both for AG1522 and for V79 cells, were used
as input parameters for the simulation of cell survival curves by different ion species in
subsequent works in hadrontherapy, carried out by Ballarini et al.
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3.2 The version developed in this work
In order to further investigate the formation of chromosome aberrations, in this
thesis work, BIANCA has been upgraded to include new proximity functions to describe
the rejoining probability of chromatin free ends. Also, an explicit representation of chromosome arm domains has been included in the geometrical model, thus improving the
distinction of intra-/inter-arm intrachanges products. This section, provides a description
of the upgraded version of BIANCA from a computational point of view, as the whole
architecture of the code that implements the biophysical model was revisited. Thus, the
new structure of the code constitutes a major part of the work carried out during this PhD
project. A summary of the technical improvements with respect to the previous version
of BIANCA will be presented in chapter 4.
The rationale of code consists of creating a geometrical model of the cell nucleus,
then, generating critical lesions within the genetic material to finally assess the number
and type of aberrations induced by those critical lesions, as well as the probability of
cell survival. The outputs of BIANCA are two .txt files, one containing the yield of
different aberration types and survival fraction, and the other one showing the aberration
distribution, both as a function of dose. By default, BIANCA exports and renders a pov
file with the last geometry used along the simulation.
Two adjustable parameters, namely, the cluster lesion yield CLy and the typical
interaction distance 𝜎 (in microns) need to be passed to the code in order to run a
simulation. BIANCA now implements three different biophysical models to determine
chromosome aberrations. Such models are labeled as the Gaussian-, exponential- and
step-like- model and are controlled by the typical interaction distance. The cluster lesion
yield defines the effective number of lesions distributed within the nucleus.
The user has to provide an input file that encloses the information about the
radiation, doses and cell line of interest. This file also specifies the value of the two
adjustable parameters and the selected model for the simulation. Figure 14 shows how
an input file looks like. Keywords and their values will be explained along the chapter.
In general, the file accommodates the cell culture information (both cell line and number
of irradiated cells), characteristics of the particle like its LET, energy and a descriptor of
the track structure along with the type of beam, the doses to be delivered and the model
parameters to be used.

3.2.1 Geometry
In this work, the cell nucleus content was modelled by means of a discretized 3D
grid made up of cubic voxels of 0.1 𝜇𝑚 side. Currently, the code is able to generate three
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Figure 14 – Input file of BIANCA. The admitted values of each key are shown on the
right as comments. The target information is controlled by the Cell_Dish keyword. Beam,
Particle and doses determine the irradiation setup. The adjustable parameters, namely,
the CLy and 𝜎 and the selection of the model are passed through the Cluster_Yield,
mydist and Model keywords, respectively. The order of the lines does not matter but for
a given line, the key values order does.
types of geometries, namely, spherical-, cylindrical with circular base- and cylindrical with
elliptical base-nuclei (suitable for lymphocytes, V79 and AG01522 cell lines, respectively).
The shape of the nucleus is decided according to the specifications in the input file given
by the Cell_Dish keyword. The values of the key can be AG, Lymph and V79 for human
fibroblasts, lymphocytes and hamster firoblasts, respectively. Also, the number of cells is
passed.
For each cell line, there is a .dat file in the source environment that defines the
shape, size and genome content of the nucleus. Table 3 shows the information contained
in the header of each .dat file. Then, the file deploys a list with the label and the number
of Mega-base pairs (Mbps) in the long and short arm of each chromosome. The shapes
selected for each cell line correspond to the typical growing techniques applied in experiments with these cells. For instance, the nuclei of AG1522 fibroblasts grown as monolayers
will show an elliptical base with fixed height, while lymphocytes grown in suspension will
approximate spheres. The semi-axes determine the size and number of voxels 𝑁 𝑉𝑡𝑜𝑡 of the
grid. A number of voxels 𝑁 𝑉𝑐ℎ𝑟𝑜 proportional to the DNA content is assigned to each chromosome. 𝑁 𝑉𝑐ℎ𝑟𝑜 represents the size of the chromosome territory (CT). The corresponding
number of voxels for each arm of each chromosome is also computed, to explicitly model
chromosome arm domains.
Table 3 – Shape, size and number of chromosomes of the cell lines implemented in
BIANCA.
Cell line

Shape

AG
Lymph
V79

Elliptical cylinder
Spherical
Cylinder

No. Chro
46
46
22

semi-axis (𝜇𝑚)
x y
z
10
3
6

5
3
6

2
3
2
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Following the work performed in this PhD, the construction of a nucleus with 𝑁𝑐ℎ𝑟𝑜
CTs follows three major steps, assuming no significant intermingling during interphase.
First, 𝑁𝑐ℎ𝑟𝑜 voxels that define the origin of the CTs are selected at random in such a way
that every CT could have, at least, 50% of its 𝑁 𝑉𝑐ℎ𝑟𝑜 voxels available for the subsequent
steps. This is accomplished by sampling the voxels one by one, rejecting and re-sampling
those that lie within a sphere with center in a previously accepted CT origin. The radius
of such spheres is calculated from 𝑁 𝑉𝑐ℎ𝑟𝑜 . This 50% initially reserved volume proved
to be enough for optimal performance of the algorithm. Larger values could restrict the
number of configurations that fit the CTs inside the grid, while smaller values may conflict
with the disposition of the chromosome arms as it will be clear in brief. Subsequently,
a few voxels around the origin are labeled as pertaining to the domain, and a randomly
oriented plane is attributed to the CT. This plane splits the CT into two sub-domains,
i.e. the chromosome arms. Points in the positive side of the plane (defined by the normal)
correspond to the short arm, while points in the negative side belong to the large arm.
Once the origins of the CTs are in place, all domains are grown simultaneously by
adding to the CT one of the neighbors of a randomly selected voxel of the domain. To
do so, first, a CT and arm is selected, then, a voxel of the sub-domain with at least one
non-assigned neighbor is chosen (it could happen that the selected voxel is surrounded by
voxels that already belong to a CT) and finally, one of the non-assigned neighbors is added
to the CT. This is repeated until either all chromosome domains reached at least 80% of
their volume, or a trapped domain is detected. To guarantee that all CT volumes grow
at the same rate, the sampling of the CTs is weighted by the current number of already
assigned voxels. A trapped domain occurs when a given CT does not have non-assigned
voxels to add available. One scenario for this is, for instance, when a small chromosome
is surrounded by larger chromosomes. When a trapped domain is detected, the whole
nucleus is discarded and a new one is constructed, meaning that the origins are sampled
again. The same considerations apply to the intra-chromosome domains, i.e. the algorithm
guarantees that also the chromosome arms grow at the correct rate. A simple but efficient
solution to the trapped domain problem was the initially reserved volume discussed above.
The algorithm performs better in terms of speed and low chances to have trapped domains
when this value is kept around 50%.
As the domains grow, the chances to select voxels with no non-assigned neighbors
increase. For this reason, it becomes more practical to switch from the growing process to
a capture process, in which the remaining non-assigned voxels are sampled and designated
to the closest CT. This is the final step of the construction of the nucleus. A given nonassigned voxel is rejected if it is not in direct contact with a CT. If the voxel is accepted,
one of its faces is chosen at random until the designation occurs. The changing from
the growing to the capture process at the 80% of the CT volume comes from test of
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Figure 15 – An example of the cell models available in BIANCA. On top, an AG fibroblast
grown as monolayer modelled as an elliptical cylinder. At the bottom, on the left, a
lymphocyte grown in suspension simulated as a sphere. V79 cells are shaped as circular
cylinders. Dimensions of each geometrical model are those shown in Table 3. Each color
represents a chromosome territory. Changes of tonality within a chromosome are intended
to highlight its arm domains.
performance as well. At this stage, the nucleus is finished and needs to be accepted or
rejected. To this end, the actual number of voxels assigned to each chromosome arm of
each chromosome is calculated. A nucleus is rejected if any arm could not reach at least
70% of its size, otherwise, it is accepted. All models created in this manner, that is, after
tuning the parameters of the nucleus generator, have a fidelity of 94% or superior in terms
of genome content. Figure 15 shows an example of the geometries produced by BIANCA
for each available cell line. The coordinates are exported in pov format and rendered
automatically. The fidelity of the nucleus and the time required to create it, among other
information, are printed in a log file. In this example, the AG cell took 95.3 𝑠 and achieved
97.3% of fidelity, while the V79 and the lymphocyte took 337.6 𝑠 and 4.23 𝑠, respectively,
and their fidelity was 97.9% in the case of V79 and 100% for the lymphocyte.
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An internal random seeder is called from the beginning of the nucleus construction
in order to ensure repeatability of the structures. This is important since the interaction
models invoke random number generators as well. Thus, it is convenient to detach the
geometry from the simulation itself for validation purposes. Another advantage of using
an internal random seeder is that it allows to speed up future simulations, as the seed
that creates an accepted nucleus is automatically stored in the BIANCA include folder.
Every time the nucleus generator is called it first checks for the existence of seeds that
produced accepted geometries. The random seed generator implemented in the module is
the example shown in [210].

3.2.2 Irradiation
BIANCA distinguishes three types of particle sources according to their track
structure, namely, photons, light ions and heavy ions. Distinction of these categories comes
from the fact that their energy deposition patterns are very different due to the physical
mechanisms that govern their interactions. LET, energy and production of secondary
particles are the most relevant physical quantities and mechanisms that account for such
differences, as discussed in chapter 1.
Instead of simulating the transport of primary particles, BIANCA models the
immediate consequences of the irradiation of the target as a distribution of DNA cluster
lesions that reflects the track of the primaries and, when needed, the secondaries as well.
For photons, the CLs are placed uniformly within the nucleus since they are considered
sparsely-ionizing radiation. In the case of low-energy light ions, the lesions are distributed
along straight lines that cross the ROI. This pattern reflects the fact that most of the
energy depositions of the primary particle (e.g. a proton) occur along its track, and so
is for the effective damage that it causes. Heavy ions also travel through the nucleus in
nearly straight lines, nevertheless, they are more likely to produce secondary electrons
with enough energy to escape and deposit their energy away from the primary track.
This is modelled in BIANCA as a cylindrical track in which part of the cluster lesions
are placed in the track core and part in the penumbra [211]. The Particle keyword in
the input file controls the type, LET and energy of the particle to be used. The first
entry may take the values photon, lightion or heavyion and the second one specifies the
LET in 𝑘𝑒𝑉 /𝜇𝑚. There is a third value that is read for the key and corresponds to the
energy, in 𝑀 𝑒𝑉 /𝑢, of the particle. For photons and lightions this entry is ignored, while for
heavyions, a non-zero value is expected. In the case of heavy ions, the energy per nucleon
𝐸 determines the maximum radial distance at which a lesion could be found. This radial
distance is given by [212]
𝑟𝑚𝑎𝑥 = 0.062𝐸 1.7
(3.1)
where 𝑟 is expressed in 𝜇𝑚 and 𝐸 in 𝑀 𝑒𝑉 /𝑢.
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In BIANCA, the source of particles is placed at the bottom of the ROI and emulates normal irradiation of the target. The user has the option to select between a broador a micro-beam. The keyword Beam expects two strings, the first one having the value
broadbeam or microbeam and the second one being a txt file that contains the position of
the source in the case of micro-beam simulations. The .txt file must contain the information about the number of beams and particles per beam, the FWHM of the beam and the
coordinates of each shooting point. Doses are passed through the Doses keyword between
quotation marks.
The Cluster Lesions Yield is an adjustable parameter of the model that accounts
for the mean number of DNA lesions per unit dose and per cell that a given radiation is
able to induce. The value of this parameter is passed through the Cluster_Yield keyword
and consists of a float and a string that specifies the units of CLy. Gycell means that the
value is given per unit dose in Gray and unit cell, while GyDa refers to a value that is
given per atomic unit mass. The CLy can also be provided per micron (um in the input
file) if the simulated particle is an ion. In this case, its value represents the mean number
of lesions that a single particle can produce along its track. Conversions between CLy
units are given by equations 3.2 and 3.3,

𝐶𝐿𝑦[(𝐺𝑦𝐷𝑎)−1 ] = 𝐶𝐿𝑦[(𝐺𝑦𝑐𝑒𝑙𝑙)−1 ]/(6.6 × 108 × 𝑀 𝑏𝑝𝑡𝑜𝑡 )

(3.2)

−1
𝐶𝐿𝑦[𝜇𝑚−1 ] = 𝐶𝐿𝑦[(𝐺𝑦𝑐𝑒𝑙𝑙)−1 ] × 0.16 × 𝐿𝐸𝑇 × 𝑉𝑛𝑢𝑐𝑙

(3.3)

where 𝑀 𝑏𝑝𝑡𝑜𝑡 is the total number of Mega-base pairs in the genome, 𝑉𝑛𝑢𝑐𝑙 is the volume
of the nucleus in 𝜇𝑚3 and the LET is given in 𝑘𝑒𝑉 /𝜇𝑚. Numerical factors come from the
conversion of the 𝐽 and 𝑘𝑔 units implicit in the 𝐺𝑦 unit.
3.2.2.1 Initial damage
Although the calculation, for a given dose, of the mean number of lesions (𝐶𝐿)
follows the same general principles for all types of particles, i.e. it is determined by the
dose and the CLy, there are important differences of implementation in each case. It is
important to notice that the calculations of the actual values of the following stochastic
variables, are carried out for each irradiated cell.
Photons
The cluster yield is converted into (𝐺𝑦𝑐𝑒𝑙𝑙)−1 if necessary, then the 𝐶𝐿 is given by

𝐶𝐿 = 𝐶𝐿𝑦 × 𝐷𝑜𝑠𝑒

(3.4)
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Once 𝐶𝐿 is determined, the actual number of lesions, 𝐶𝐿, is extracted from a Poisson
distribution with 𝜆 = 𝐶𝐿. The coordinates of the CLs are uniformly generated over
the nucleus volume, and every CL position is checked in order to ensure that it hits an
assigned voxel of the nucleus. If a CL does not hit the genome because it fell in an empty
voxel (i.e. a voxel not assigned to any chromosome), its coordinates are re-calculated. If
the Poisson sampling returns a zero value for CL, the cell is considered as spared and the
code continues execution.
Light ions
First, the cluster lesion yield is converted to 𝜇𝑚−1 if necessary, then the mean number
of tracks/primaries, 𝑁𝑡𝑟 , is calculated by means of equation 3.5 and an actual number of
tracks (𝑁𝑡𝑟 ) is sampled from a Poisson distribution.
𝑁𝑡𝑟 =

𝐷𝑜𝑠𝑒 × 𝑆𝑛𝑢𝑐𝑙
0.16 × 𝐿𝐸𝑇

(3.5)

𝑆𝑛𝑢𝑐𝑙 in eq. 3.5 is the cross sectional area of the nucleus in 𝜇𝑚2 , whereas the 𝐷𝑜𝑠𝑒 is given
in 𝐺𝑦. The mean number of cluster lesions per track, 𝐶𝐿𝑡𝑟 , is computed as
𝐶𝐿𝑡𝑟 = 𝐶𝐿𝑦 × 𝐻𝑛𝑢𝑐𝑙

(3.6)

where 𝐻𝑛𝑢𝑐𝑙 is the thickness of the nucleus (in 𝜇𝑚) as the irradiation is along the 𝑧−axis.
For every track, the 𝑥− and 𝑦−coordinates of the shooting point are uniformly generated
on the bottom of the ROI, and the actual number of lesions for each track, 𝐶𝐿𝑡𝑟 , is
Poisson-sampled. Then, the 𝑧−coordinate of the 𝐶𝐿𝑡𝑟 lesions are uniformly sampled, one
by one, along the line that defines the path of the particle, and the position of each CL
is checked. If the CL does not hit the target, 𝑧 is re-calculated. Every time 𝑁𝑡𝑟 = 0 the
cell is considered as spared.
Heavy ions
For heavy-ion irradiation with a broad beam, the process to compute the effective number
of lesions to be distributed within the cell nucleus is, essentially, the same as that for light
ions. The only difference is that the 𝑥− and 𝑦−coordinates of the particle track define
the core of the track instead of the coordinates of all the induced lesions. Some lesions
remain along the core, while some others lie at the penumbra. The probability in each
case is 50%[211]. The location of a CL that lies at the penumbra is obtained by sampling
its 𝑧−coordinate uniformly over the line defined by the position of the track core and
then, by computing the radial displacement with respect to this line. The radial shift is
sampled from the probability function
⎧
⎪
⎪
⎪
⎨

ℎ, 𝑟 < 𝑟𝑚𝑖𝑛
𝑃 (𝑟) = ⎪ 𝑘 1𝑟 , 𝑟𝑚𝑖𝑛 < 𝑟 < 𝑟𝑚𝑎𝑥
⎪
⎪
⎩ 0,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(3.7)
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where 𝑟 is the radial shift, 𝑟𝑚𝑖𝑛 = 2 𝑛𝑚, 𝑟𝑚𝑎𝑥 is given by eq. 3.1 and
𝑘=

1
,
1 + 𝑙𝑛 𝑟𝑟𝑚𝑎𝑥
𝑚𝑖𝑛

ℎ=

𝑘
𝑟𝑚𝑖𝑛

(3.8)

micro-beam
In the case of micro-beam irradiation, 𝑁𝑡𝑟 and the 𝑥− and 𝑦−coordinates are specified
by the user. The actual number of cluster lesions and their positioning are calculated
as described above for light and heavy ions, but taking into account the user-provided
parameters. For instance, the actual 𝑥− and 𝑦−coordinates of the track core are sampled
from a Gaussian distribution with the FWHM given in the corresponding .txt file.
3.2.2.2 Chromatin fragments
Every time a cluster lesion hits a voxel, the genomic position of the break is
determined in accordance with the chromosome arm location. To this end, the index of
the Mbp that was hit is sampled uniformly among the length (in genomic distance) of
the chromosome arm containing the hit. Assumption 1 of the model establishes that each
lesion produces two independent chromatin fragments. Thus, the information about the
two new pieces is stored in an array. The process considers the case where a chromosome
is broken in more than two parts by checking the stock of fragments in the array. The
information of every chunk of chromatin is encapsulated in a class that saves the location
of the break, the length of the fragment, the presence of centromere and telomeres and
which arm or arms compose the piece. Most of this information is encoded in a string to
make it easy the search for structural characteristics of the fragments.

3.2.3 Interaction models
Assumption 2 of BIANCA says that free ends in close proximity may undergo rejoining via proximity effects. This means that the probability of rejoining of two given ends
depends on their initial distance, 𝑟. Currently, three functions of 𝑟 model are implemented
in BIANCA to model this mechanism:
⎧
⎪
⎪
⎪
⎨

𝑒−𝑟/𝜎 ,
𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙
2
2
𝑃 (𝑟) = 𝑒−𝑟 /2𝜎 ,
𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛
⎪
⎪
⎪
⎩ 1 𝑖𝑓 𝑟 < 𝜎 𝑎𝑛𝑑 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 𝑆𝑡𝑒𝑝 − 𝑙𝑖𝑘𝑒

(3.9)

where 𝜎 is the adjustable typical interaction distance that controls the shape of 𝑃 (𝑟)
in each model. Mis-rejoining and un-rejoining lead to chromosome aberrations that are
scored according to the criteria adopted in the experimental works chosen for comparison.
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The focus of this thesis is on the Exponential and Gaussian models, as they constitute the original contribution of the project. Nevertheless, some remarks on the Step-like
model will be presented too, since this model is still used in studies aimed to model cell
death, with applications in tumor therapy.
3.2.3.1 Probability functions
Step-like probability
The first interaction model implemented in BIANCA consisted of a step-like function in
which 𝜎 was typically chosen in the order of the linear dimensions of the chromosome
territories. Experimental evidences suggesting that the repair of DNA damages may occur within the boundary regions of chromosome territories, motivated this choice [213].
Additionally, some works in the area propose the existence of DNA repair centers that,
in combination with DNA damage-sensing proteins such as 53𝐵𝑃 1, drive the interaction
[204].
Free ends separated by a distance smaller than or equal to 𝜎 are assumed to rejoin
with a 100% chance in this model. This implies that, eventually, all ends will rejoin with
another ends or with their original partners. Thus, for low doses where isolated CLs may be
induced in the nucleus, the only possible outcome is faithful repair. This situation tends to
overestimate cell survival in these cases. Since there are evidences that not all chromosome
exchanges are complete, that is, not all the free ends produced after irradiation will "find"
a partner [206, 208, 207], the model was revisited by Ballarini and Carante and the 𝑓
parameter was introduced[182]. 𝑓 represents the probability for a free end to remain
un-rejoined even in the presence of potential partners within the threshold distance 𝜎.
Regarding the interaction mechanism, the step function was still the probability function
used, however, 𝜎 was fixed to the mean distance between adjacent chromosome territories,
instead of being an adjustable parameter. Thus, the model parameters were only two in
any case.
Good agreement with experimental data was achieved by the Step-like model in
both modes (either adjusting 𝜎 or 𝑓 ), especially for the production of centric rings and
dicentric aberrations [203, 15, 214, 16, 182]. The introduction of 𝑓 improved the results on
the so-called "excess acentric fragments" (EAF) category, in which interstitial and terminal
deletions are included. Nevertheless, the yield of inter- and intra-arm intra-changes that
represent the formation of interstitial deletions, centric and acentric rings, still showed
important discrepancies in terms of the relative frequencies observed experimentally [215,
216]. For instance, despite the total EAF yield was consistent with experiments, interstitial
deletions were underestimated while terminal deletions were overestimated.
On the other hand, while the ratio of dicentrics to centric rings (F-ratio) showed
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the correct tendency, the production of acentric and centric rings was very similar. Such
closeness is expected, for instance, in the case of random interactions as it was studied
in [217]. However, experiments indicate that the ratio of intra- to inter-arm exchanges
(G-ratio) is substantially larger than 1.
Exponential and Gaussian probability
The success of the Step-like model in reproducing inter-chromosomal to inter-arm intrachromosomal exchange ratios can be attributed to the fact that the dimensions at which
these interactions occur is in the order of microns, which is the typical order of 𝑠𝑖𝑔𝑚𝑎 that
fits well the absolute yields. Notwithstanding, this is also the reason why the distinction
between inter-arm and intra-arm intra-changes is not satisfactory with the step-like model.
Since these exchanges take place within a given chromosome territory, it is reasonable to
think that they are more sensitive to proximity effects. Thus, a monotonically decreasing
function appears to be a better candidate over the step-like one in order to further improve
the outcomes of the model.
In the past, Kellerer and Rossi proposed their Theory of Dual Radiation Action
(TDRA) in which they identified the DNA as the sensitive target for ionizing radiation.
They proposed that IRs are able to produce sub-lethal lesions that have a certain probability to interact and create lethal lesions that may kill or inactivate the cell. They also
suggested that such probability can be described by a Gaussian or an exponential function of the distance between sub-lethal lesions [133]. There are some authors that have
implemented this type of functions to investigate the formation of radiation-induced aberrations. For instance, in [180], FISH data on human fibroblasts exposed to 2, 4 and 6 𝐺𝑦
of X-rays was compared with simulated yields of several types of chromosome aberrations
(including acentric rings, centric rings and dicentrics). The probabililty of mis-rejoining
and unrejoining was modelled with the function

𝑃 (𝑟) =

𝐴Σ𝑒𝑥𝑝(−𝑟/𝑟0 )
𝑁 + 𝐴Σ𝑒𝑥𝑝(−𝑟/𝑟0 )

(3.10)

where 𝑟0 , 𝐴 and a third parameter Ω were adjustable parameters of the model and N
represented the number of free ends available at each step of the simulation. The model,
called CAS2 (Chromosome Aberration Simulator), was in good agreement with the data
with the exception of acentric rings, which were underestimated. Nevertheless, they succeeded in obtaining G-ratios closer to the experimental values (they found G-ratios ∼ 4).
Among the drawbacks, commented by the authors, there is the fact that CAS2 required
three adjustable parameters and the dose response curve was steeper than the experimental one. Furthermore, the approach was not extended to other cell lines and/or other
radiation qualities.
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Other works including the slowly-varying functions proposed by Kellerer and Rossi
are [181, 218]. In [181], the probability function was
𝑃 (𝑟) =

1
𝑒𝑥𝑝(−𝑟2 /𝜎 2 )
𝑍

(3.11)

where 𝑍 and 𝜎 were adjustable model parameters. The authors tuned these parameters
using Giemsa experimental data of human fibroblasts exposed to 𝛾−rays and 𝛼−particles
[20]. Then, they used the fitted model to predict yields of dicentrics and rings after
1 𝐺𝑒𝑉 /𝑢 Fe-ions. They decided to include all the fragments created after exposure, even
the smaller ones that are undetectable experimentally. These made difficult the interpretation of their results when compared with the experimental values. For instance, dicentric
and centric ring yields suggest that their predicted F-ratio was about 30, while in the
experimental data set is around 7. On the other hand, their G-ratio was considerably
higher than the experimental one by three orders of magnitude.
In subsection 3.1.1, the probability functions implemented in BIANCA were presented. These include a Gaussian and an exponential dependence on the initial distance
of the free chromatin ends. There are substantial differences with respect to the aforementioned works, despite the probability functions being similar. For example, the geometrical
models are completely different in all cases. Additionally, the normalization factors in eqs.
3.10 and 3.11 include more than one adjustable parameter. In BIANCA, the probability
of interaction is controlled by a single parameter, namely, the typical or characteristic
interaction distance 𝜎. The other model parameter, CLy, controls the formation of cluster
lesions exclusively. In this way, the interpretation of the results becomes more transparent.
In BIANCA, the user has the freedom to define the interaction model to be used
in the simulation. This is done through the Model keyword in the input file. The accepted
values of the key are: ExpModel, GaussModel and StepModel. 𝜎 (or alternatively 𝑓 ) is
passed through the mydist keyword. A float is expected. When the selected model is
the step-like, the code sets the value of 𝜎 to the mean separation distance between two
adjacent chromosome domains.
3.2.3.2 Formation of Aberrations
After the cluster lesions are placed within the nucleus, an array with the chromatin
fragments created is passed to the interaction module of the code. At the beginning, all
free ends in the array are considered reactive 3 and all combinations of reactive ends are
valid. Free ends created by the same CL are referred to as conjugate. To simulate the
formation of chromosome aberrations, the algorithm follows the steps bellow:
3

In the Step-like model it is first decided, by means of 𝑓 , which ends will remain unjoined. Those ends
are considered "neutralized" from the beginning.
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1. A valid pair of reactive ends is selected randomly, and their distance 𝑟 is calculated.
2. A random number 𝑟𝑛 is generated uniformly over the interval [0, 1). If 𝑃 (𝑟) < 𝑟𝑛 ,
the ends are considered rejoined. Else, the ends remain free and the same pair is
excluded in future samplings, i.e. is no longer valid. If the pair is not conjugate,
a second pair with the conjugates is formed. If the new pair is valid, step two is
repeated.
3. The array of fragments is updated. If the fragment or fragments created do not have
free or reactive ends, they are removed from the stock and stored in a new array for
subsequent scoring.
4. All available ends are checked before a new loop starts. If it is found that a free end
has no more partners to make a valid pair, it is considered as "neutralized". If both
ends of a fragment result neutralized, the fragment is removed from the stock and
stored for subsequent scoring.
5. Cycle
Step 4 is the realization of the implicit modelling of interstitial and terminal deletions. Neutralized free ends are nothing but un-rejoined ends that arise as a consequence of
the sampling process. When a given end rejoins with another free end created at another
location, immediately, its conjugate now has a smaller likelihood to undergo rejoining.
This is more evident at low doses and low LET, for instance. Interstitial deletions occur
when both ends of a fragment are neutralized, while a terminal deletion may happen to
a fragment containing a telomere.
On the other hand, step 2 implies that, though not all exchanges are complete,
they are prioritized since the conjugate pairs are evaluated at the same step as well. That
is, the implicit modelling of un-rejoining is moderated by this bias in the sampling of the
valid pairs.

3.2.4 Scoring
Once the interactions have been carried out, the resulting fragments are analyzed
by the Scoring module. As the structural information of each fragment is encoded in a
string, their classification is straightforward. It was decided to exclude from the analysis
all the fragments of size smaller than the cutoff length 𝑙𝑐 = 3 𝑀 𝑏𝑝𝑠 [9].
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3.2.4.1 Classification of the fragments
Fragments are classified according to their shape and number of centromeres and
telomeres before the chromosome aberrations are computed. The classification steps are
the following:
1. All fragments with size 𝑠 < 𝑙𝑐 are ignored.
2. Rings are separated from linear fragments by looking at the presence of the character
"R" at the first and last position of each string describing the fragment structure.
3. Fragments containing centromeres are distinguished within each group (Rings and
Linear). This is carried out by searching for the occurrence of letter "c" in the
fragment’s string code. In this manner, a distribution of the type of fragments based
on their shape and number of centromeres is constructed.
4. A distribution of the number of centromeres vs. telomeres is also computed.
3.2.4.2 Chromosome aberration assessment
The code is ready to assess the type of chromosome aberrations after classification
of the fragments, following the protocols and conventions used in experiments. All the
information about the structure of chromosome exchanges is contained in the fragments’s
string code so, in principle, any type of exchange may be identified, even those involving
more than two chromosomes (complex exchanges). The main categories of aberrations
identified by Giemsa staining are dicentrics, centric rings, acentric rings and acentric
fragments. To each dicentric and ring chromosome, an acentric fragment is asscociated as
if they had came from a complete exchange. Figure 16 shows a schematic representation
of the aberration scoring adopted in BIANCA. When more than one CA category is
presented, dicentrics are scored first, then centric rings and finally acentric rings. The
remaining acentric fragments complete the scoring process. In order to compare with
experiments that do not distinguish complex exchanges, the presence of more than two
centromeres was translated into dicentrics or centric rings according to the shape of the
fragment.
Other protocols like FISH or m-FISH could be included in the Scoring module
with minor modifications of the code. This would be the case if the user is interested in
following the fate of a specific portion of the genome. In such situation, the presence of a
given chromosome or arm could be easily discriminated in the fragments. In experiments
with telomere probes like in [219, 216] for instance, the existence of telomeres and/or
centromeres is readily assessed and, in fact, a distribution of the linear fragments in terms
of telomere and centromere content is determined by default (see subsubsection 3.2.4.1).
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Figure 16 – Scoring scheme adopted in BIANCA. For simple exchanges (panels (a),(c) and
(e)), each aberration must be accompanied by at least one linear fragment. (b) multicentric
linear fragments must be associated to at least 𝑛 − 1 linear fragments (where 𝑛 is the
number of centromeres) in order to be scored. (b) In the case of multicentric circular
fragments, at least 𝑛 linear fragments are expected. Complex exchanges as in (b) and (d)
can be distinguished and scored separately or translated to simple exchanges. The number
of "equivalent simple exchanges" is equal to the minimum number of linear fragments
associated to the multicentric fragment. Acentric linear fragments smaller than 3 𝑀 𝑏𝑝𝑠
are not considered during the assessment of chromosome aberrations. When one or more
exchanges are not complete (illustrated in the upper case in the brackets), one or more
Excess Acentric Fragments (EAFs) may be counted as well. The order of the panels reflects
the priority of the aberration categories, when there is more than one type of aberration
presented.

3.3 Chromatin modelling using HiC data
In section 1.2, our current understanding of chromatin organization in space was
outlined. To date, the most robust and detailed information about chromatin 3D structure
comes from the application of Chromosome Conformation Capture (3C) techniques such
as HiC. In a nutshell, HiC maps provide statistical data on contact frequency between
genomic regions up to the kilobase-pair resolution. Such contact maps cover all vs. all in
vivo contact frequencies at a given resolution, including both intra- and inter-chromosome
data. Figure 17 illustrates the concept of a HiC map. In the example, is shown an all vs. all
inter-chromosomal contact map between chromosomes A and B. The matrix of the lower
panel can also be represented as a heat map to facilitate visualization. A comprehensive
explanation of the HiC protocol can be found in [220].
Such a high quantity of information not only has helped to better understand
the organization of chromatin in 3D space, but also has opened the possibility to im-
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Figure 17 – Simplification of the HiC map concept. The entries of the matrix represent
the number of times that a pair of chromosome loci were in close proximity to each other.
In the figure, the construction of an inter-chromosome HiC map is illustrated.
prove the geometrical modelling of the entire genome [17]. For instance, from the polymer
physics point of view, HiC maps offer a direct way to test polymer models used to create 3D conformations of the DNA [79, 221, 222, 223]. On the other hand, HiC data can
also be used as an input for the so-called restraint-based models, which aim at creating
population-averaged 3D structures from the data set by solving a computational optimization problem [224, 225, 226, 28]. This section will introduce an ongoing complementary
project, which implements a restraint-based model in order to improve the geometrical
modelling performed in BIANCA.

3.3.1 Restraint-based modelling with HiC data
HiC maps provide statistical data on the co-location frequencies of loci in the entire
genome, and it has been observed that such interaction frequencies (IFs) are related to the
inverse of their average relative spatial distance [227, 79, 228, 229]. In this way, IFs or the
relative distances inferred from them, can be used as constraints to build 3D models that
aim at locating the loci in space. To do so, the 3D model is subjected to forces seeking
consistency with the interaction probabilities that come from the data. Thus, the models
can be generated by minimizing a scoring function that is proportional to the violation
of the imposed restraints. Typically, the steps to construct the 3D structures consist of
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Figure 18 – Iterative and integrative process for model building. The iterative process
consists of data acquisition, model representation and scoring, model optimization and
model analysis. Source: Dekker et al.. Nat. Rev. Gen. (2013) [17].
1) selecting the appropriate data set for the resolution and genomic regions of interest, 2)
generating the models and computing the scoring function, 3) applying an optimization
method, and 4) comparing the generated structures against the data (see Figure 18).
These steps are repeated until a consensus structure is achieved, usually, when a local
minimum (or maximum) of the scoring function is reached.
Several restraint-based methods have been developed in the recent years to address
the problem of 3D modelling. Some of them require a function to translate interaction
frequencies into average distances, while others do not. For instance, Varoquaux et al.
implemented four methods based on statistical analysis to infer the 3D structure of the
genome [225]. In two of them, the IFs were modelled as Poisson random variables and the
optimization process aimed at maximizing the likelihood to observe those IFs. A third
method directly inferred the coordinates of loci from their pairwise Euclidean distances,
while the last method relied on the assumption that, if 𝐼𝐹𝑖𝑗 > 𝐼𝐹𝑘𝑙 (IF between loci 𝑖 and
𝑗), then 𝑑𝑖𝑗 < 𝑑𝑘𝑙 , in order to derive an objective function to optimize.
ChromSDE is another method which applies semi-definite programming techniques
to find the best structure fitting the observed data, and uses golden section search to find
the correct parameter for converting the contact frequency to spatial distance. Interestingly, with this method, the authors proved that the conversion factor from IFs to spatial
distances changes with scale [224]. Additionally, LorDG (Lorentzian 3D Genome) is also
a restraint-based method able to reconstruct 3D genome structures using HiC data and
a Lorentzian function as the scoring function [28]. It represents the chromosome/genome
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structures as a series of beads with each bead representing a chromosome fragment of a
specific length (e.g. 1 Mbp or 500 kbp). The initially random position in space of each
bead is iteratively corrected by a gradient-ascend method until convergence to a local
maximum of the scoring function. Currently, LorDG is one of the most successful methods to produce geometrical models of the entire genome as it is relatively fast, robust and
computationally efficient at processing data. For these reasons, it was decided to build
upon this method within this project as a means to further improve BIANCA. The main
aspects of LorDG will be discussed in the following sections, while the current state of the
fortran implementation of the method performed in this thesis work, will be presented in
section 4.5.

3.3.2 The LorDG method
3.3.2.1 Algorithm
The method starts by reading the intra- and inter-chromosome HiC data. Then,
the mean adjacent interaction frequency 𝐼𝐹𝑎𝑑𝑗 is computed, that is, the average of all
the intra-chromosome contacts for which |𝑖 − 𝑗| < 1. At the same time, the overall mean
interaction frequency 𝐼𝐹𝑎𝑣𝑒 and the 𝐼𝐹𝑚𝑎𝑥 are determined as well. Next, the data set is
completed by adding the adjacent contacts that were missing in the original HiC data set,
setting their value to 𝐼𝐹𝑎𝑑𝑗 . Once the data has been pre-processed this way, the interaction
frequencies are translated to spatial distances. A function commonly used to convert 𝐼𝐹
into Euclidean distances is of the form,
𝑤𝑑𝑖𝑗 = 𝐼𝐹𝑖𝑗−𝛼

(3.12)

where 𝑤𝑑𝑖𝑗 is the theoretical or expected "wish" distance between 𝑖 and 𝑗, 𝐼𝐹𝑖𝑗 is the
corresponding interaction frequency and 𝛼 is a conversion factor [230, 226, 225, 224].
Since the conversion function plays an important role in the quality of the reconstructed
models, some methods try to optimize 𝛼 instead of using a fixed value [230, 225, 224]. In
LorDG, 𝛼 is searched over the interval [1.0 − 3.0] in steps of 0.1, as this range covers most
of the previously used values [230, 226, 225].
The model is initialized by randomly distributing the beads within an expandable
box of unit side. Then, the method aims at rearranging the beads within the box in
such a way that their relative distances satisfy as much wish distances as possible. As
mentioned, LorDG uses a Lorentzian function (Equation 3.13) as the scoring function in
order to measure the satisfaction of the restraints. In Equation 3.13, Γ determines the
width of the curve, while each 𝑤𝑑𝑖𝑗 defines a local peak of the function. Additionally, 𝑑𝑖𝑗
represents the distance between beads 𝑖 and 𝑗 in the current model. The adjacent contact
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terms were separated from the rest as they dominate due to the natural disposition of
contiguous loci, which make them have significantly higher 𝐼𝐹 values.

𝑓=

∑︁
Γ · 𝐼𝐹𝑚𝑎𝑥
Γ · 𝐼𝐹𝑖𝑗
+
2
2
2
Γ + (𝑑𝑖𝑗 − 𝑤𝑑𝑖𝑗 )
Γ + (𝑑𝑖𝑗 − 𝑤𝑑𝑖𝑗 )2
|𝑖−𝑗|=1
|𝑖−𝑗|̸=1
∑︁

(3.13)

Thus, the optimization process tries to maximize 𝑓 by reducing the difference
between 𝑑𝑖𝑗 and 𝑤𝑑𝑖𝑗 . This function offers a number of advantages over other alternatives
∑︀
like the traditional squared-error function ( 𝐼𝐹𝑖𝑗2 (𝑑𝑖𝑗 −𝑤𝑑𝑖𝑗 )2 ). For instance, its derivative
is very small almost everywhere, except along the two slopes of the curve centered at the
wish distances. Furthermore, the violation of restraints with low 𝐼𝐹 does not dramatically
affect the value of the function, which implies that the method tends to reward the
satisfaction of consistent restraints (those with higher 𝐼𝐹 𝑠) instead of severely penalizing
the violation of the inconsistent ones.
At every step, the code computes the relevant distances between loci, that is,
between pairs of loci for which the corresponding constraint is present, and input them
to Equation 3.13. Also, the gradient of the function with respect the spatial coordinates
of each bead is calculated by means of Equation 3.14,

∇𝑖 𝑓 =

2 · Γ · 𝐼𝐹𝑚𝑎𝑥 (𝑤𝑑𝑖𝑗 − 𝑑𝑖𝑗 )
(r𝑖 − r𝑗 )+
𝑑 · [Γ2 + (𝑑𝑖𝑗 − 𝑤𝑑𝑖𝑗 )2 ]2
|𝑖−𝑗|=1 𝑖𝑗
∑︁

2 · Γ · 𝐼𝐹𝑖𝑗 (𝑤𝑑𝑖𝑗 − 𝑑𝑖𝑗 )
(r𝑖 − r𝑗 ) (3.14)
𝑑 · [Γ2 + (𝑑𝑖𝑗 − 𝑤𝑑𝑖𝑗 )2 ]2
|𝑖−𝑗|̸=1 𝑖𝑗
∑︁

where ∇𝑖 means the gradient of 𝑓 with respect to r𝑖 (the coordinate vector of bead 𝑖).
Then, the gradient-ascent method is applied in order to correct the position of the beads
in the current model. The gradient-ascent method consists of taking steps in the direction
of the gradient of the objective (i.e scoring) function to displace the coordinates of the
beads until a local maximum of 𝑓 is achieved, that is,

r𝑖 → r𝑖 + 𝛾∇𝑖 𝑓

(3.15)

where 𝛾 is the size of the step. The step size is fixed along the optimization (𝛾 = 0.1)
but within an iteration, it is allowed to vary if at some point the scoring function ceases
to increase. In that case, the new value of 𝛾 is determined by line search using Wolfe
conditions.
In summary, the optimization performs the following steps:
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1. The current score and gradient of 𝑓 is calculated (Equation 3.13 - 3.14)
2. The new positions are computed using Equation 3.15 with the default value of 𝛾.
The score of the model with the new positions is assessed and compared with the
current value.
If: 𝑛𝑒𝑤 𝑠𝑐𝑜𝑟𝑒 > 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑠𝑐𝑜𝑟𝑒
the new positions are accepted and the model is updated.
else:
A new step size is computed by line search4 . This is accomplished by doing
𝛾 → 𝛾/2 iteratively, while (𝑛𝑒𝑤 𝑠𝑐𝑜𝑟𝑒 − 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑠𝑐𝑜𝑟𝑒) < 0.5𝛾||∇𝑓 ||2 and 𝛾 > 𝜖.
Once the new step size is found, the model is updated accordingly.
3. Steps 1 and 2 are repeated until the scoring function converges to a maximum
(||∇𝑓 || < 𝜖 · 𝑓 ) or a maximum number of iterations is reached.
4. The structure is tested (see below).
When the code runs with a given data set for the first time, the value of 𝛼 in
Equation 3.12 is searched over the interval [1.0, 3.0] in steps of 0.1 as mentioned. To do so,
three structures for each value of 𝛼 are generated and tested. Then, the best 𝛼 is selected
as the conversion factor for that particular HiC data set (i.e. cell line and resolution).
Additionally, Γ is set equal to the average wish distance. In this way, several consensus
structures with the selected 𝛼 can now be created and studied. For instance, Trieu and
Cheng [28] analyzed the relative location of four 3D-FISH probe positions (L1,L2,L3,L4)
in chromosome 14 of the cell line GM06990 with models generated by LorDG. According
to [231], L1 and L3 tend to be closer even though L2 lies in the middle of both probes.
Additionally, L2 tends to be closer to L4, despite L3 being in between. The distances
L1-L3, L2-L3 and L2-L4 were measured in the reconstructed models, showing that L2L3 was consistently larger than L1-L3 and L2-L4 in all cases. LorDG is available at:
https://missouri.box.com/v/LorDG.
3.3.2.2 Input data
Raw HiC data can be found in the GEO Accession viewer for several human and
mouse cell lines. The data set used by Trieu and Cheng [28] and also in this project,
correspond to that submitted by Rao et al. [232] regarding the GM12878 and Lieberman
et al. [79] for the GM06990 human lymphocyte cell lines. The GEO data set of Rao et
al. provide not only the raw reads at several resolutions (from 5 𝑘𝑏𝑝𝑠 to 1 𝑀 𝑏𝑝𝑠) of
4

The first inequality is the Wolfe condition in which ||∇𝑓 || is the norm of the gradient of all the beads
added up, while the second condition uses the overall convergence criteria to decide when the scoring
function has stopped to increase.
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the whole genome, but also normalization vectors that allow correction of the data according to different strategies. Such corrections are necessary because usually HiC data
suffers from several sources of biases and experimental noises due to chromatin accessibility, nucleosome occupancy, alignability or restriction site density at a locus, among
other factors [232, 223]. The normalization vectors included in the Rao et al. data are
those for Vanilla Coverage (VC), VC square rooted (VCSQRT) and Knight-Ruiz (KR)
normalization. These methods assume one-dimensional biases, which means biases that
are a function of the locus itself and influence the contact frequency between that locus
and any other locus. Thus, if there is a bias towards observing, say, locus 𝑖, then all entries
of 𝐼𝐹𝑖𝑗(𝑓 𝑜𝑟 𝑎𝑛𝑦 𝑗) will tend to be higher as if loci 𝑖 and 𝑗 would have interacted more.
In VC normalization, a row specific 𝑅𝑖 term is calculated by totaling the counts
in row 𝑖 and taking the inverse. Similarly, the inverse of a column specific 𝐶𝑗 term is
determined for column 𝑗. Then, each raw entry of the HiC map is normalized by doing
[𝐼𝐹𝑖𝑗 ] → 𝑅𝑖 [𝐼𝐹𝑖𝑗 ]𝐶𝑗 . When the square root of the 𝑅 and 𝐶 vectors is used instead of
the original values, the method is called VCSQRT normalization. VCSQRT is preferred
over VC because the latter tends to over-correct the raw 𝐼𝐹 𝑠. Also, as discussed in [232],
VCSQRT provides values that are very close to those of much more sophisticated and
computationally intensive algorithms of matrix balance. VC normalization can be viewed
as a single iteration of the classic matrix balancing algorithm of Sinkhorn and Knopp
[233].
KR normalization is a generalization of the Sinkhorn and Kopp method based on
inner-outer iteration schemes [234]. It combines the inexact Newton’s method with a preconditioned conjugate gradient iteration, achieving faster convergence since it demands
less matrix-vector operations. KR normalization always results in a balanced matrix as
long as the original matrix is not too sparse, which typically happens in very high resolution maps (∼ 5 − 10 𝑘𝑏𝑝𝑠).
3.3.2.3 Testing the structures
An indicator commonly used to measure similarity between 3D structures is the
root mean square error (RMSE) given in Equation 3.16. In order to compare two different
structures, they need to be at the same scale. This can be partially achieved by scaling all
the pairwise distances in a way that both models have the same average pairwise distance.
√︃

𝑅𝑀 𝑆𝐸 =

1 ∑︁
(𝑑𝑖𝑗 − 𝑑′𝑖𝑗 )
𝑛

(3.16)

In Equation 3.16, 𝑛 is the number of pairwise distances, and 𝑑𝑖𝑗 and 𝑑′𝑖𝑗 are the distances
between loci 𝑖 and 𝑗 in each model.
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Another test that is performed over the structures to assess validity of the results,
is the Spearman correlation test. This test consists of calculating the Pearson coefficient
between the rank values of the reconstructed distances and the 𝐼𝐹 𝑠 or wish distances.
The Spearman correlation coefficient (𝜌) is the criteria used to select the 𝛼 value. Models
with the highest 𝜌 scores are considered best.
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4 Results
During this PhD project, the BIANCA code was re-designed and expanded. Technical improvements were achieved as a result of such re-structure but also, new capabilities that make it possible to further investigate the mechanisms behind the formation of
chromosome aberrations were incorporated. This chapter highlights those technical improvements with respect to the previous version, and the results of the works carried out
during the PhD project using the new code.
The new Geometry module is able to model chromosome sub-domains that allows
identification of the arms, telomeres and centromeres. As a consequence, the Scoring unit
was also upgraded in order to discriminate chromatin re-combinations with more detail.
Into the irradiation setup, the biophysical model was expanded to include exponential
and Gaussian probability functions that are, presumably, linked to different modes of
diffusion, namely, Brownian motion and active transport of the free ends, respectively.
After the code was upgraded, a systematic study of the formation of CA in human
lymphocytes and fibroblasts was performed. Experimental data on a wide range of LET
values and doses for both cell lines was compared against simulations. The performance of
each model was analyzed in terms of absolute aberration yields and aberrations ratios in
a way that their main advantages and drawbacks could be elucidated. The new version of
BIANCA was also applied in a number of collaborations that combined both experiments
and simulations.
Finally, the current state of the ongoing project aming at including HiC data in the
BIANCA framework will be presented. The research carried out during this PhD project
led to some publications in indexed journals [19, 21, 24, 235].

4.1 BIANCA upgrade
BIANCA has evolved along the time both in structure and capabilities. This has
allowed to approach the simulation of the formation of chromosome aberrations in a consistent and more detailed fashion throughout the time. During this project, a new version
of BIANCA has been coded, translating the original FORTRAN77 version into a modern
fortran2008 one. This effort represented more than a stylistic improvement. since the advantages of the modern fortran could now be appreciated. Among such advantages there
is the possibility to define classes, pointers and external procedures. Also, it is possible
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to split the code into modules that allow for code re-usability and easier maintenance
and extension. Furthermore, inter-operability with C is a feature that could be of great
value for the future of the code as well. The first stage of the PhD work was devoted to
re-designing the code. Results on this matter are worth to be mentioned in this chapter,
as they were not trivial and represented a notorious improvement in performance and
capabilities.

4.1.1 Technical aspects
The original version of BIANCA consisted of a single, nearly ten thousand lines
source file. Declaration of variables and implementation of procedures followed the F77
standard mainly. The execution flow allowed to run the simulations for only one dose
for each calling of the main and, though in principle it was possible to loop over some
components of the algorithm, the control parameters to, say, create different geometries
were not set. Additionally, the typical execution times were given in hours for single-dose
runs with 5000−10000 cells. A list of the technical improvements and their main influence
in performance follows.
• The source code was rewritten from scratch. The different components of the simulation were distributed into modules implementing separately the geometry, irradiation, interactions and the scoring. Each module of the new source file follows
the F2008 standard. This enables the use of modern compilers with faster libraries,
which means faster execution of the code. Also, debugging, maintenance and extension of the code become easier.
• The Geometry module implements a new method to construct the cell nucleus.
Chromosome arms are modelled explicitly, which means that the geometry is more
realistic now. Structures can be saved for future simulations reducing the overall
execution time.
• The Scoring module implements new classes and procedures that allow to record
the aberrations according to several protocols at the same time (Giemsa, FISH,
Telomere probes).
• Single-dose and multi-dose simulations with one or several cell configurations can
be readily carried out. This is controlled by the user’s input file.
• Automatic generation of scripts for post-processing of the outcomes was included.
• The user’s input file controls the selection of models eliminating the need of recompilation. This is a consequence of the use of pointer procedures.
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As a result of this upgrade, the execution times decreased down to a few seconds
for single-dose simulations and minutes for multi-dose runs.

4.1.2 Model improvements
Once the code was ready, the Interaction module was expanded by implementing
an interface to virtually any function of 𝑟 (initial distance of the chromosome fragment
free-ends). Thus, the exponential and Gaussian probability function were included. The
sampling of the candidate free-ends to rejoin was conceived in a way that allows implicit
modelling of un-rejoining instead of leaving this mechanism to be controlled by another
parameter. Such conception encompasses with the hypothesis that all the free ends follow
the same dynamics so, un-rejoining is a consequence rather than a different aspect of
chromatin mobility. On the other hand, the irradiation setup was also expanded to include
micro-beams. Thus, the model improvements of the new version of BIANCA are the
following.
• Gaussian and exponential probability functions to model free-end re-joining. This
functions are consistent with active transport channels or free diffusion modes for
the chromatin, respectively.
• Implicit modelling of the production of terminal and incomplete interstitial deletions
(un-rejoined ends).
• Micro-beam irradiation included.

4.2 Proximity effects in chromosome aberration induction by lowLET ionizing radiation
The model was applied to simulate chromosome aberration induction in low-LET
irradiated lymphocytes (doses: 1−4 𝐺𝑦) and fibroblasts (1−6.1 𝐺𝑦). Good agreement with
experimental yields of dicentrics and centric rings, and thus their ratio ("F-ratio"), was
found by both the exponential model (with 𝜎 = 0.8 𝜇𝑚 for lymphocytes and 0.7 𝜇𝑚 for fibroblasts) and the Gaussian model (with 𝜎 = 1.1 𝜇𝑚 for lymphocytes and 𝜎 = 1.3 𝜇𝑚 for
fibroblasts). While the former also allowed reproducing dose-responses for excess acentric
fragments, the latter substantially underestimated the experimental curves. Both models provided G-ratios (ratio of acentric to centric rings) higher than those expected from
randomness, although the values calculated by the Gaussian model were lower than those
calculated by the exponential one. For lymphocytes the calculated G-ratios were in good
agreement with the experimental ones, whereas for fibroblasts both models substantially
underestimated the experimental results, which deserves further investigation. This work
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suggested that, although both models performed better than a step model (which previously allowed reproducing the F-ratio but underestimated the G-ratio), an exponential
function describes proximity effects better than a Gaussian one. These results will be
presented in detail in subsection 4.2.1 (lymphocytes) and subsection 4.2.2 (fibroblasts).

4.2.1 Human lymphocytes
4.2.1.1 Dose-response curves
Figure 19 reports yields (mean number per cell) of different aberration types (dicentrics, centric rings and excess acentric fragments, as well as their sum) for human
lymphocytes exposed to different doses of 137 𝐶𝑠 𝛾−rays. The full symbols represent experimental data taken from the literature [18], whereas the empty symbols, connected by
lines to guide the eye, are simulation outcomes obtained by the exponential model with
𝜎 = 0.8 𝜇𝑚 and CL = 3.1 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . While 𝜎 mainly controls the aberration ratios
(dicentrics to centric rings and acentric rings to centric rings), the CL yield mainly controls the absolute yields of the various aberration categories. Interestingly, 0.8 𝜇𝑚 is the
same value found in [180] for X-irradiated human fibroblasts. Concerning the CL yield,
3.1 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 is very small (less than 10%) compared to the consensus value of about
40 DSB per Gy per cell. In principle, this may imply either that only a small fraction of
all initial DSBs are candidates for large-scale misrejoining leading to chromosome aberrations, or that all initial DSBs are candidates, but restitution "eliminates" most free-end
pairs. This issue is still an open question in radiobiology, and both hypotheses have been
tested in the modelling works available in the literature. However, it is worth mentioning that in a previous work [214], CL yields for different radiation qualities showed good
agreement with yields of kilobase-pair (kbp) size DNA fragments, suggesting that DSB
clusters at the kbp scale, possibly in addition to other levels of clustering, may play a
relevant role in the induction of chromosome aberrations and cell death. This would speak
in favour of the first hypothesis, i.e. the existence of a sub-class of severe DSBs that are
candidates for large-scale mis-rejoining, as also suggested by old and recent experimental
works (e.g. [236, 191]).
Of course the considered experimental data set represents only a small, rather old,
fraction of the experimental data available in the literature. However, we chose this particular paper because, in addition to photon data, it also reports data on intermediateand high-LET radiation obtained by the same group of authors applying the same experimental conditions and protocols as explained in section 4.3. This was very useful
for the extension of our modelling approach to higher LET radiation. Another reason
for choosing this particular work is that, for each considered radiation quality and dose,
it reports both the F-ratio and the G-ratio, which are very useful to test the assumed
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Figure 19 – Aberrations in lymphocytes calculated by the exponential model. Full symbols
are experimental values taken from [18]; the error bars represent one standard deviation
from the mean, calculated from the raw numbers (both 137 𝐶𝑠 𝛾−ray data sets pooled)
assuming Poisson statistics. Empty symbols, connected by lines to guide the eye (from
top to bottom: total aberrations, dicentrics, excess acentric fragments and centric rings),
are results of simulations performed by the exponential model, with 𝜎 = 0.8 𝜇𝑚 and CL
= 3.1 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . Source: Tello et al. DNArepair (2017) [19].
distance-dependence of the free-end rejoining probability (see below).
In addition to the doses considered in the experimental work, which were 1, 2, 3
and 4 𝐺𝑦, simulations were also carried out at other doses (0.5, 1.5, 2.5 and 3.5 𝐺𝑦), for
which therefore the simulation outcomes are full predictions. With the exception of excess
acentric fragments at 4 𝐺𝑦, for which the simulation outcome was significantly lower than
the experimental value, the simulated yields were within the experimental error bars for
each considered dose and aberration category. At least for dicentrics, it can be useful to fit
the simulation outcomes at the various considered doses by a linear-quadratic function of
the form 𝑌 (𝐷) = 𝛼𝐷 +𝛽𝐷2 , where 𝑌 (𝐷) is the dicentric yield at dose D and 𝛼 and 𝛽 are
the well-known linear and quadratic parameter, respectively. In the range 0 − 4 𝐺𝑦, such
parameters resulted to be 𝛼 = 0.026 and 𝛽 = 0.044. For comparison, we also performed a
best fit of the experimental data, which provided 𝛼 = 0.016 and 𝛽 = 0.046.
The same kind of simulations were performed applying a Gaussian model. Figure 20 reports results obtained with 𝜎 = 1.1 𝜇𝑚 and 2.3 𝐶𝐿(𝐺𝑦𝐶𝑒𝑙𝑙)−1 , compared with
the same experimental data reported in Figure 19. Calculating the linear and quadratic
coefficients for the simulation outcomes with the Gaussian model, we obtained 𝛼 = 0.025
(experimental value: 𝛼 = 0.016) and 𝛽 = 0.038 (experimental value: 𝛽 = 0.046). While
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Figure 20 – Aberrations in lymphocytes calculated by the Gaussian model. Like in Figure 19, full symbols are experimental values taken from [18], with standard deviations
calculated assuming Poisson statistics. Empty symbols, connected by lines to guide the
eye (from top to bottom: total aberrations, dicentrics, excess acentric fragments and centric rings), are results of simulations performed by the Gaussian model, with 𝜎 = 1.1 𝜇𝑚
and CL = 2.3 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . Source: Tello et al. DNArepair (2017) [19].
good agreement between simulations and data was found for dicentrics and centrics rings,
simulated yields of excess acentric fragments were much lower than the experimental
yields, suggesting that, for low-LET irradiated lymphocytes, an exponential model can
better reproduce the data than a Gaussian model. This may be explained taking into
account that, at the small distances that are involved for intra-arm exchanges, which represent an important contribution of excess acentric fragments, the exponential function
decreases more rapidly than the Gaussian function; this should allow better taking into
account the observed bias for intra-arm aberrations with respect to inter-arm and interchromosome aberrations. More generally, the exponential model combines a fast decay of
the (mis-) rejoining probability at small distances, where diffusion of free-ends may dominate, with a slower decay at larger distances, where also other mechanisms (e.g. some
form of active transport) may play a role. To compare the performance of the two applied
models, chi-square tests were performed, from which the chi-square values for the exponential model were found to be significantly smaller than those for the Gaussian model
for all considered aberration categories.
4.2.1.2 Aberration ratios
Calculated values of F-ratio (ratio of dicentrics to centric rings) and G-ratio (ratio
of acentric rings to centric rings) at the doses considered in the experiments are reported
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in Table 4, with the corresponding experimental values for comparison. For both models,
with a few exceptions the calculated F-ratios were in good agreement with the experimental ones. Concerning the G-ratio, the simulation outcomes at 2, 3 and 4 𝐺𝑦 were
significantly higher than the experimental ones. However, the values obtained in [18] are
among the lowest ones reported in the literature, and other authors reported higher values. For instance, applying a combination of pan-centromeric and pan-telomeric probes
to gamma-irradiated human lymphocytes, in [216] the authors found G-ratios of 3.4, 2.2
and 2.9 after doses of 2, 4 and 6 𝐺𝑦, respectively, with a mean value of 2.8. It cannot be
excluded that some of the acentric fragments classified as "linear" in [18], in which telomeric probes were not used, derived from two (un-rejoined) chromosome breaks induced in
the same arm, which would increase the G-ratio.
Table 4 – Experimental ("Exper.") F- and G-ratios for human lymphocytes exposed to
different doses of 137 𝐶𝑠 𝛾−rays compared with values calculated by the exponential model
("Exp.") or the Gaussian model ("Gaus."). The errors associated to the experimental values
represent standard deviations calculated applying Poisson statistics to the raw numbers
reported in the experimental paper ([18], both 𝛾−ray data sets pooled).
Dose(Gy)
Exper.
1.0
2.0
3.0
4.0

F-ratio
Exp.

13.2 ± 6.1
7.7 ± 1.6
8.8 ± 1.5
9.4 ± 1.3

10.0
9.5
8.4
8.8

Gauss

G-ratio
Exper.
Exp.

Gauss

8.0
8.1
8.1
7.7

2.4 ± 1.3 1.6
0.9 ± 0.3 1.6
0.8 ± 0.2 1.6
0.8 ± 0.2 1.7

1.3
1.4
1.5
1.4

Since the G-values calculated in the present work are intermediate between those
reported in [18] and those reported in [216], this suggested that an exponential distancedependence for the fragment rejoining probability can better model proximity effects with
respect to a step function, which could reproduce yields of dicentrics and centric rings,
and thus the F-ratio [196], but could not reproduce the deviation from randomness often
observed experimentally for the G-ratio. Since the simulations were performed assuming
that fragments smaller than a threshold of 3 Mbp were not visible, possible changes in
the results after eliminating this threshold were investigated. While for dicentrics and
centric rings the calculated yields did not change significantly, a significant increase in
excess acentric fragments was found. However, such increase was slight for all considered
doses: for instance, after 4 𝐺𝑦 the yield of acentric rings calculated by the exponential
model increased by a factor ∼ 0.08, and that of acentric linear fragments increased by
a factor ∼ 0.04. Very similar results were found for fibroblasts exposed to 6 𝐺𝑦 𝛾−rays.
With the exponential model, both F and G showed a dependence on the value of 𝜎. As
expected, the F-ratio increased with increasing 𝜎; concerning G, the dependence on 𝜎 was
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Figure 21 – F- and G-ratio for lymphocytes irradiated by 3 𝐺𝑦 137 𝐶𝑠 𝛾−rays. Points
represent values of F (open symbols) and G (closed symbols) calculated with the exponential model for different values of 𝜎, whereas the upper and lower solid lines represent
the (mean) experimental value of F and G, respectively, according to [18]. Source: Tello
et al. DNArepair (2017) [19].
less pronounced than the dependence shown by F, but there was anyway a tendency to
increase with decreasing 𝜎.
This is shown in Figure 21, where calculated values of F and G are plotted for
different values of 𝜎 in the range 0.4 − 1.0 𝜇𝑚 (in steps of 0.05 𝜇𝑚) in the case of a 𝛾−ray
dose of 3 𝐺𝑦. For each considered 𝜎 value, the CL yield was adjusted to the experimental
yield of dicentrics. Although this allowed reproducing the experimental dicentric yields
for all considered values, 𝜎 values lower than 0.8 𝜇𝑚 lead to an underestimation of F,
whereas 𝜎 values higher than 0.8 𝜇𝑚 lead to an overestimation.

4.2.2 Human fibroblasts
4.2.2.1 Dose-response curves
Afterwards, the approach was extended to gamma-irradiated human fibroblasts, to
investigate the role played by the cell type and/or the cell nucleus shape and dimensions.
Analogous to Figure 19, Figure 22 reports yields of dicentrics, rings and excess acentric fragments (as well as their sum) for human fibroblasts exposed to different doses of
137
𝐶𝑠 𝛾−rays. Closed symbols represent experimental data on gamma-irradiated AG1522
normal human fibroblasts [20], whereas open symbols, connected by dashed lines to guide
the eye, are simulation outcomes obtained with 𝜎 = 0.7 𝜇𝑚 and CL = 4 (𝐺𝑦𝑐𝑒𝑙𝑙)−1
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Figure 22 – Aberrations in AG1522 fibroblasts calculated by the exponential model. Full
symbols represent experimental values taken from [20] ("Day 0" data set, with error bars
representing one standard deviation calculated from the raw numbers assuming Poisson
statistics), whereas the empty symbols, connected by lines to guide the eye (from top
to bottom: total aberrations, dicentrics, excess acentric fragments and centric rings), are
results of simulations performed by the exponential model (with 𝜎 = 0.7 𝜇𝑚 and CL =
4.0 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 ). Source: Tello et al. DNArepair (2017) [19].
following adjustment by trial-and-error to the experimental data. Like for lymphocytes,
while 𝜎 mainly controls the aberration ratios, the CL yield mainly controls the absolute yields of the various aberration categories. For the sake of completeness, it is worth
mentioning that the "ring" experimental category also included some large acentric rings
(i.e., where the "hole" was clearly visible) in addition to centric rings. However, also other
authors (e.g. [181, 237]) compared calculated yields of centric rings with the "ring" category reported in [20]. Like for lymphocytes, in addition to the doses considered in the
experimental work (1, 2, 3, 4.1, 5.1, and 6.1 𝐺𝑦), full predictions were also performed at
other doses (0.5, 1.5, 2.5, 3.5, 4.5, 5.5, and 6.5 𝐺𝑦).
Good agreement was found with the experimental data on dicentrics and rings,
for which the simulation outcomes were within the experimental error bars with the
exception of dicentrics at the highest dose, for which the calculated yield was higher than
the experimental one. This indicates that, at least for low-LET radiation, an exponential
function can reproduce the proximity bias of centric rings with respect to dicentrics not
only in lymphocytes but also in fibroblasts. The (slightly) smaller 𝜎 value used for AG1522
fibroblasts with respect to lymphocytes (0.7 𝜇𝑚 instead of 0.8 𝜇𝑚) is consistent with
the reduced interphase chromatin mobility observed in these cells with respect to other
cells [238]. Concerning the CL yield, the difference with respect to the value used for
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lymphocytes (4.0 instead of 3.1 𝐶𝐿(𝐺𝑦𝑐𝑒𝑙𝑙)−1 ) may depend on the different characteristics
of the target cell, including the fact that the volume of AG1522 nuclei (628 𝜇𝑚3 ) was
much larger than that of lymphocyte nuclei (113 𝜇𝑚3 ). However, the ratio between the
two nuclear volumes does not imply an equal ratio between the two CL yields, because
AG1522 cells are less radiosensitive than lymphocytes.
Concerning excess acentric fragments, which are the sum of interstitial and terminal deletions, with the exception of the data at 4 𝐺𝑦 a reasonable agreement was found
with the experimental yields of total (i.e., interstitial plus terminal) deletions, for which
the calculated values were significantly but slightly lower than the experimental ones.
However, when considering interstitial and terminal deletions separately, the simulated yields of interstitial deletions were substantially lower than the experimental ones,
and thus the calculated G-ratio, which was around 2, was smaller than the experimental
one, which was between 6 and 7 (see Table 5). From the literature, the G-ratio seems
to be higher in fibroblasts than in lymphocytes; the possible reasons, which may be related to chromatin mobility and/or interphase chromatin organization, are still under
investigation. However, the fact that the G-ratio calculated by the exponential model was
significantly higher than the ∼ 1.2 value expected from randomness, indicates that also
for fibroblasts an exponential model can better reproduce proximity effects with respect
to a step model.
Like for lymphocytes, also for fibroblasts a Gaussian model was also tested against
the same data set. Figure 23 shows that parameter values of 𝜎 = 1.3 𝜇𝑚 and CL =
2.0 (𝐺𝑦𝑐𝑒𝑙𝑙)−1 allowed obtaining good agreement with the experimental yields of dicentrics and rings, and thus with the F-ratio. However, the calculated yields of excess
acentric fragments, compared with the experimental category of interstitial plus terminal
deletions, were substantially lower than the experimental ones. Like for lymphocytes, also
for fibroblasts chi-square tests were performed to compare the exponential and the Gaussian model. While for dicentrics and rings the chi-square values calculated for the two
models were similar, for excess acentric fragments and total exchanges the chi-square values for the Gaussian model were about a factor of 10 larger than those for the exponential
model.
4.2.2.2 Aberration ratios
Table 5 reports values of F-ratio and G-ratio (experimental and calculated according to either the exponential model, or the Gaussian model) for gamma-irradiated human
fibroblasts, at the doses considered in [20]. Concerning the F-ratio, the values obtained
by both models were in good agreement with the experimental ones. Good agreement
with dicentrics and (centric) rings was also obtained by a step model adopted in previous
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Figure 23 – Aberrations in AG01522 fibroblasts calculated by the Gaussian model. Like
in Figure 22, full symbols represent experimental values taken from [20]; empty symbols,
connected by lines to guide the eye (from top to bottom: total aberrations, dicentrics,
excess acentric fragments and centric rings), are results of simulations performed by the
Gaussian model with 𝜎 = 1.3 𝜇𝑚 and CL = 2.0 (𝐺𝑦𝐶𝑒𝑙𝑙)−1 . Source: Tello et al. DNArepair
(2017) [19].
works (e.g. [182]). Concerning the G-ratio, both the exponential and the Gaussian model
(as well as the previous step model) provided values that were substantially lower than
the experimental ones, whose mean value was close to 7. Nevertheless, different than the
step models, these values were significantly higher than that expected from randomness.
Overall, the results reported in Figure 22 and Figure 23 and Table 5, suggest that also for
fibroblasts an exponential model may reproduce proximity effects better than a Gaussian
model or a step model, although the underestimation of acentric rings requires further
investigations in the future.
The same experimental data set [20] was considered for comparison by Friedland
and Kundrat [146, 239], who developed a very detailed chromosome-aberration model in
the framework of the PARTRAC biophysical simulation tool, combining radiation track
structure, multiscale models of DNA and chromosomes, kinetics of enzyme attachment
and DSB repair, and chromatin mobility. The simulated DNA damage following energy
deposition by radiation represents the starting point for modelling DSB repair by NonHomologous End Joinig (NHEJ), which in turn is the major component of the chromosome
aberration simulations. After DSB recognition and chromatin remodeling, the DSB is
assumed to form two mobile DNA ends, which are followed separately. Such DNA ends
are allowed to diffuse in a semi-confined fashion (where confinement is due to anchoring
of the chromatin fibre to nuclear attachment sites), in parallel with the association of
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DNA-PK repair enzymes. If two ends with attached DNA-PK happen to be in close
vicinity, they form a synaptic complex leading to final ligation of the two fragments.
Further details on the methods, including assumptions and parameters, can be found
in [239]. Calculated dicentric yields were compared with experimental data reported in
[20], both for 𝛾−rays and for 𝛼−particles. The shape of the simulated dose-response was
in agreement with the experimental ones, i.e. linear-quadratic for 𝛾−rays and linear for
𝛼−particles. However, the absolute dicentric yields were overestimated by a factor ∼ 5
for 𝛾−rays and a factor ∼ 2 for 𝛼−particles; according to the authors, this suggests that
the long-range mobility and the number of free chromatin ends at later repair times may
have been overestimated. Interestingly, the DSB mis-rejoining probability resulting from
these simulations is predicted to decrease exponentially with increasing initial distance
between the two involved DNA ends, consistent with the conclusions of the present thesis
work.
Table 5 – Experimental ("Exper.") F- and G-ratios for AG1522 human fibroblasts exposed
to different doses of 137 𝐶𝑠 𝛾−rays compared with values calculated by the Gaussian model
("Gaus.") or the exponential model ("Exp."). The errors associated to the experimental
values represent standard deviations calculated applying Poisson statistics to the raw
numbers reported in the experimental work ([20], "Day 0" data set).
Dose(Gy)
1.0
2.0
3.0
4.1
5.1
6.1

F-ratio
Exper.
Exp.
6.0 ± 4.6
6.8 ± 3.3
5.9 ± 2.3
4.4 ± 1.1
5.6 ± 1.3
5.2 ± 1.0

5.0
5.3
5.2
5.1
5.1
5.2

Gauss

G-ratio
Exper.
Exp.

Gauss

5.3
5.8
5.6
5.6
5.7
5.6

9.5 ± 7.1
6.6 ± 3.2
7.1 ± 2.7
6.4 ± 1.6
6.8 ± 1.5
6.8 ± 1.3

1.6
1.7
1.6
1.7
1.7
1.7

2.0
2.1
2.1
2.1
2.1
2.2

4.3 Dependence of proximity effects on radiation quality, cell type
and dose
Afterwards, the investigation was extended to intermediate- and high-LET. Since
the 𝜎 values (0.8 𝜇𝑚 for lymphocytes and 0.7 𝜇𝑚 for fibroblasts) were taken from the
low-LET study [19] (see section 4.2), the results were obtained by adjusting only one
model parameter, i.e. the yield of "Cluster Lesions" (CLs). In lymphocytes, the exponential model allowed reproducing both dose-response curves for different aberrations
(dicentrics, centric rings and excess acentrics), and values of F-ratio (dicentrics to centric
rings) and G-ratio (interstitial deletions to centric rings). In fibroblasts, a good correspondence was found with the dose-response curves, whereas the G-ratio (and, to a lesser
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extent, the F-ratio) was underestimated. With increasing LET, F decreased and G increased in both cell types, supporting their role as "fingerprints" of high-LET exposure.
A dose-dependence was also found at high LET, where F increased with dose and G
decreased, possibly due to inter-track effects. We therefore concluded that, independent
of radiation quality, in lymphocytes an exponential function can describe proximity effects at both inter- and intra-chromosomal level; on the contrary, in fibroblasts further
studies (experimental and theoretical) are needed to explain the strong bias for intraarm relative to inter-arm exchanges. The details of this investigation will be presented in
subsection 4.3.1 (lymphocytes) and subsection 4.3.2 (fibroblasts).

4.3.1 Human lymphocytes
4.3.1.1 Proton aberration yields
Figures 24-26 show the results obtained for lymphocytes irradiated with protons of
3.5, 5.3, and 19.0 𝑘𝑒𝑉 /𝜇𝑚, respectively. Each figure includes the calculated absolute yields
of dicentrics (DIC), centric rings (CER) and excess acentric fragments (ACE) using the
exponential model, as well as experimental data taken from the literature [18]. Since the
𝜎 parameter should not depend on radiation quality, the same value used in the previous
study for photons (see section 4.2) was applied, i.e. 𝜎 = 0.8 𝜇𝑚. This choice is related to
the fact that 𝜎, which represents the characteristic distance governing the (mis-)rejoining
probability, should be mainly related to interphase chromatin organization and mobility.
As shown for low-LET radiation, the value of 𝜎 has a strong influence on the F-ratio,
which increases with 𝜎. Some further tests confirmed this tendency, showing that larger
values of 𝜎 lead to an over-estimation of the F-ratio, whereas smaller 𝜎 values lead to an
under-estimation of F. The CL yield was adjusted separately for each LET value basing on
the dicentric experimental yields. For all simulations, the relative uncertainty was smaller
than 5%; the simulation outcomes are therefore reported without error bars, which would
be smaller than the symbol size.
For protons of 3.5 𝑘𝑒𝑉 /𝜇𝑚 (Figure 24), the calculated yields of both dicentrics
and centric rings, and thus the F-ratio, were in good agreement with the data, since
in most cases the simulation outcome was within the experimental error bar. Concerning
acentrics, the simulations were systematically lower than the data and appeared very similar to dicentrics. However, this was not the case neither for the photon results discussed
before, nor for the 5.3 𝑘𝑒𝑉 /𝜇𝑚 results (see Figure 25 below), where the dicentric yields
were higher than the acentric yields, not only in the simulations but also in the data.
In general, both theoretical and experimental works suggest that at low LET the yield
of acentrics tends to be lower than that of dicentrics, whereas at high LET the opposite
scenario occurs; this issue will be discussed in later. The fact that the simulated G-ratio
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Figure 24 – Aberrations in human lymphocytes exposed to 3.5 𝑘𝑒𝑉 /𝜇𝑚 protons. Empty
symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess
acentrics and dotted line for centric rings), represent simulation outcomes obtained with
the exponential model, taking 𝐶𝐿 = 0.02 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one standard deviation
from the mean, calculated from the raw numbers assuming Poisson statistics. Source:
Tello et al. DNArepair (2018) [21].
was consistent with the corresponding experimental value, suggests that the underestimation of total acentrics found at 3.5 𝑘𝑒𝑉 /𝜇𝑚 is mainly related to an underestimation
of (large) linear fragments, rather than interstitial deletions. Figure 25 shows the results
obtained for protons of 5.3 𝑘𝑒𝑉 /𝜇𝑚. At lower doses (up to 2 𝐺𝑦), the absolute aberration yields show very good agreement with the experimental data for all three aberration
categories. For the two highest doses (4.9 and 5.1 𝐺𝑦), the dicentric yields were (slightly)
overestimated, whereas the yields of acentric fragments were (slightly) underestimated.
The results obtained at 19 𝑘𝑒𝑉 /𝜇𝑚 are reported in Figure 26. Concerning dicentrics, if
one excludes the experimental point at 3.6 𝐺𝑦, which is much lower than that at 3.7 𝐺𝑦, a
good correspondence between simulations and data was found, although the simulations
(slightly) underestimated the data at the lower doses and (slightly) overestimated the
point at the highest dose (3.7 𝐺𝑦). Analogous conclusions can be drawn for acentrics if
one excludes the experimental point at 1.1 𝐺𝑦, which is as high as that at 1.4 𝐺𝑦, and
the point at 3.6 𝐺𝑦, which is much lower than that at 3.7 𝐺𝑦.
4.3.1.2 Alpha-particle aberration yields
Simulations were then run for 150 𝑘𝑒𝑉 /𝜇𝑚 𝑎𝑙𝑝ℎ𝑎−particles, for which the paper by
Bauchinger and Schmid [18] also contains experimental data. This data set is particularly
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Figure 25 – Aberrations in human lymphocytes exposed to 5.3 𝑘𝑒𝑉 /𝜇𝑚 protons. Empty
symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess
acentrics and dotted line for centric rings), represent simulation outcomes obtained with
the exponential model, taking 𝐶𝐿 = 0.03 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one standard deviation
from the mean, calculated from the raw numbers assuming Poisson statistics. Source:
Tello et al. DNArepair (2018) [21].

Figure 26 – Aberrations in human lymphocytes exposed to 19.0 𝑘𝑒𝑉 /𝜇𝑚 protons. Empty
symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess
acentrics and dotted line for centric rings), represent simulation outcomes obtained with
the exponential model, taking 𝐶𝐿 = 0.21 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one standard deviation
from the mean, calculated from the raw numbers assuming Poisson statistics. Source:
Tello et al. DNArepair (2018) [21].
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Figure 27 – Aberrations in human lymphocytes exposed to 150 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles.
Empty symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for
excess acentrics and dotted line for centric rings), represent simulation outcomes obtained
with the exponential model, taking 𝐶𝐿 = 1.06 𝜇𝑚−1 . Full symbols are experimental values
taken from Bauchinger and Schmid [18]; the error bars represent one standard deviation
from the mean, calculated from the raw numbers assuming Poisson statistics. Source:
Tello et al. DNArepair (2018) [21].
interesting because, due to the high LET and the small nucleus cross-sectional area,
especially at relatively low doses it was very unlikely that a cell was hit by more than
one particle: representing a lymphocyte nucleus as a sphere with a 3 𝜇𝑚 radius, even
at the highest dose (1 𝐺𝑦) the mean number of particle traversals is 1.2. These data
thus help clarifying what happens when a single 𝛼−particle traverses the cell nucleus,
which cannot be easily derived from lymphocyte data at higher doses and/or fibroblast
data, for which an inter-track action due to the presence of multiple traversals cannot
be excluded. More specifically, comparing with these data allowed estimating the yield
of critical DNA damages (where "critical" means severe enough to lead to chromosome
aberrations) induced by a single 𝛼−particle, which at 150 𝑘𝑒𝑉 /𝜇𝑚 resulted to be about
1 𝐶𝐿/𝜇𝑚 (see below). This is consistent with experimental results obtained by Costes et
al. [240]: measuring the induction of 𝛾H2AX, ATMp and 53BP1 foci in human epithelial
cells exposed to 1 𝐺𝑒𝑉 /𝑎𝑚𝑢 Fe ions, which also have a LET of about 150 𝑘𝑒𝑉 /𝜇𝑚, these
authors found a (maximum) number of foci that was ∼ 0.7 − 0.8 foci/𝜇𝑚. Concerning
the effectiveness of a single particle traversal, further experimental data are desirable on
different particle types and/or different energies, especially data obtained by micro-beam
irradiation, which allows delivering an exact number of particles rather than a mean
number.
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The results obtained with 1.06 𝐶𝐿/𝑚𝑖𝑐𝑟𝑜𝑛 are reported in Figure 27, which also
shows the corresponding experimental data. Good agreement between simulations and
data was found for both dicentrics and acentrics, since the discrepancies were within
the experimental error in most cases. Interestingly, while at low and intermediate LET
the dicentric yields were higher than the acentric yields, at 150 𝑘𝑒𝑉 /𝜇𝑚 the yields of
acentrics became higher than those of dicentrics, both in the simulations and in the data.
A cell-type dependence may also play a role, because in fibroblasts the ratio between
total acentrics and dicentrics seems to be higher than in lymphocytes (see below). The
interpretation of this phenomenon in terms of mechanisms is not trivial, because one
would need to distinguish between terminal deletions, which are produced by a single, unrejoined chromosome break, and interstitial deletions, which are produced by two breaks
induced in the same chromosome arm. If the increase in (total) excess acentrics results
to be due to an increase in interstitial deletions, then it may be explained considering
that high-LET radiation, which is densely-ionizing, is more likely to induce two breaks in
the same chromosome arm with respect to low-LET radiation. In some works, including
that by Bauchinger and Schmid [18], all acentrics were sub-divided into linear or circular
fragments. Notwithstanding, it is not automatic that the fragments scored as linear are
terminal deletions, because some fragments scored as (small) linear forms may actually
be small acentric rings where the "hole" is not visible. Experimental studies making use
of pan-telomeric probes, like that performed by Mestres et al. [219], can be of great help
in this regard. Concerning centric rings, the simulations were systematically higher than
the data. Of course this implies that the simulated F ratio was much lower than the
experimental one. This issue will be discussed in the Aberration ratios section.
Analogous to the low-LET work (section 4.2), the simulations for 𝛼−particles were
also repeated by applying the Gaussian model. Similarly to the exponential model, the
yields of dicentrics and acentrics were in good agreement with the data, whereas those
of centric rings overestimated the data; however, the G-ratio was lower than that found
with the exponential model. The lower G-ratio may be a consequence of the fact that,
at the small distances characterizing the intra-chromosomal level, the Gaussian function
decreases less rapidly than the exponential one, thus leading to a less pronounced bias for
intra-arm exchanges versus inter-arm exchanges.
4.3.1.3 Aberration ratios
Table 6 summarizes the values of F-ratio and G-ratio ("𝐹𝑠𝑖𝑚 ." and "𝐺𝑠𝑖𝑚 .", respectively) obtained with the exponential model for lymphocytes exposed to the four
considered radiation qualities as well as 𝛾−rays, which have been discussed in section 4.2.
The corresponding experimental data ("𝐹𝑑𝑎𝑡𝑎 ." and "𝐺𝑑𝑎𝑡𝑎 .", respectively), taken from
Bauchinger and Schmid [18], are also reported for comparison. As already discussed in
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section 4.2, the simulated G-ratio for 𝛾−rays was substantially higher than the experimental one, which was even smaller than the value expected assuming randomness. However,
higher values can be found in other works: for instance, a mean G-ratio of 2.84 ± 0.61 is
reported in Benkhaled et al. [216], and a G-ratio of about 2 is reported in Deng et al.
[241].
Table 6 – F-ratio (total dicentrics/total centric rings in the whole dose range) and Gratio (total interstitial deletions/total centric rings in the whole dose range) in human
lymphocytes, compared with data taken from Bauchinger and Schmid [18].
Radiation
137

𝐶𝑠 𝛾 − 𝑟𝑎𝑦𝑠
p 3.5 𝑘𝑒𝑉 /𝜇𝑚
p 5.3 𝑘𝑒𝑉 /𝜇𝑚
p 19.0 𝑘𝑒𝑉 /𝜇𝑚
𝛼 150 𝑘𝑒𝑉 /𝜇𝑚

Dose range (Gy)

𝐹𝑠𝑖𝑚

𝐹𝑑𝑎𝑡𝑎

𝐺𝑠𝑖𝑚

𝐺𝑑𝑎𝑡𝑎

1.0 − 4.0
1.0 − 3.6
1.2 − 5.1
0.15 − 3.7
0.1 − 1.0

8.7
8.7
8.7
6.7
3.0

9.1 ± 0.8
8.8 ± 1.0
7.5 ± 1.0
10.2 ± 1.2
10.1 ± 1.9

1.6
1.8
1.8
2.4
3.4

0.9 ± 0.1
1.5 ± 0.2
1.5 ± 0.2
2.0 ± 0.3
3.1 ± 0.6

The only large discrepancy was related to the F-ratio for 150 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles;
however, our results are not so inconsistent with other data reported in the literature. Using pan-centromeric and pan-telomeric probes in lymphocytes exposed to 150 𝑘𝑒𝑉 /𝜇𝑚 𝛼particles (dose range: 0.2−1.0 𝐺𝑦), Mestres et al. [219] found a mean F-ratio of 5.47±0.36.
Even lower values have been observed following in vivo 𝛼−particle exposure, for which
Sasaki et al. [242] reported 5.0±0.3, and Tawn et al. [243] reported 4.5±2.0. Interestingly,
Mestres et al. [219] noted that, when tricentrics and tetracentrics were considered as dicentric equivalents and included in the F-ratio calculation, their ratio increased to 7.16,
suggesting that the inclusion of higher-order multicentrics may be significant. Also our
simulations showed an increase of F if higher-order multicentrics were included (counting
a tricentric as 2 dicentrics, a quadricentric as 3 dicentrics, etc.), although the increase was
less pronounced than that found by Mestres et al. [219]: for instance, at 1 𝐺𝑦 the simulated
F-ratio increased from 3.2 to 3.5. A similar trend was also found at 19 𝑘𝑒𝑉 /𝜇𝑚, where,
for instance, at 3.7 𝐺𝑦 the simulated F-ratio increased from 7.2 to 7.7 after including
higher-order multicentrics. Concerning the dependence of F and G on radiation quality,
the simulations confirmed the increase of G with LET shown in various experimental
works, as well as the decrease of F reported in some other works (e.g. [219, 242, 243].
Furthermore, the simulations at the higher LET values (19 𝑘𝑒𝑉 /𝜇𝑚 and 150 𝑘𝑒𝑉 /𝜇𝑚)
showed an increase of F with increasing dose. This is possibly related to the fact that,
with increasing dose, there is an increased probability for a dicentric to be induced by
two different particles (inter-track effect).
More generally, the results obtained for lymphocytes exposed to protons and
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𝛼−particles suggest that, in human lymphocytes, the dependence of the fragment (mis)rejoining probability on the fragment initial distance can be described by an exponential
function not only at low LET, but also at intermediate and high LET. On the contrary,
the Gaussian model provided a good description of the data at high LET, but did not
perform well at low LET. We therefore conclude that, at least for lymphocytes, the exponential model is more realistic than the Gaussian one, independent of radiation quality.The
fact that a good agreement with the data was obtained without changing the value of
𝜎 is consistent with the biophysical meaning of this parameter, which should be related
to the chromatin mobility features independent of radiation quality. Many authors (e.g.
[238]) found that chromatin free-end mobility is mainly governed by diffusion, whereas
others hypothesize an active transport mechanism. Interestingly Friedland and Kundrát
[146, 239], in an independent simulation work assuming free-end diffusion, found a posteriori that the mis-rejoining probability decreased exponentially with increasing the initial
distance between the two involved DNA ends. This implies that an exponential decrease
is consistent with a diffusion mechanism, at least for chromosome aberration production
by Non-Homologous End Joining. Of course this does not exclude that in other repair
pathways an active transport can play a role. To investigate this issue, it is desirable that
further experiments are performed where the time-dependent motion of DNA free-ends
is followed, e.g. by time-lapse observation of repair proteins foci. Performing these observations in different cell types which adopt different repair pathways (and/or at different
cell-cycle stages where different pathways are activated), should help identifying possible
scenarios where an active transport may play a role.

4.3.2 Human fibroblasts
The results described in subsection 4.2.2 suggest that, at least for low-LET radiation, an exponential model of the form 𝑒𝑥𝑝(−𝑟/𝜎) can reproduce the proximity bias
for inter-arm exchanges with respect to inter-chromosome exchanges not only in lymphocytes but also in fibroblasts. However, different from lymphocytes, in fibroblasts such
exponential model underestimates the bias for intra-arm versus inter-arm exchanges. A
Gaussian model provided a worse performance, since it allowed obtaining good agreement
for dicentrics and rings, and thus for the F-ratio, but substantially underestimated total acentrics. In the following, the results obtained for fibroblasts at high LET will be
presented and discussed.
4.3.2.1 Alpha-particle aberration yields
To extend the investigation to high-LET radiation, we took the data for comparison from the same paper considered for photons [20], which also reports data on AG1522
cells exposed to 116 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles. Figure 28 displays the outcomes obtained by
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Figure 28 – Aberrations in human fibroblasts exposed to 116 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles. Empty
symbols, connected by lines to guide the eye (solid line for dicentrics, dashed line for excess
acentrics and dotted line for centric rings), represent simulation outcomes obtained with
the exponential model, taking 𝐶𝐿 = 0.47 𝜇𝑚−1 . Full symbols are experimental values
taken from Cornforth et al. [20]; the error bars represent one standard deviation from the
mean, calculated from the raw numbers assuming Poisson statistics. Source: Tello et al.
DNArepair (2018) [21].
applying the exponential model with 𝜎 = 0.7 𝜇𝑚 (the same value used for photons)
and 0.47 𝐶𝐿/𝜇𝑚; the data reported in Cornforth et al. [20] is also shown. Analogous to
what found for photons, the simulations compare reasonably well with the data both for
dicentrics and for excess acentrics. On the contrary the experimental rings were overestimated, implying that the simulated F-ratio was smaller than the experimental one (see
next section).
The results obtained with the exponential model for AG1522 cells exposed to highLET radiation thus confirmed the main features of those obtained at low LET, since the
simulations were in agreement with the data for dicentrics and total acentrics, whereas
interstitial deletions were underestimated. Furthermore, at high LET the experimental
yield of rings was overestimated. This implied that, at high LET, the G-ratio and the
F-ratio were both underestimated. Reducing the value of 𝜎 allowed to obtain higher
values for G but even lower values for F: for instance, using 𝜎 = 0.5 𝜇𝑚, at 2.2 𝐺𝑦 the
G-ratio increased from 5.2 to 6.4, but the F-ratio decreased from 3.3 to 2.6. Since for
𝛼−particle irradiated lymphocytes the performance of the Gaussian model was not very
different from that of the exponential model, also for 𝛼−irradiated fibroblasts simulations
were run applying the Gaussian model. Like at low LET, the exponential model and the
Gaussian one behaved rather similarly for dicentrics and centric rings (and thus for the
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F-ratio), but the exponential model was closer to the data both for total acentrics and
for the G-ratio.
4.3.2.2 Aberration ratios
Table 7 reports the values of F-ratio and G-ratio ("𝐹𝑠𝑖𝑚 " and "𝐺𝑠𝑖𝑚 ", respectively)
obtained with the exponential model for fibroblasts exposed to 116 𝑘𝑒𝑉 /𝜇𝑚 𝛼−particles,
as well as 𝛾−rays for comparison. The corresponding experimental data ("𝐹𝑑𝑎𝑡𝑎 " and
"𝐺𝑑𝑎𝑡𝑎 ", respectively), taken from Cornforth et al. [20], is also reported for comparison. As mentioned above, a major discrepancy is related to an underestimation of 𝐺
for both radiation types, and possibly an underestimation of 𝐹 for 𝛼−particles. It is interesting to note that also in the simulations G increased with LET, consistent with the
data. Concerning the dose-dependence, in the simulations F increased with dose, like for
𝛼−particle-irradiated lymphocytes; furthermore, G significantly decreased with increasing
dose. Possible explanations for such a decrease of G, which was found for fibroblasts but
not for lymphocytes, might include a more pronounced role of inter-track effects, related
to the higher number of particles involved: while in lymphocytes the (mean) fluence at
the highest dose was 0.04 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝜇𝑚2 , in fibroblasts it was 0.12 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝜇𝑚2 .
Table 7 – F-ratio (total dicentrics/total centric rings in the whole dose range) and G-ratio
(total interstitial deletions/total centric rings in the whole dose range) in AG1522 human
fibroblasts, compared with data taken from Cornforth et al. [20].
Radiation
137

𝐶𝑠 𝛾 − 𝑟𝑎𝑦𝑠
𝛼 116 𝑘𝑒𝑉 /𝜇𝑚

Dose range (Gy) 𝐹𝑠𝑖𝑚
1.0 − 6.1
0.6 − 2.2

5.1
3.2

𝐹𝑑𝑎𝑡𝑎

𝐺𝑠𝑖𝑚

𝐺𝑑𝑎𝑡𝑎

5.3 ± 0.6
5.7 ± 1.0

2.2
5.5

6.8 ± 0.8
10.3 ± 1.8

The substantial underestimation of the G-ratio suggests that even an exponential function of the form 𝑒𝑥𝑝(−𝑟/𝜎) is not sufficient for reproducing the large bias for
intra-arm exchanges to inter-arm exchanges observed in fibroblasts, which deserves further investigation in the future. The fact that in fibroblasts such bias seems to be more
pronounced than in lymphocytes might be related to many biological factors, including
not only a reduced mobility of chromatin [238] but also its 3D organization in the cell
nucleus during interphase, as well as the dimensions of the various chromosome territories. Since the volume of fibroblast nuclei is much larger than that of human lymphocyte
nuclei, the (mean) volume of a chromosome territory is much larger in fibroblasts than in
lymphocytes. Assuming that, after a given time interval, a chromosome free-end induced
in a fibroblast has travelled a similar distance as a free-end induced in a lymphocyte, then
for fibroblasts a free-end initially induced in a given chromosome arm may be more likely
to stay within that arm domain, and possibly join with another free-end induced in the
same arm, thus giving rise to an interstitial deletion (or a paracentric inversion). On the
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contrary, for lymphocytes a free-end initially induced in a given arm may have a higher
probability of reaching the domain occupied by the other arm and joining with a free-end
induced there, thus producing an inter-arm exchange like a centric ring (or a pericentric
inversion). This may explain why the values of G-ratio experimentally observed in fibroblasts tend to be higher than in lymphocytes, and why an exponential function allows to
reproduce the G-ratio in human lymphocytes but underestimates it in human fibroblasts.
More generally, these findings support a scenario where the intrinsic mobility properties of chromatin free-ends have a strong influence on the distance-dependence of the
(mis-)rejoining probability. In turn, such properties might be related to interphase chromatin organization, including the existence of attachment points to the nuclear matrix:
one possibility is that, after a (complex) DSB has been induced, the maximum distance
that a free-end can travel is given by the length of the chromatin loop between two subsequent attachment points. For instance, considering a loop having a size of 50 − 200 𝑘𝑏𝑝
(e.g. [244]), and assuming that each 1.2 𝑘𝑏𝑝 structure corresponds to 10 𝑛𝑚, one would
obtain a distance of ∼ 0.4 − 1.6 𝜇𝑚, which is consistent with the characteristic distance
for the mis-rejoining probability found in this and other works.

4.4 Applications for hadrontherapy
This section introduces the results of two collaborations with regard to applications useful for hadrontherapy, in which the BIANCA model served as a means to interpret
experimental data. The radiation qualities and doses used in the experiments span a wide
range of setups that are of interest in hadrontherapy. In both works, the simulations were
carried out using the step-like proximity function. In the collaboration with the BioQuaRT
project (subsection 4.4.1), the experiments were performed with the microbeam available
at the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany. The upgraded version of BIANCA allowed to precisely simulate this irradiation setup, according
to the microbeam specifications (e.g. beam positions, FWHM and number of particles).
In a second collaboration (subsection 4.4.2), experimental data on V79, AG01522 human
fibroblasts and U87 cells exposed to protons, C-ions and He-ions, was analyzed in terms
of CL yields per micron. Within this work, an approach was proposed to predict the ionresponse of cell line(s) of interest from the ion-response of a reference cell line and the
photon responses of both cell lines.
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4.4.1 Analysis of radiation-induced chromosome aberrations after alpha particle microbeam irradiation
As a part of the EMRP joint research project, Biologically Weighted Quantities in
Radiotherapy (BioQuaRT), experimental and theoretical analyses on chromosomal aberrations were performed in Chinese hamster ovary cells (CHO-K1) exposed to 𝛼 particles
with final energies of 5.5 and 17.8 𝑀 𝑒𝑉 (absorbed doses: ∼ 2.3 𝐺𝑦 and ∼ 1.9 𝐺𝑦, respectively), which were generated by the microbeam at the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig, Germany. In line with the differences in linear energy
transfer (approximately 85 𝑘𝑒𝑉 /𝜇𝑚 for 5.5 𝑀 𝑒𝑉 and 36 𝑘𝑒𝑉 /𝜇𝑚 for 17.8 𝑀 𝑒𝑉 𝛼 particles), the 5.5 𝑀 𝑒𝑉 𝛼−particles were more effective than the 17.8 𝑀 𝑒𝑉 𝛼−particles, both
in terms of the percentage of aberrant cells (57% vs. 33%) and aberration frequency. The
yield of total aberrations increased by a factor of ∼ 2, although the increase in dicentrics
plus centric rings was less pronounced than in acentric fragments. The experimental data
was compared with Monte Carlo simulations based on the BIANCA model. This comparison allowed interpretation of the results in terms of critical DNA damage [cluster lesions
(CLs)]. More specifically, the higher aberration yields observed for the 5.5 𝑀 𝑒𝑉 𝛼 particles were explained by taking into account that, although the nucleus was traversed by
fewer particles (nominally, 11 vs. 25), each particle was much more effective (by a factor
of ∼ 3) at inducing CLs. This led to an increased yield of CLs per cell (by a factor of
∼ 1.4), consistent with the increased yield of total aberrations observed in the experiments. Details of the experimental setup can be found in [235], whereas the simulation
work will be reported below.
4.4.1.1 Absorbed dose estimation
To estimate the absorbed dose to the cell nucleus, an ad hoc simulation code was
developed in which the cell nucleus was represented as a cylinder of circular base, with
a variable base area and a fixed height. The mean base area was assumed to be 68 𝜇𝑚2 ,
based on the average value found in measurements performed at PTB. This value is
very close to the 70 𝜇𝑚2 value reported by Nasonova et al. [245] for the same cell line
(CHO-K1), as well as the 69 𝜇𝑚2 value reported by Carpenter et al. [246] for a similar
cell line (CHO-10B). For each cell, the actual nucleus area was taken from a Gaussian
distribution that had a mean value of 68 𝜇𝑚2 and was truncated at ±1 𝜎 (30 𝜇𝑚2 ). The
nucleus thickness was assumed to be 4 𝜇𝑚, as reported, for example, by Carpenter et al.
[246] based on light microscopy measurements.
Like in the experiments, each nucleus was irradiated in a perpendicular direction
from the bottom (foil side); the number of particles depended on the particle energy (11
or 25 particles for 5.5 or 17.8 𝑀 𝑒𝑉 , respectively). Whereas for 5.5 𝑀 𝑒𝑉 , all particles were
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nominally targeted at the nucleus center, for 17.8 𝑀 𝑒𝑉 , five (nominal) positions were targeted in each cell nucleus, corresponding to the following coordinates in a system centered
in the nucleus center: (0, 0), (2𝜇𝑚, 2𝜇𝑚), (−2𝜇𝑚, 2𝜇𝑚), (−2𝜇𝑚, −2𝜇𝑚), (2𝜇𝑚, −2𝜇𝑚).
To account for the intrinsic targeting uncertainties, the actual position where a given
particle entered the nucleus was "shifted" radially with respect to the nominal position
by random sampling from a rotationally symmetric, bi-dimensional Gaussian distribution with FWHM of 4.5 𝜇𝑚. In this way, on average, approximately 2% of the particles
were found to fall outside the cell nucleus after 5.5 𝑀 𝑒𝑉 irradiations, where all particles
were targeted at the nucleus center, while this percentage was approximately 10% after
17.8 𝑀 𝑒𝑉 irradiations, where the particles were targeted according to the cross pattern
described above.
For each cell nucleus, the energy deposited by each particle’s traversal was calculated by multiplying the particle’s LET at the cell center by the nucleus’ traversal length;
the specific energy imparted to that nucleus was calculated by dividing the total energy
deposited by all particle traversals by the mass of that nucleus (assuming 1 𝑔/𝑐𝑚3 as a
density). Finally, the absorbed dose was calculated by adding all specific energies and
dividing them by the number of cells, which was 10,000. For 5.5 𝑀 𝑒𝑉 irradiations, these
calculations provided an absorbed dose of approximately 2.3 𝐺𝑦, whereas for 17.8 𝑀 𝑒𝑉
particles, the calculated value was approximately 1.9 𝐺𝑦. In the latter case, the absorbed
dose was lower because a higher percentage of particles did not hit the nucleus. Specifically,
the calculations for 85 𝑘𝑒𝑉 /𝜇𝑚 𝛼-particles, by which 11 nucleus traversals provided an absorbed dose of approximately 2.3 𝐺𝑦, are consistent with those reported by Nagasawa and
Little [247], who exposed the same cell line (CHO-K1) to a 112 𝑘𝑒𝑉 /𝜇𝑚 𝛼-particle broad
beam. Based on CR-39 fluence measurements and a mean nuclear area of 62.2 𝜇𝑚2 , these
authors calculated an average of 11 traversals per nucleus and a corresponding absorbed
dose of 2 𝐺𝑦.
4.4.1.2 Calculation of aberration yields.
For the two energies considered, Table 8 shows calculated yields of dicentrics plus
centric rings, as well as EAF. The corresponding experimental yields, with uncertainties
obtained as the square root of the empirical sample variance, are reported in parentheses. Columns 2 and 3 list the mean number of cluster lesions per particle track and per
cell, respectively, that were used as code inputs to perform the calculations. All calculations were performed assuming 𝑓 = 0.08 for the chromosome-fragment non-rejoining
probability, based on the experience with V79 cells [16].
With the exception of the EAF category at 36 𝑘𝑒𝑉 /𝜇𝑚, the CL values reported
in the table enabled us to obtain simulation results that were within the experimental
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uncertainties. While the different yields of CL per track reflect the different LET values,
the yield of CLs per cell depends both on LET and on the number of nucleus traversals.
Moving from the first to the second row of Table 8, the (nominal) number of particles
per cell, which for a given absorbed dose is inversely proportional to the radiation LET,
decreases by a factor of ∼ 2.3; at the same time the yield of CLs per track increases by a
factor of ∼ 3.1. This explains why the yield of CLs per cell increases by a factor of ∼ 1.4
(which can be obtained by dividing 3.1 by 2.3). Such an increase in the yield of CLs per
cell may explain the increase in aberrations observed in the experiments, which resulted
in ∼ 2.3 ± 0.1.
Table 8 – Calculated aberration yields. The corresponding experimental values for comparison are reported in parenthesis.
LET(𝑘𝑒𝑉 /𝜇𝑚)

CLs/track

CLs/cell

(D + R)/cell

EAF/cell

36
85

0.17
0.53

4.2
5.8

0.349(0.36 ± 0.04)
0.605(0.60 ± 0.06)

0.483(0.21 ± 0.03)
0.659(0.69 ± 0.07)

CLs = cluster lesions; D + R = dicentrics plus centric rings; EAF = excess acentric fragments.
This interpretation is in line with DNA damage investigations performed within the
same research project by other researchers, who investigated the induction of 53BP1 foci in primary HUVEC cell cultures under the same irradiation conditions, i.e., by 𝛼-particle microbeam
performed at the PTB facility [248]. The results showed that, when the LET increased from
approximately 37 𝑘𝑒𝑉 /𝜇𝑚 to approximately 90 𝑘𝑒𝑉 /𝜇𝑚 (nominal values, corresponding to our
36 𝑘𝑒𝑉 /𝜇𝑚 and 85 𝑘𝑒𝑉 /𝜇𝑚 values, respectively), the ratio between the mean number of observed foci and the number of particle tracks increased by a factor of ∼ 1.5. The fact that the
increase in the number of foci was less pronounced than the increase in the number of cluster
lesions (which increased by a factor of ∼ 3) may be explained by considering that there is not
a one-to-one correspondence between foci and (complex) DSBs, and that foci within the same
particle track may not be distinguishable. This explanation is supported by simulations performed independently by Villagrasa et al. [248] using the Geant4-DNA code, according to which
the mean number of DSBs per particle track increased by a factor of ∼ 4 between the two LET
values, and the probability for a single particle to induce at least one focus increased by a factor
of up to ∼ 2.4.
The simulations performed with BIANCA also enabled investigation of the possible
consequences of adopting two different irradiation geometries (all particles to the nucleus center
for 5.5 𝑀 𝑒𝑉 particles, cross pattern for 17.8 𝑀 𝑒𝑉 particles). For both energies, delivering all
particles to the nucleus center provided higher aberration yields with respect to adopting the
cross pattern, because in the latter case there is a higher probability of ions not hitting the
nucleus, owing to the 4.5 𝜇𝑚 FWHM of the microbeam width. However, the differences were
significant but not dramatic. If the 5.5 𝑀 𝑒𝑉 particles were delivered according to the cross
pattern (delivering 3 particles to the nucleus center and 2 particles to each of the four vertices),
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the (total) aberration yield per cell was 1.03 times smaller than the yield obtained by delivering
all particles to the nucleus center; if the 17.8 𝑀 𝑒𝑉 particles were all delivered to the nucleus
center, the aberration yield per cell was 1.16 times higher than the yield obtained with the cross
pattern. For both energies, the difference between the two configurations was more pronounced
for dicentrics plus centric rings than for EAF; this may be due to an increased probability of
inter-track interactions when all particles were targeted to the nucleus center.

4.4.2 Application of BIANCA to cell survival data by protons, C-ions and
He-ions at energies and doses used in hadrontherapy
The model version developed in this work was applied to V79 and AG01522 cells exposed
to protons, C-ions and He-ions over a wide LET interval (0.6 − 502 𝑘𝑒𝑉 /𝜇𝑚), as well as protonirradiated U87 cells. In this application, proximity effects were modelled with the step-like
function. This time, only the cluster yields were adjusted since the 𝑓 value was taken from
previous works. As will be shown in the following, good agreement between simulations and
experimental data was obtained, suggesting that BIANCA II is suitable for calculating the
biological effectiveness of hadrontherapy beams. For both V79 and AG01522 cells, the mean
number of CLs per micrometer was found to increase with LET in a linear-quadratic fashion
before the over-killing region, where a less rapid increase, with a tendency to saturation, was
observed. Although the over-killing region deserves further investigation, the possibility of fitting
the CL yields is an important feature for hadrontherapy, because it allows performing predictions
also at LET values where experimental data are not available. Finally, an approach was proposed
to predict the ion-response of the cell line(s) of interest from the ion-response of a reference cell
line and the photon response of both cell lines. A pilot study on proton-irradiated AG01522
and U87 cells, taking V79 cells as a reference, showed encouraging results. These results will be
presented and discussed in sections 4.4.2.1 - 4.4.2.4.

4.4.2.1 Protons
A comparison of BIANCA II simulations with survival data on V79 cells exposed to
different proton beams, taken from Folkard et al. [249] and Belli et al. [22], has been published
in Carante and Ballarini [16]. In the present work, those simulations were repeated applying the
BIANCA II upgraded version, where chromosome-arm domains are modelled explicitly and cell
survival is calculated on a cell-by-cell basis. Figure 29(a) reports simulated survival curves for
four LET values (7.7, 11.0, 20.0 and 30.5 𝑘𝑒𝑉 /𝜇𝑚), as well as X-rays as a reference radiation. The
experimental data for comparison was taken from [22]. Simulations at 10.1, 17.8 and 27.6 𝑘𝑒𝑉 /𝜇𝑚
were also performed, and the outcomes showed good agreement with the data reported in [249].
More specifically, at 10.1 and 17.8 𝑘𝑒𝑉 /𝜇𝑚 the value of the reduced chi-square was 0.6 and
1.9, respectively. At 27.6 𝑘𝑒𝑉 /𝜇𝑚 the agreement for the entire curve, which extends to doses
that are much higher than those used in hadrontherapy fractions, was worse (with a reduced
chi-square of 11.8); however, limiting the comparison to doses not higher than 4 𝐺𝑦 the reduced
chi-square was 1.7. These results were not included in Figure 29(a) to avoid making the figure

Chapter 4. Results

107

Figure 29 – (a) Survival of V79 cells irradiated with protons of different LET
(7.7, 11.0, 20.0 and 30.5 𝑘𝑒𝑉 /𝜇𝑚), as well as X-rays. The lines are simulation outcomes, the
points are experimental data taken from Belli et al. (1998) [22]. (b) Survival of AG01522
cells irradiated with protons of different LET (from top to bottom: 0.63, 1.68, 2.45 and
7.50 𝑘𝑒𝑉 /𝜇𝑚). The lines are simulation outcomes, the points are experimental data taken
from Marshall et al. (2016) [23]. Source: Carante et al. PMB. (2018) [24].
too "crowded". All the curves for V79 cells were obtained with 𝑓 = 0.08, based on a previous
work [16]. The yield of cluster lesions was adjusted separately for each LET value. For the x-ray
curve a yield of 4.3 𝐶𝐿/(𝐺𝑦 · 𝐶𝑒𝑙𝑙) was used, whereas the proton curves were obtained with CL
yields in the range ∼ 0.004 − 0.025 𝐶𝐿/𝜇𝑚, increasing with LET. Except for the highest LET
value, where the slope of the simulated curve at high doses is more pronounced with respect to
the data, the agreement was satisfactory, since in most cases the simulations were within the
experimental error, and the reduced chi-square was between 1.1 and 1.9.
The underestimation of the surviving fraction at the higher doses (especially at the higher
LET values) is suggestive of an over-estimation of the so-called "inter-track effects". This might
be related to the choice adopted for the fragment end-joining probability, which was modelled
by a step function with threshold distance in the order of the linear dimensions of interphase
chromosome territories (that is, ∼ 3.8 𝜇𝑚 for V79 cells). At the higher doses, where a cell
nucleus is traversed by many primary particles, such choice may lead to an over-estimation of
the interaction between two CL free-ends induced by two different primary particles. Adopting
an end-joining probability that decreases monotonically with increasing the (initial) fragment
distance, as we did in [19, 21] (section 4.2 and 4.3), might help overcoming this problem in future
cell survival studies.
In Carante and Ballarini (2016) [16], the model has been also applied to AG01522 normal
human fibroblasts exposed to a proton beam available at the CATANA ocular melanoma facility
of INFN-LNS in Catania, Italy [250], where the cells were exposed at different depth positions
corresponding to LET values in the range 1.1 − 22.6 𝑘𝑒𝑉 /𝜇𝑚 [27]. Like for V79 cells, in the
present work those simulations were repeated making use of the upgraded BIANCA II, and the
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results were in line with those reported in [16].
Furthermore, a subsequent work by the same group of authors was considered, in which
AG01522 cells were irradiated at four key depth positions of a clinical SOBP available at the
Proton Therapy Center in Prague, Czech Republic [23]. The corresponding LET values were
0.63, 1.68, 2.45 and 7.50 𝑘𝑒𝑉 /𝜇𝑚. Figure 29(b) reports simulated survival curves for these four
LET values. The corresponding experimental data, taken from Marshall et al. [23], are also reported for comparison. Based on [16], all simulations for AG01522 cells were performed with 𝑓 =
0.18. Again, the yield of cluster lesions was adjusted separately for each LET value. The curves
reported in Figure 29(b) were obtained using CL yields in the range ∼ 0.001 − 0.011 𝐶𝐿/𝜇𝑚,
increasing with LET. With these values, the agreement between simulation outcomes and experimental data was quite satisfactory, since all simulations were within the error bars reported
in the experimental work, and the value of the reduced chi-square was smaller than 1 for all
curves.
The CL yields (mean number of CLs per unit length along the primary-particle traversal)
used to simulate the survival of proton-irradiated V79 and AG01522 cells are reported in Figure 30 as a function of LET. For both cell lines the CL yield increased with LET, consistent with
the increasing clustering of energy deposition in the target. For a given LET value, a higher CL
yield was used for AG01522 cells with respect to V79 cells, reflecting the higher radiosensitivity
of AG01522 cells. For both cell lines the LET-dependence of the CL yield was well described by
a linear-quadratic function of the form 𝑌 (𝐿) = 𝑎𝐿 + 𝑏𝐿2 , where 𝑌 is the CL yield expressed in
𝐶𝐿/𝜇𝑚, 𝐿 is the radiation LET in 𝑘𝑒𝑉 /𝜇𝑚 , and 𝑎 and 𝑏 are fitting parameters. To evaluate the
fit goodness, we assigned to each CL yield a 5% relative error, equal to the maximum relative
error of the simulated surviving fraction. Such CL fitting allows deriving CL yields, and thus
predicting survival curves, even at LET values where experimental data are not available. This
is important in view of applications in hadrontherapy, where the biological effectiveness along
the beam profile should be known at as many depth positions as possible, that is as many LET
values as possible.
Interestingly, the two fitting curves showed a very similar shape: a posteriori, we realized
that by multiplying the CL fitting function of V79 cells by a fixed factor, one obtains a function
that fits reasonably well the CL yields of AG01522 cells. The possible implications will be
discussed in subsubsection 4.4.2.4.

4.4.2.2 Carbon ions
The approach was then extended to Carbon ions. For V79 cells the data reported in
Furusawa et al. were considered, which cover a very wide LET range (22.5 − 502 𝑘𝑒𝑉 /𝜇𝑚) [25].
Keeping 𝑓 = 0.08 and adjusting the CL yield for each LET value, simulated survival curves were
obtained for all 24 LET values reported in the experimental paper. To avoid making the figures
too difficult to read, only some of them were reported in Figure 31. Figure 31 also shows the xray curve as a reference (in panel (a)). CL yields in the range ∼ 0.009 − 0.556 𝐶𝐿/𝜇𝑚 provided
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Figure 30 – CL yields used to simulate the survival of proton-irradiated V79 cells (lower
line and points) and AG01522 cells (upper line and points). Each point represents the
mean number of CLs per micrometer used as a code input, whereas the lines are linearquadratic fits. A 5% relative error was assigned to each CL yield. Source: Carante et al.
PMB. (2018) [24].
simulation outcomes in good agreement with the experimental results obtained by [25], who
fitted each survival curve by a linear-quadratic function of the form 𝑆(𝐷) = exp(−𝛼𝐷 − 𝛽𝐷2 ).
The paper reports the 𝛼 coefficient and the 𝐷10 coefficient (dose at 10% survival), from which
we derived the 𝛽 coefficient. Concerning the 16 curves that are not shown in Figure 31, for 11 of
them the maximum percentage displacement between simulated curve and data fit was ∼ 30%,
for four of them it was ∼ 50 − 60%, and only for the remaining one the agreement was worse.
The LET-dependence of the CL yield will be discussed below.
For Carbon-irradiated normal human fibroblasts we considered the data reported by
Hamada et al. [13], who irradiated AG01522 cells with Carbon beams of 76.3 𝑘𝑒𝑉 /𝜇𝑚 and
108.0 𝑘𝑒𝑉 /𝜇𝑚, and Kavanagh et al. [26], who irradiated AG01522 cells with Carbon beams of
48.8 𝑘𝑒𝑉 /𝜇𝑚 and 147.6 𝑘𝑒𝑉 /𝜇𝑚. Figure 32 reports simulated survival curves for Carbon beams
with these four LET values. Like for proton-irradiated AG01522 cells, all the curves reported in
Figure 32 were obtained with 𝑓 = 0.18 based on [16]. Following adjustment of the CL yield for
each LET value, CL yields in the range 0.052 − 0.354 𝐶𝐿/𝜇𝑚 provided simulation outcomes in
good agreement with the considered data, since the simulations were within the experimental
error bars with the only exception of the point at the highest dose for 147.6 𝑘𝑒𝑉 /𝜇𝑚. However,
this point is also much lower than the fitting function reported in the experimental paper.
At 48.8, 108.0 and 147.6 𝑘𝑒𝑉 /𝜇𝑚 (excluding the point at the highest dose for 147.6 𝑘𝑒𝑉 /𝜇𝑚)
the reduced chi-square was between 1.1 and 1.7. At 76.3 𝑘𝑒𝑉 /𝜇𝑚 the reduced chi-square was
much higher (8.2), but it should be taken into account that only three experimental points were
available, and the first one had a very small error bar.
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Figure 31 – Survival of V79 cells irradiated by Carbon beams of different (dose-averaged)
LET, as well as X-rays as a reference. Panel (a): 22.5, 360.0, 102.0 and 137.0 𝑘𝑒𝑉 /𝜇𝑚.
Panel (b): 31.0, 502.0, 78.5 and 206.0 𝑘𝑒𝑉 /𝜇𝑚 The points are simulation outcomes,
whereas the lines are experimental data fits of the form 𝑆(𝐷) = exp(−𝛼𝐷 − 𝛽𝐷2 ) taken
from Furusawa et al. (2000) [25]. Source: Carante et al. PMB. (2018) [24].

Figure 32 – Survival of AG01522 cells irradiated by Carbon beams of different LET (from
top to bottom: 48.8, 76.3, 108.0 and 147.6 𝑘𝑒𝑉 /𝜇𝑚). The lines are simulation outcomes,
whereas the points are experimental data taken from Hamada et al. (2006) (76.3 and
108.8 𝑘𝑒𝑉 /𝜇𝑚) [13] and Kavanagh et al. (48.8 and 147.6 𝑘𝑒𝑉 /𝜇𝑚) (2013) [26]. Source:
Carante et al. PMB. (2018) [24].
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Figure 33 – (a) CL yields used to simulate the survival of carbon-irradiated AG01522 cells
(upper line and points) and V79 cells (lower line and points) up to ∼ 150 𝑘𝑒𝑉 /𝜇𝑚. Each
point represents the mean number of CLs per micrometer used as a code input, whereas
the lines are linear-quadratic fitting functions. A 5% relative error was assigned to each
point. (b) CL yields used to simulate the survival of Carbon-irradiated V79 cells over the
whole LET range (22.5−502 𝑘𝑒𝑉 /𝜇𝑚). Each point represents the mean number of CLs per
micrometre used as a code input, whereas the line is a fit of the form 𝑐 · arctan(𝑎𝐿 + 𝑏𝐿2 ).
A 5% relative error was assigned to each point. Source: Carante et al. PMB. (2018) [24].
The LET-dependence of the CL yield (mean number of Cluster Lesions per 𝜇𝑚) for
Carbon ions is illustrated in Figure 33. Panel (a) shows the CL yield used for V79 and AG01522
cells irradiated by C-ions with LET below 150 𝑘𝑒𝑉 /𝜇𝑚, thus excluding the over-killing region
shown by V79 cells at higher LET. In this LET interval, like for protons, the LET-dependence
of the CL yield was well described by a linear-quadratic function of the form 𝑌 (𝐿) = 𝑎𝐿 + 𝑏𝐿2
for both cell lines. Moreover, the function obtained by multiplying the V79 fitting function by a
fixed factor, fits reasonably well the CL yields of AG01522 cells. For each of the two cell lines, the
CL fitting function used for Carbon was lower than that used for protons. This is consistent with
the fact that heavier ions, which at a given LET have higher-energy secondary electrons, have a
wider track, and thus are less effective in inducing DNA cluster damage. Panel (b) analyzes the
whole LET interval considered for V79 cells, which showed the so-called over-killing phenomenon
above ∼ 150 𝑘𝑒𝑉 /𝜇𝑚. Interestingly, while above ∼ 150 𝑘𝑒𝑉 /𝜇𝑚 the mean number of CLs per
unit dose (𝐶𝐿/(𝐺𝑦 · 𝑐𝑒𝑙𝑙)) starts decreasing, the mean number of CLs per unit track length
(𝐶𝐿/𝜇𝑚) continues to increase (although less rapidly), until it seems to reach a plateau. This
can be explained by considering the relationship reported in Equation 3.3, according to which
the mean number of CLs per unit track length is proportional to the product between the mean
number of CLs per unit dose and the radiation LET. Due to the less rapid increase of the yield
of CLs per micrometer in the over-killing region, the linear-quadratic fit was not applicable to
the entire LET interval (22.5 − 502 𝑘𝑒𝑉 /𝜇𝑚). Although this issue deserves further investigation
in the future, it is worth mentioning that, for instance, a function of the form 𝑐·arctan(𝑎𝐿+𝑏𝐿2 )
provided a much better fit, as shown in Figure 33(b).
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4.4.2.3 Helium ions
The model was then applied to Helium ions, for which there is a renewed interest in the
hadrontherapy community (e.g. [251]). For V79 cells, we considered the paper by Furusawa et
al. [25] used for Carbon ions, which also reports data on V79 cells exposed to 3 He-ions over a
LET range from 18.6 to 90.8 𝑘𝑒𝑉 /𝜇𝑚. Survival curves were simulated for all 14 LET values
reported in the experimental paper. To avoid making the figure too difficult to read, only some
of them are reported in Figure 34(a). Like for protons and Carbon ions, all the curves for Heirradiated V79 cells were obtained with 𝑓 = 0.08. CL yields in the range ∼ 0.009−0.132 𝐶𝐿/𝜇𝑚
provided simulation outcomes in good agreement with the experimental data fits reported in
[25]. Concerning the nine curves that are not shown in Figure 34(a), for six of them the maximum
percentage displacement between simulated curve and data fit was ∼ 30%, for two of them it
was ∼ 50%, and only for the remaining one the agreement was worse. Less data is available in
the literature for He-ion-irradiated normal human fibroblasts.
In this work we considered those reported by Hamada et al. [13], who exposed AG01522
cells to

4 He

ions of 16.2 𝑘𝑒𝑉 /𝜇𝑚, and Neti et al (2004), who irradiated AG01522 cells with 4 He

ions of 132 𝑘𝑒𝑉 /𝜇𝑚. Figure 34(b) reports simulated survival curves at these two LET values,
together with the experimental data for comparison. Like for proton- and Carbon-irradiated
AG01522 cells, the curves reported in Figure 34(b) were obtained with 𝑓 = 0.18. CL yields of
0.010 𝐶𝐿/𝜇𝑚 (at 16.2 𝑘𝑒𝑉 /𝜇𝑚) and 0.465 𝐶𝐿/𝜇𝑚 (at 132 𝑘𝑒𝑉 /𝜇𝑚) provided a good correspondence with the considered data, since the simulations were within the error bars or very
close to them, except for the two highest doses of the two curves. The reduced chi-square was
1.5 at 16.2 𝑘𝑒𝑉 /𝜇𝑚, and 3.9 at 132 𝑘𝑒𝑉 /𝜇𝑚.
Figure 35 reports the mean number of Cluster Lesions per 𝜇𝑚 used to simulate the
survival of He-irradiated V79 and AG01522 cells. For both cell lines the CL yield increased with
LET in the considered LET interval, and it was well fitted by a linear-quadratic function of the
form 𝑌 (𝐿) = 𝑎𝐿 + 𝑏𝐿2 . Also in this case, by multiplying the fit for V79 cells by a fixed factor,
one obtains a function that fits well the CL yields of AG01522 cells. For each of the two cell
lines, the CL fitting function used for He-ions was intermediate between the function used for
protons and that used for C-ions. As discussed in subsubsection 4.4.2.2, this is consistent with
the fact that different particles having the same LET have different track-structure properties,
which make heavier particles less effective in the induction of DNA cluster damage.

4.4.2.4 Full predictions of ion-survival based on a reference cell line
As discussed above, in principle the CL yield for a given radiation quality (i.e., particle
type and energy) should be adjusted separately for each considered cell line, since this parameter
also depends on the target cell features: in general, for a given radiation quality, more radiosensitive cells require higher CL yields than less radiosensitive ones. However, as mentioned in the
previous sections, the LET-dependence of the CL yield (mean number of CLs per unit traversal
length) for the two considered cell lines showed a similar shape, since by multiplying the fitting
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Figure 34 – (a) Survival of V79 cells irradiated by He-ion beams with different (doseaveraged) LET (from top to bottom: 18.6, 29.9, 50.0, 73.9 and 90.8 𝑘𝑒𝑉 /𝜇𝑚). The points
are simulation outcomes, whereas the lines are experimental data fits of the form
𝑆(𝐷) = exp(−𝛼𝐷 −𝛽𝐷2 ) taken from Furusawa et al. (2000) [25]. (b) Survival of AG01522
cells irradiated by He-ion beams of 16.2 𝑘𝑒𝑉 /𝜇𝑚 (upper line and points) and 132 𝑘𝑒𝑉 /𝜇𝑚
(lower line and points). The lines are simulation outcomes, whereas the points are experimental data taken from Hamada et al. (2006) (16.2 𝑘𝑒𝑉 /𝜇𝑚) [13] and Neti et al. (2004)
(132 𝑘𝑒𝑉 /𝜇𝑚) [14]. Source: Carante et al. PMB. (2018) [24].

Figure 35 – CL yields used to simulate the survival of He-ion-irradiated V79 cells (lower
line and points) and AG01522 cells (upper line and points). Each point represents the
mean number of CLs per micrometre used as a code input, whereas the lines are linearquadratic fits. A 5% relative error was assigned to each CL yield. Source: Carante et al.
PMB. (2018) [24].
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function of V79 cells by a given factor we obtained reasonable fits for the CL yields of AG01522
cells. If this factor can be obtained by comparing the photon responses of the two cell lines, this
would represent a further improvement of the model, since it would allow to fully predict the
ion-survival of the cell line of interest based on the ion-survival of a reference cell line, as well
as the photon-response of each one.
To explore this possibility, we performed full predictions of proton survival for AG01522
cells based on the proton survival of V79 cells. More specifically, the mean number of CLs per
𝜇𝑚 to predict the survival of AG01522 cells at a given LET was derived by multiplying the
value of the CL fitting function of V79 cells at that LET, by the following factor:

[(𝐶𝐿(𝐺𝑦 · 𝑐𝑒𝑙𝑙)−1 )𝐴𝐺,𝑋 /(𝐶𝐿(𝐺𝑦 · 𝑐𝑒𝑙𝑙)−1 )𝑉 79,𝑋 ] · 𝑉𝑉 79 /𝑉𝐴𝐺

(4.1)

In the expression above, (𝐶𝐿(𝐺𝑦·𝑐𝑒𝑙𝑙)−1 )𝐴𝐺,𝑋 and (𝐶𝐿(𝐺𝑦·𝑐𝑒𝑙𝑙)−1 )𝑉 79,𝑋 are the photon
CL yields used for AG01522 and V79 cells, respectively, whereas 𝑉𝐴𝐺 and 𝑉𝑉 79 are their nucleus
volumes. According to Equation 3.3, this formula assumes that the ratio between the CL yields
of the two cell lines is independent of LET.
For each of the proton LET values considered for AG01522 cells in Figure 29(b) (0.63,
1.68, 2.45 and 7.50 𝑘𝑒𝑉 /𝜇𝑚), we took the proton CL yield of V79 cells from the fit reported
in Figure 30, and we inserted in Equation 4.1 the x-ray CL yields of the two cell lines, as well
as their nucleus volumes. Using the CL yields for AG01522 cells obtained in this way, we ran
simulations at these four LET values, and compared the simulation outcomes -which are full
predictions performed without any parameter adjustment -with the experimental data reported
in Figure 29(b).
Figure 36 reports the results obtained. In spite of a general tendency to overestimate
the survival at 7.50 𝑘𝑒𝑉 /𝜇𝑚, for the other three LET values the predictions were in very good
agreement with the data: the simulation outcomes were within the experimental error bar for
each considered experimental point with a single exception (the highest dose at 2.45 𝑘𝑒𝑉 /𝜇𝑚),
and the reduced chi-square was smaller than 0.7. To test if this method can be extended to other
cell lines, the approach described above was also applied to proton-exposed U87 glioma cells. The
experimental data for comparison was taken from the work by Chaudhary et al, who irradiated
U87 cells (as well as AG01522 cells, as discussed above) at six depth positions (corresponding
to LET values in the range 1.1 − 22.6 𝑘𝑒𝑉 /𝜇𝑚) of a therapeutic proton beam available at
INFN-LNS in Catania, Italy [27]. The nucleus of U87 cells was modelled as a cylinder with
circular base, with a 98.6𝜇𝑚2 cross-sectional area and 7.7 𝜇𝑚 thickness (Berardinelli, personal
communication). Since in these cells the modal number of chromosomes is 44, very similar to the
chromosome content of normal (human) cells, the number of chromosomes in the nucleus was left
unchanged with respect to the AG01522 simulations. Analogous to AG01522 cells, the proton
CL yields to perform full predictions of U87 cell survival were obtained by multiplying the V79
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Figure 36 – (a) Survival of AG01522 cells irradiated with protons of 0.63 𝑘𝑒𝑉 /𝜇𝑚 (upper line and points) and 2.45 𝑘𝑒𝑉 /𝜇𝑚 (lower line and points). The lines are model full
predictions, the points are experimental data taken from Marshall et al. (2016) [23]. (b)
Survival of AG01522 cells irradiated with proton beams of 1.68 𝑘𝑒𝑉 /𝜇𝑚 (upper line and
points) and 7.50 𝑘𝑒𝑉 /𝜇𝑚 (lower line and points). The lines are model full predictions
(see the text for the details), the points are experimental data taken from Marshall et al.
(2016) [23]. Source: Carante et al. PMB. (2018) [24].
(proton) CL yield by the following factor, which is analogous to that reported in Equation 4.1:

[(𝐶𝐿(𝐺𝑦 · 𝑐𝑒𝑙𝑙)−1 )𝑈 87,𝑋 /(𝐶𝐿(𝐺𝑦 · 𝑐𝑒𝑙𝑙)−1 )𝑉 79,𝑋 ] · 𝑉𝑉 79 /𝑉𝑈 87

(4.2)

The photon CL yield for U87 cells, as well as their chromosome fragment un-rejoining
probability 𝑓 , was adjusted to the x-ray curve reported in [27]. 2.3 𝐶𝐿/(𝐺𝑦 ·𝑐𝑒𝑙𝑙)−1 and 𝑓 = 0.03
provided a very good agreement with the experimental data, since the reduced chi-square was 0.9.
The full predictions for the six considered LET values are reported in Figure 37. At the four lower
LET values (1.1, 4.0, 7.0 and 11.9 𝑘𝑒𝑉 /𝜇𝑚), good agreement was obtained between simulations
and data, with a reduced chi-square between 0.3 and 1.7. At the two higher LET values (18.0 and
22.6 𝑘𝑒𝑉 /𝜇𝑚), the simulations showed a tendency to underestimate the surviving fraction at the
higher doses (as well as to overestimate it at low doses). As discussed in subsubsection 4.4.2.1,
this seems to be a general behavior of the model at these intermediate LET values, which may
be corrected in the future by applying a chromosome fragment end-joining probability that
decreases monotonically with increasing the fragment distance. Furthermore, it is important
to take into account that all simulations reported in Figure 37 were performed without any
parameter adjustment.
Although the proposed method cannot be generalized at this stage, because it needs to
be tested for other cell lines and other radiation qualities, these results are encouraging in view
of a future development of a fully-predictive model.
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Figure 37 – (a) Survival of U87 cells irradiated by protons of different LET (from top to
bottom: 1.1, 7.0 and 18.0 𝑘𝑒𝑉 /𝜇𝑚). The lines are full predictions, the points are experimental data taken from Chaudhary et al. (2014) [27]. (b) Survival of U87 cells irradiated
by protons of different LET (from top to bottom: 4.0, 11.9 and 22.6 𝑘𝑒𝑉 /𝜇𝑚). The lines
are full predictions, the points are experimental data taken from Chaudhary et al. (2014)
[27]. Source: Carante et al. PMB. (2018) [24].

4.5 Including HiC-maps data in BIANCA
In order to further improve the geometrical modelling of the nucleus in BIANCA, it was
decided to integrate the LorDG method into the code. The better the description of the target,
the more accurate the biophysical models that can be developed to investigate the effects of ionizing radiation on the genome. Additionally, as the geometrical models become more detailed, the
coordination with radiation transport codes becomes more feasible. Thus, the physico-chemical
description of the radiation-DNA interaction could be incorporated in the biophysical modelling
of chromosome aberration formation. Ideally, this could lead to the formulation of an integrated
framework that spans from the 10−15 to the 104 𝑠 time scale, covering from physical events up
to the observed biological effects.

4.5.1 FORTRAN implementation of LorDG
A fortran implementation of the LorDG method, which will be referred as fLorDG, is
under development in order to make it an integral part of BIANCA. The initial version of
the fLorDG code was implemented following the lines of the original java version described in
subsubsection 3.3.2.1. However, such implementation is not optimal in terms of memory requirements when dealing with large data sets like HiC maps at 50 𝑘𝑏𝑝𝑠 and above. For intance, at
50 𝑘𝑏𝑝𝑠 resolution, the number of constrains increases from 3 × 106 to 1.6 × 109 , which demands
at least 33 𝐺𝐵 of allocated memory. This number rises up to 40 𝐺𝐵 if the allocation of wish
distances is taken into account. Moreover, those estimations correspond to haploid HiC data;
however, diploid models are necessary for comparison with experimental data on chromosome
aberrations. A common strategy to construct diploid models out of haploid data is to simply
associate each constraint to all possible combinations of the corresponding homologous chromo-
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Figure 38 – Reconstructed models of the GM06990 entire genome at 1 𝑀 𝑏𝑝 using (a)
LorDG and (b) fLorDG with 𝛼 = 1.0. The fLorDG implementation produces structures
similar to that produced by LorDG. Features like well-defined chromosome territories and
the tendency of telomeres and/or elongated regions of large chromosomes to intrude into
the center of the center of the genome, are also presented in the fLorDG models (c.f. figure
12 in [28]). Figure of panel (a) was taken from Trieu et al. Nuc. Acid Res. (2017) [28].
somes. For example, the HiC data of chromosomes 2 and 7 is associated with the chromosome
pairs 2 − 30, 24 − 7 and 24 − 30 as well. Thus, construction of diploid models implies that at
some point during the execution, the allocated memory quadruples1 . Several strategies are being
explored to address these issues in fLorDG.
The original java code was used as a benchmark of success for the first version of fLorDG
(fLorDG-v1). To do so, ensembles of models at 1 𝑀 𝑏𝑝 of the entire genome were constructed
using the data set of [79] (GM06990 cell line), and the Spearman coefficients were compared
with the LorDG corresponding outcomes. The code was run using the 𝛼 value of the best models
in [28], that is, 𝛼 = 1.0. Nevertheless, this choice was also confirmed in fLorDG-v1 by testing
different values in the same fashion as LorDG searches the best 𝛼 value. Figure 38 shows two
reconstructed structures obtained by LorDG (panel a) and fLorDG (panel b). Both structures
exhibit chromosome territories and other characteristic features such as, a tendency of large chromosomes to reside at the periphery with their telomeres intruding into the central region of the
genome, and a clustering of small chromosomes in the center. Furthermore, the overall Spearman
coefficients between the reconstructed distances and the 𝐼𝐹 𝑠 were similar in both implementations (LorDG: 0.32 ± 0.04, fLorDG: 0.29 ± 0.03). Such low 𝜌-values may be attributed to the
variability in orientation of the chromosomes, which makes the inter-chromosomal contacts less
1

e.g. during the calculation of the Spearman coefficient where the rank values of the reconstructed
distances are needed.
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conserved. Nonetheless, individual scores of the Spearman coefficient for each chromosomes are
much higher and quite similar between implementations. Table 9 shows the ensemble-averaged
values of the Spearman coefficient for each chromosome using fLorDG, and the corresponding
LorDG values.

Table 9 – Ensemble-averaged Spearman coefficients per chromosome of models as reconstructed by the two implementations. LorDG values are taken from Table 1 in [28], which
represent the ensemble average over 50 structures (no standard errors provided). fLorDG
values correspond to 50 structures as well (all standard deviations were smaller than 2%).
Chromosome
1

2

3

4

5

6

7

8

9

10

11

12

LorDG

0.78

0.77

0.78

0.86

0.84

0.81

0.78

0.84

0.84

0.80

0.79

0.80

fLorDG

0.80

0.77

0.73

0.89

0.85

0.85

0.79

0.86

0.86

0.84
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13

14

15

16

17

18

19

20

21

22
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LorDG

0.80

0.76

0.81

0.75

0.70

0.75

0.75

0.77

0.88

0.74

0.86

fLorDG

0.82

0.78

0.81

0.75

0.73

0.75

0.76

0.69

0.90

0.70

0.89

The results of the benchmark indicated that the implementation of fLorDG-v1 is correct.
In other words, both codes are equivalent but, as mentioned, a fortran version is desirable for
future integration into BIANCA.

4.5.1.1 Contributions in fLorDG
Once the method was implemented properly in fLorDG-v1, a series of versions that
gradually incorporate new features into the code, started development. For instance, the second version of fLorDG included the creation of diploid models from haploid data. This was
accomplished by applying the strategy outlined above, i.e., associating each constraint to the
corresponding homologous pairs as well. Additionally, missing loci were inferred from the HiC
data and added to the model along with adjacent interaction contact data (set equal to 𝐼𝐹𝑎𝑑𝑗 ).
As a result, from this point, diploid models are available in fLorDG.
With regard to increasing the resolution of the models, two strategies were explored in
a third version of the code. The first one consisted of 1) Creating 1 𝑀 𝑏𝑝 structures, 2) Loading
higher resolution data (e.g. 500 𝑘𝑏𝑝) and 3) Running the optimization method over the new data
set with the previous model as the initial structure. In this strategy, it was tested both to keep
the value of 𝛼 from the coarser model or search it over the interval [1.0, 3.0]. A second strategy
in LorDG-v3, involved an additional step before running the optimization with the second data
set. As the 1 𝑀 𝑏𝑝 models were taken as initial configurations, it is reasonable to assume that a
portion of the next inter-chromosomal contact data set will not be relevant in the optimization
because the 1 𝑀 𝑏𝑝 would have already established inter-chromosome boundaries. Thus, the
step introduced consisted of determining the set of restraints to be used during optimization,
according to the initial configuration. To do so, it was decided to filter out the data related to
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Figure 39 – (a) Base model of 1 𝑀 𝑏𝑝. (b) 500 𝑘𝑏𝑝 Refined structured. The resolution
of model (a) was doubled by using 500 𝑘𝑏𝑝 data in fLorDG-v3. The effect was an oversegregation of the chromosome territories (the topology was highly preseved) expressed
as a radial shift of the chromosome with respect to the center of the nucleus. (c) 500 𝑘𝑏𝑝
Reference structure. A model at 500 𝑘𝑏𝑝 resolution was constructed directly from the
corresponding HiC maps instead of applying the refinement to a 1 𝑀 𝑏𝑝 model. The
structure is more compact but still, territories can be distinguished.
pairs of loci that were separated at a distance greater than 𝑑𝑐ℎ𝑟𝑜 in the coarse structure, where
𝑑𝑐ℎ𝑟𝑜 is the average distance between chromosomes as measured from their center of mass.
To test fLorDG-v3, it was ran using the 1 𝑀 𝑏𝑝 and 500 𝑘𝑏𝑝 data sets. This allowed the
comparison of performance and quality of reconstructed models at 500 𝑘𝑏𝑝 resolution applying
both strategies. Since it is straightforward to create 500 𝑘𝑏𝑝 structures by processing the HiC
data in the usual way, these models were used as reference. The tests showed that both strategies
tended to over-segregate the chromosome territories as they appeared radially shifted after
refinement (see Figure 39). This behaviour was observed irrespective of the filtering distance
in the second strategy. In fact, the first strategy is equivalent to the second one with 𝑑𝑐ℎ𝑟𝑜 =
∞. This implies that inter-chromosome contacts were considerably less satisfied because the
initial configuration biases toward intra-chromosomal restraints. The reference models at 500 𝑘𝑏𝑝
resolution preserved the chromosome territory feature as expected, while keeping the nucleus
more compact.
The idea behind the refinement strategy with filtered data, was to keep the size of the
optimization space under control. That is, as the number of contact data increases quadratically with the resolution, a reduction in the interactions per locus to be considered represents
a significant reduction in the optimization space for refinement. However, the results of the
tests suggested that either the top-down or coarse-grain approach adopted in fLorDG-v3 is not
appropriate for increasing resolution or it has to be applied to higher resolution initial configurations in order to have more inter-chromosome data that can influence the optimization more
effectively. In any case, fLorDG-v3 highlighted the importance of being able to process larger
data sets.
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The latest version of fLorDG (fLorDG-v4), introduces a major series of modifications in
the code to approach the large data set question. The most important one, is the implementation
of an external library called hicds (HiC data set) that manages the input data as a database.
The idea of this database is to provided tools for normalization, compression and queries of the
HiC data in a faster way. Such changes aim at representing the data in binary form, reducing
the size of the data files but more important, allowing faster access and queries to those files
using the hicds library. The goal is to keep most of the information in disk and only load blocks
of data to memory. Thus, many of the internal data structures of fLorDG have been redesigned
accordingly. In this way, the optimization process has been adapted to this new data model. For
the statistical tests, an external sort algorithm was implemented in order to calculate the rank
values of the reconstructed distances for the Spearman coefficient.
All major changes that have led to a new version of fLorDG, have been benchmarked the
same way as fLorDG-v1 in order to maintain consistency. The new data model incorporated in
fLorDG-v4 also led to reconstructed models at 1 𝑀 𝑏𝑝 and 500 𝑘𝑏𝑝 consistent with the previous
versions and LorDG. However, the true tests for fLorDG-v4 are with higher resolution maps like
for example, 50 𝑘𝑝𝑠 and above. Nevertheless, many adjustments to the code are still required
in order to correctly process that amount of data and test the models. For instance, as the
resolution increases, the HiC matrices become sparser making questionable the use of VC and
KR normalization. This is being observed in the performance of the code as a dramatic increase
in the running times since it takes much more steps before convergence. Also, the trade-off
between lowering the memory usage and performing more reads to disk is yet to be assessed.
Finally, the top-down refinement strategy have to be revisited as well.

4.5.2 Future prospects
The final goal of the project is to develop a fully atomistic model of the human genome
that includes both HiC and PDB2 data in order to carry out detailed simulations of the DNAradiation interactions. High resolution models obtained with the aid of HiC maps can be further
refined by filling the space between beads with the atomistic model of chromatin developed by
Bernal et al. [252]. Such a model has been applied to the study of the mechanisms behind the
formation of DSBs and their distribution in the cell nucleus [253]. This approach would help to
gain insight into the role of DNA damage complexity and the formation of cluster lesions as these
are key factors in the dynamics of chromosome aberration formation. Furthermore, portability
and accessibility of the code is a major objective moving forward. To accomplish those goals, the
data model used in the implementation is continuously revisited and cutting edge programming
techniques are appraised. The challenge is to find the right balance between memory usage and
computational power, required to achieve high quality models.

2

The Protein Data Bank is a database for the three-dimensional structural data of large biological
molecules, such as proteins and nucleic acids.
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Conclusions
Along this PhD project, our in-house biophysical model/code of radiation-induced chromosome aberrations and cell death (BIANCA) was redesigned and upgraded seeking to improve
its capabilities and performance. Specifically, an explicit description of interphase chromosomearm domains and two new functions to describe proximity effects were implemented and tested.
Such functions were a negative exponential- and a Gaussian- function, which served to model the
interaction probabilities between chromatin free-ends, with increased sensitivity to their initial
distance. Additionally, technical developments in the code were performed, in order to achieve
better functionality, such as reduced execution times, micro-beam irradiation and extended scoring assessment capabilities.
To investigate the distance dependence of the rejoining probability between fragments,
the model was then applied to gamma-irradiated normal human lymphocytes and fibroblasts.
Such comparisons suggested that, although both functions performed better than a previously
tested step-function, an exponential dependence upon the initial distance between free-ends can
better describe proximity effects than a Gaussian one, at least for low-LET radiation. Afterwards,
those studies were expanded to intermediate and high LET radiations.
The results suggested that, independently of radiation quality, in lymphocytes an exponential function of the form exp(−𝑟/𝜎) can describe both the bias for inter-arm exchanges
relative to inter-chromosome exchanges (𝐹 − 𝑟𝑎𝑡𝑖𝑜), and that for intra-arm to inter-arm exchanges (𝐺 − 𝑟𝑎𝑡𝑖𝑜). On the contrary, in fibroblasts this function can describe the former bias
but underestimates the latter. This might be related to differences in chromatin mobility and/or
in the 3D organization of the cell nucleus during interphase, as well as in the dimensions of
the various chromosome territories. The fact that, with increasing LET, 𝐹 decreased and G
increased in both cell types, supports their possible role as "fingerprints" of high-LET exposure.
A dose-dependence was also observed at high LET, where 𝐹 increased with dose in both cell
types, whereas 𝐺 decreased in fibroblasts but not in lymphocytes. Table 10 displays a schematic
overview of the main findings related to the 𝐹 − and 𝐺 − 𝑟𝑎𝑡𝑖𝑜𝑠, including the agreement with
experimental data, the dose-dependence and the LET-dependence.
In light of these findings, further studies, including chromosome aberration experiments
with pan-telomeric probes and time-lapse observation of repair protein foci, are desirable to
better characterize and quantify these effects. Furthermore, it is important that in the aberration
studies, the specific conditions (e.g. dose-range, cell type and scoring criteria, including those
adopted for higher-order multicentrics) are reported and taken into account when interpreting
the results.
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Table 10 – Agreement with data and dependence on LET and dose for the F-ratio and
the G-ratio.
Agreement with data

Dose dependence

LET dependence

F

G

F

G

F

G

lymph, Low-LET

OK

OK

−

−

↓

↑

lymph, High-LET

OK/under

OK

↑

−

fibro, Low-LET

OK

under

−

−

↓

↑

lymph, Low LET

∼OK

under

↑

↓

Cell type

lymph = lymphocytes; fibro = fibroblasts.
OK = good agreement; under = underestimation; OK/under = agreement for some data, underestimation for others.
− = no significance dependence; ↑ = increasing; ↓ = decreasing.
Also, two collaborations with regard to hadrontherapy applications were carried out, in
which BIANCA served as a means to interpret experimental data. The partnership with the
BioQuaRT project aimed at elucidating the biophysical mechanisms that govern chromosomal
aberration induction by means of 𝛼−particles, with a focus on the correlation with particle
track-structure features. Thus, experimental and theoretical analyses on chromosomal aberration induction in CHO-K1 cells that were individually targeted by an exact number of 5.5 or
17.8 𝑀 𝑒𝑉 𝛼−particles generated by a micro-beam, were performed. These analyses enabled
quantification of the increased biological effectiveness of 5.5 vs. 17.8 𝑀 𝑒𝑉 𝛼-particles, both in
terms of the percentage of aberrant cells and the aberration yields, which were found to increase
by a factor of ∼ 2, consistent with data on RBE relationships available in the literature. The
theoretical analysis performed with BIANCA, allowed the absorbed dose to be evaluated, and
the experimental results to be interpreted in terms of DNA critical lesions, which in turn are
related to radiation track structure. More specifically, the higher aberration yields observed for
5.5 𝑀 𝑒𝑉 𝛼-particles may be explained by the higher effectiveness of a single particle at inducing such critical lesions, which leads to an increase in the yield of cluster lesions per cell that is
consistent with the increase in (total) aberrations observed in the experiments.
Later, the predictive power of the BIANCA model was tested against an experimental
data set on different radiation qualities in the range of hadrontherapy applications. The good
agreement between simulations and experimental data suggested that the upgraded model developed in this PhD, is suitable for calculating the biological effectiveness of hadrontherapy beams,
especially considering that predictions can be performed also at LET values for which there is
no experimental data. Furthermore, an approach was proposed to fully predict the ion-survival
fraction of cell line(s) of interest based on the same quantity for a reference cell line, and the
photon response of both cell lines.
Finally, an ongoing project seeking the integration of HiC data into the geometrical
modelling in BIANCA, was initiated during this PhD project. Currently, the LorDG method
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has been implemented and optimized in such a way that intermediate resolution (∼ 100 𝑘𝑏𝑝)
diploid models of the entire genome can be constructed using HiC data. In order to increase
the resolution of the models, a top-down/coarse-grain strategy has been tested with 500𝑘𝑏𝑝
and 1 𝑀 𝑏𝑝 HiC data. Preliminary results suggest that the strategy needs to be applied to
higher initial resolution data sets before refinement. However, using high resolution HiC maps
requires a careful examination of the data normalization. Currently, attention is being paid to
the implementation of cutting edge programming techniques in order to process the vast amount
of data comprising high resolution maps more efficiently.
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