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Tonising radiation from particles caused by solar particle events (SPEs) and galactic
cosmic rays (GCRs) poses a cancer risk for astronauts in space. Cell survival and
mutation after exposure to ionising radiation can be described with radiobiological
models.

This study explores the use of the microdosimetric kinetic model (MKM) in the
evaluation of carcinogenic mutations in cells induced by ionising radiation, and the
application of the model to a mission on Mars. In addition to using the MKM to
evaluate cell survival probabilities, for which it has almost solely been used before, it
is used here to evaluate mutation probabilities. Linear quadratic model was used to
fit survival and mutation as a function of dose in the experimental data. A subset of
available experimental data was used in the identification of the parameters needed
in the MKM. Predictions of cell survival and mutation were then carried out by
simulations with ‘Survival’ code utilising the Kiefer-Chatterjee particle track model
and compared with the full set of experimental data. Additional analyses accounting
for the effect of the dose rate were performed for the datasets that included dose rate
information. The results of the simulations resembled experimental data with low

linear energy transfer (LET) values more accurately than experimental data with
high LET values.

Space radiation conditions on a habitat on Mars were obtained from OLTARIS (On-
Line Tool for the Assessment of Radiation in Space). Simulations of cell survival
and mutation were carried out for the SPE spectrum using the optimised parameters
discovered from the linear quadratic fits and the comparisons to experimental data.
Preliminary simulations accounting for the dose rate were currently carried out only
for the low doses, in which cases the predictions of cell survival and observable
mutation were similar to the predictions of the simulations not accounting for the
dose rate.

Predicting the probability of observable cell mutation is the first step in modelling
cancer risk. The methods presented in this study could assist in the evaluation of
carcinogenic mutations caused by ionising radiation, including the effects of radiation
on a space mission.

Keywords: space radiation, microdosimetric kinetic model, cell mutation, space
mission, Mars
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1 Introduction

Ionising radiation in near Earth space can be categorised into three groups: particles
that are trapped inside the Earth’s magnetic field, particles caused by solar particle
events (SPEs), and galactic cosmic rays (GCRs) originating from outside the solar
system. In SPEs electrons, protons and other nuclei are accelerated during a solar
flare or by a shock driven by a coronal mass ejection (CME) (NCRP, 2006). SPEs
are sporadic events, lasting from hours to days, ranging in energies from keV to
GeV with varying dose rates. For example, dose rates of 1500 mGy /hour have been
measured (NCRP, 1988). GCRs consist of a continuous fluence of nuclei likely ac-
celerated by electromagnetic fields of supernova remnants. Their energies vary from
10 MeV /nuc to more than 10 GeV /nuc. Approximately 87 % of them are hydrogen
ions, 12 % helium ions and 1-2 % nuclei from lithium to nickel, and rarely even
heavier ions (Simpson, 1983). Dose rates vary from 150 to 300 mGy /year at solar
minimum and from 50 to 100 mGy /year at solar maximum. The difference is due to
the attenuation of the GCRs by the solar wind in the heliosphere. Attenuation in-
creases with the increasing solar wind pressure during solar maximum and decreases
during solar minimum. (Chancellor et al., 2021; Rahmanifard et al., 2020)

Space radiation is characterised by high energy and a low dose rate setting it
apart from most radiation sources in medical applications. Other characteristics,
such as microgravity, create further challenges in assessing carcinogenic effects of
radiation exposure of astronauts in space missions (Guo et al., 2022). However, in
terms of the types of particles and energy ranges, space radiation has similarities to
irradiation used in clinical applications, in particular ion beam radiotherapy. Space
radiation is abundant in heavy charged particles with high linear energy transfer
(LET). Even though total radiation doses are low, high LET radiation of low dose
rate may present a cancer risk for astronauts in space. This includes astronauts on

board the International Space Station (ISS), on a journey to Moon or on a journey



to Mars. (Han et al., 1998)

Dose expressed in grays refers to the radiation dose absorbed by the tissue. This
is the unit used in the microdosimetric kinetic model (MKM) based evaluation of
radiation and in ion beam therapy. Equivalent dose and effective dose, expressed in
sieverts (Sv), are important in dosimetry and radiation protection. Equivalent dose
is the absorbed dose multiplied by the radiation weighting factor, Wpg, reflecting
the type and energy of the radiation. In the case of a mixed radiation field, each
equivalent dose is summed over all types of radiation to the total equivalent dose.
Effective dose is the equivalent dose multiplied with the tissue weighting factor, Wy,
of specified tissues and organs in the human body, used to express stochastic health
risks including the probability of cancer induction and genetic effects.

This study explores the use of the MKM in the evaluation of carcinogenic mu-
tations in cells induced by ionising radiation, and the application of the model to a
mission on Mars. Thus far the main application of the MKM has been clinical, and
it has been used to evaluate cell survival. The extension of the model to evaluate
mutations presented in this thesis is new. An additional new aspect is extending a
model from a clinical use to a space radiation risk analysis. Given the wide interest
in space travel and the prospects of missions to Moon and Mars by NASA, ESA, and
private spaceflight companies, the topic of this study is both timely and significant.
The tools provided for evaluating radiation effects could hopefully eventually assist

in the assessment of health risks to astronauts.



2 Cell Survival and Mutation After Exposure to

Ionising Radiation

2.1 Theoretical Background
2.1.1 Linear Quadratic Model

Considering probabilities at a population level, if a human population is exposed
to ionising radiation with a total dose of 3.5 — 4 Gy, the total fatality is expected
to be 50 % without treatment in 60 days. With treatment and antibiotics, the
corresponding threshold dose range is 4.5—7 Gy. Rapid access to various treatments
increases the dose range to 7—9 Gy. A total body exposure of 10 Gy or more results
in 100 % fatality. (Lopez & Martin, 2011)

Responses to radiation can be described and predicted not only at a population
level but also within the organisms at a cellular level. The linear quadratic model
(see the next paragraph) is considered the most accurate in describing cell survival
after irradiation with ionising radiation in radiobiology and radiotherapy, as it gives
the best fit to experimental data. Cell survival refers to a cell maintaining its
reproduction ability and cell killing to a loss of that ability. Generally, when the
dose is more than 2 Gy, cell killing predominates over cell survival (Prasanna et al.,
2014).

The equation of the linear quadratic model that connects cell survival with the

irradiated dose is

S = exp(—aD — D?), (1)

where S is the probability of cell survival, a and g are parameters that describe
the cell’s radiosensitivity, and D is the irradiation dose. Figure 1 shows an example

illustration of linear quadratic survival curves. (McMahon, 2018)
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Figure 1. Linear quadratic curves taken from McMahon (2018). One-hit refers to
events, where energy deposition from a single incident particle track causes lethal
damage to the cell. Two-hit refers to events, where energy deposition from different
particle tracks causes interacting damage leading to the death of the cell.

Instead of killing the cell completely, irradiation can damage the sensitive part
of the cell containing the genetic information of the cell, namely the DNA in the
nucleus. Most DNA damages are repaired by the cell. However, non-repairable
damages can lead to mutations in the DNA that can produce neoplastic cell trans-
formations, where cells divide rapidly, which in turn can lead to the formation of
tumours in the tissue (Borek et al., 1978; Reznikoff et al., 1973).

Linear quadratic behaviour has also been experimentally observed in mutation
curves as a function of dose. Probability of no mutation with the irradiated dose

can be expressed as

(D) = exp(—(apD + 5,D?)) (2)

The probability of mutation is then the complement
M =1-u(D) =1~ exp(—(ayD + ,D?)) (3)

Observable mutations and observable mutations per surviving cells are two dif-
ferent values. As the irradiation dose increases, more and more cells are killed and
therefore unable to mutate. This means the number of observable mutations goes

down as the number of killed cells increases, reaching zero when all the cells are



killed. The number of observable mutations per surviving cells, on the other hand,
keeps increasing with the dose. In a visual representation shown in figure 2, the
curve for observable mutations as a function of dose is below the curve for observ-
able mutations per surviving cells. The probability of observable mutation is the
relevant probability when evaluating the carcinogenic radiation risk of the astro-
naut to estimate how many cells mutate. It is the average of the product of the

probabilities of mutation and survival,
P = (M.S.)., (4)

where S, is the survival of each one cell in the population of cells, M, is the mutation
of each one cell in the population of cells, and (...). is the average over a population
of cells. Within this notation, S and M correspond to (S.). and (M.). respectively.
The probability of observable mutations per survivor describes the number of cells
that have mutated normalised with the number of cells that have survived observed

in experimental data:

P
M=< (5)
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Figure 2. Probability of survival S, probability of mutation M, probability of ob-
servable mutation P and probability of observable mutation per survivor M.

2.1.2 Microdosimetric Kinetic Model

The process of cell survival and cell transformation after irradiation with ionising
radiation can be described with different radiobiological models. These models are
used for planning radiation therapy for cancer patients. The MKM along with some
other models such as the local effect model (LEM) is based on macroscopic exper-
imental observations, whereas some other models describe the process by detailing
the chain of the physical and biological events. The advantages of the models using
the first approach are their simplicity and adjustability; the parameters of the mod-
els can be adjusted based on experimental data. MKM and LEM are clinically the
most widely used in hadron therapy, where irradiation is done with charged nuclei,
e.g. protons and carbon nuclei. In general, they have almost solely been used to
evaluate cell survival (Manganaro et al., 2018), although there has been at least one

attempt to evaluate mutation with the MKM by Attili et al. (2022). In this thesis,



the MKM is used to derive a model that evaluates mutation probabilities in addition
to survival probabilities.

The microdosimetric kinetic model is "kinetic" because the cell injuries and
repairs — the temporal process of damages to the DNA in the cell nucleus — are
described with kinetic equations; and "microdosimetric" because the deposition of
energy from irradiated particles is considered from a microscopic — cellular or sub-
cellular — volume (Hawkins, 1996; Hawkins, 1994). Specifically, the cell nucleus as
the sensitive target of ionising radiation is divided into subnuclear structures called
domains. Within the radius of the domain there can be damaging energy deposition
from the combined effect of more than one particle hitting the cell. (Manganaro
et al., 2018).

The kinetic equations in the MKM are

D = 2D 4 aal + b(agg)? (6)
P50 = k2D — (a4 )l — 2(e5d)? ~ k2D — (a+ 1)zl (7)

where c is the cell, d is a specific domain in the cell, z is the microscopical dose
absorbed by the domain, 2 is the dose rate, x; are type I lesions, i.e., lesions associ-
ated with clustered DNA damages that are not repairable and are directly lethal to
the cell, and x;; are type II lesions, i.e., lesions associated with repairable damages
to the cell. 27 and x7; are the rates of production of the respective lesion types,
and X\ and k are their proportionality constants to the dose rate. a is the first-order
rate constant for spontaneous formation of a lethal lesion from a type II lesion that
spontaneously converts to an irreparable lesion, b the second-order rate constant for
the formation of a lethal lesion from a pair of type II lesions, and r the first-order
repair constant for the repair of a type II lesion. The quadratic term 2b(z5%)? is
considered negligible compared to the first-order terms in the rate of production of
type II lesions. This is because repairs of potentially lethal lesions (a + r) are more

common than the formation of lethal lesions from pairwise combinations (b), so the



absolute value of the quadratic term is small compared to the absolute value of the
second term. (Attili et al., 2022; Hawkins, 1996; Hawkins, 1998; Manganaro et al.,
2017)

When the sequences of doses and times for each domain in each cell are known,
the solution to the kinetic equations gives the final amount of type I lethal lesions
defined in Manganaro et al. (2017) as

Nne—1 ne—1 2
~(cd (&%) cd 50 cd
e S (S )

=0 =0

Ne—2 ne—1
c S 1 c c cd) (cd
_2_2 3 (1_exp (_;aw_tw)))z; ) fed),

=0 j=i+1

(8)

where Np is the total number of domains constituting the cell nucleus, n. is a
Poissonian random variable that indicates the number of particles that interact
with the cell ¢ and the domain d, % = (a + r) is the time constant that defines the
repair kinetics, and oy and Sy represent the acute local effect. The indices i and j
refer to the interaction of i*" and ;' particle. A similar expression is derived also
for the lesion 7 associated to the onset of mutation, with different parameters ag
and (3. In this case ¥ are not irreparable lethal lesions but irreparable lesions that
cause a mutation. (Manganaro et al., 2017)

The probability of survival S and the probability of no mutation y are expressed

in the following manner:

S(D) = (exp(— Zx(“l Ve (9)
u(D) = (exp(— Y art)). (10)

In the limit of low LET they can be approximated as
S(D) =~ exp(—(ao + ﬂozld)D — /BOD2) (11)

(D) = exp(—(ag + Byz1a) D — B D7), (12)



where ag is associated to the linear quadratic parameter o when LET approaches
0, and [y to the linear quadratic parameter [ when LET approaches 0. D is the
macroscopic dose and z14 is the dose-mean specific energy absorbed by the cell
domains in a single event. (Attili et al., 2022; Hawkins, 1998, 2003)

The relative biological effectiveness (RBE) refers to the ratio of the biological
effect of ionising radiation to X-ray radiation, when the amount of absorbed energy
is the same. The biological effect considered is typically cell survival. The depen-
dence of RBE on LET has been experimentally observed; RBE at first increases
with increasing LET, and then decreases at higher LET. RBE maximum is in the
approximate range of LET 50 — 200 keV /um. In the MKM this dependence is ex-
plained by the energy deposited in the microscopic regions in the cell nucleus and

random variations of this energy. (Hawkins, 1998)

2.1.3 Particle Track Model

When the ions hit the cell nucleus, they deposit energy. The microscopic energy
deposition is a stochastic process, and each cell has a different pattern of energy
deposition. The description of this deposition of each ion along the particle tracks
can be modelled with an amorphous-track approach. The Kiefer-Chatterjee model
describes the core and the penumbra of the track by combining two models: the
Chatterjee model (Chatterjee & Schaefer, 1976) describes the track structure within
the core radius and the Kiefer model (Kiefer & Straaten, 1986) within the penumbra
region, which is the external part of the track. The track is not present beyond the
penumbra radius indicating a zero dose of radiation. Average radial dose distribution
around the trajectory of the ion is assumed for amorphous track models, including

the Kiefer-Chatterjee model. The core radius, R., and penumbra radius, R, are
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calculated in the following manner:
R. = 0.01168i0, [pm] (13)
E\?2
R, =0.0616 1 [, (14)

where F is the energy in MeV, A is the mass of the ion in atomic mass units and
Bion 1s the ion velocity relative to the speed of light. The penumbra dose, D,, as a

function of track radius r in units of pm, is calculated in the following manner:

*

Z_) r = K,r? [Gy], (15)

io

D,(r)=1.25-10"* (

where z* is the effective charge in the Barkas expression. The previous formula also

defines the parameter K, used in the calculation of the constant core dose D.:

D,

1 (LET,
S mRZ\ p

—9rK,ln (%)) Gyl, (16)

C
where LET,, is the unrestricted linear energy transfer of the incident ion in keV /pum

and p is the mass density of water in g/cm?. (Elsésser et al., 2008; Kase et al., 2008)

2.1.4 Survival and Mutation Simulations

Theoretical predictions of cell survival and mutation after irradiation with different
ions was done in ‘Survival’ code developed at the INFN (Istituto Nazionale di Fisica
Nucleare) in collaboration with the University of Torino (UniTO, Physics Depart-
ment). The MKM with the Kiefer-Chatterjee model of the particle track structure is
implemented in the code. ‘Survival” was initially developed for a clinical application,
for the purpose of radiobiological computations needed in ion beam therapy to aid
in the planning of treatments for cancer patients (Manganaro et al., 2018).

The ion types, either their energies or LETs, and the doses delivered are needed as
input for the description of the radiation spectrum in ‘Survival’. The four parameters
of the MKM are also needed: «g, By, the radius of the cell nucleus ry, and the

radius of the domain rp. For the mutation induction modelling a Monte Carlo
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time dependent approach is used to track the amount and time of energy deposition
within each domain within each cell nucleus. Each domain is given its own specific
random sequence and random time interval of deposition of energy. (Manganaro et
al., 2018)

To verify whether ion isotopes, namely deuterium and helium-3, could be in-
cluded to the analysis with ‘Survival’ code, the Kiefer-Chatterjee amorphous track
model and the Bethe-Bloch formula were analysed. The ‘Survival’ code obtains the
kinetic energies of the ions from the LETs of the ions, or vice versa the LETs from
the energies, by applying a simulation of the Bethe-Bloch formula that describes
the stopping power of the material. The Bethe-Bloch formula within the code is
simulated with SRIM software that evaluates the stopping power of each ion as a
function of specific energy (energy per nucleon). The LET is approximated with this
stopping power. The linear electronic stopping power is identical to the unrestricted
linear energy transfer used in the Kiefer-Chatterjee model present in equation (16)
for the core dose. In addition, the model accounts for specific energy instead of
absolute energy, as shown in equation (14) for the penumbra radius, and for the
charge in equation (15) for the penumbra dose. Even though the absolute energy is
different between hydrogen and deuterium, as well as between helium-4 and helium-
3, the specific energy and the charge are the same, so the results could be obtained

for all the isotopes.

2.2 Methodology
2.2.1 Overview of the Methods

The general idea of the analysis was to use a subset of the available experimental
data for identification of the parameters needed in the MKM. These parameters were
then used to predict cell survival and mutation with ‘Survival’. This prediction was

compared with the full set of the experimental data to validate or invalidate the
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MKM used in ‘Survival’.

Existing experimental publications were surveyed to find the ones relevant for
space radiation studies and suited for the procedure of testing the mutation model
derived from the MKM. Suitable studies needed to include data for both cell sur-
vival and neoplastic cell transformation. In other words, one biological endpoint
of the study had to be cell survival (how many cells survived the irradiation) and
the other endpoint cell transformation (how many cells showed signs of neoplastic
transformation after irradiation). Cell mutation is rare compared to cell killing,
so such data are scarce due to large amounts of cells needed to obtain significant
results. The studies also needed to include data from low LET particles, such as
gamma or X-ray irradiation, for the determination of the parameters in the model.
In addition, at least some of the data had to be from irradiation with ions between
hydrogen and neon in the periodic table. ‘Survival’ code currently supports ions
from hydrogen to neon, and the present implementation does not include data of
the stopping power vs. energy for heavier particles. The track model itself can be
applied beyond neon, so such data could be added later to extend the application to
heavier particles. Four published studies fulfilled these criteria. The in vitro data
of cells irradiated with ion beams were collected from these publications: Han et al.
(1998), Miller et al. (1995), Yang et al. (1996), and Yang et al. (1985). Survival and
mutation curves of the studies representing the cell response to different radiation
doses were manually digitised with WebPlotDigitizer (Rohatgi, 2022).

First, the linear quadratic model was used to fit survival as a function of dose
in the experimental data. The values for the parameters o and § were given by
the fit. Second, a subset of the values derived for o and 5 as a function of LET
and particle were then used to derive the MKM parameter values for ay and (3 for
the datasets in each publication. Low LET particles of less than 50 keV /um were

chosen as the subset. Two approaches were tested in this step: extrapolating oy and
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o at LET = 0 from low LET particles such as photons, and estimating g and [, as
an average of low LET particles. The approaches are described in detail when they
are applied. It should be noted here that a and § values depend not only on the
LET of the particle but also on the charge and the mass of the particle. However,
the difference in the o and g values between particles with different charge and
mass is generally small compared to the difference between particles with different
LETs (Furusawa et al., 2000). Therefore, especially when the datasets are small,
different types of particles with similar LETs can be grouped together to determine
the general trend of the o and 3 values.

Finally, the values derived for ag and [y were used to evaluate the two other
parameters, ry and 7p, also needed in the MKM. This evaluation was done by finding
such values of ry and rp that minimised the difference between the experimental
data and the output from the MKM simulation in ‘Survival’. A range of values
for ry and rp were chosen, and the combination of the two that minimised the
difference was chosen as the optimal one. An alternative approach of choosing a
range of values for all four parameters, oy, By, ry and rp, was also tested. The
combination of all four that in the simulation produced the closest resemblance of
experimental data was chosen as the optimal one.

The same process was then repeated for modelling mutation as a function of
dose with one exception: in the final step r}v was assumed to be the same as when
modelling survival, and only a suitable value for 7}, was tested. Analytical approx-
imation of S(D) = (exp(—>_, a:ng)»C derived by Hawkins (2003) was used for the
survival data in ‘Survival’. This is referred to as ‘rapid calculus’. Monte Carlo
approach was used to evaluate both (exp(—>_, :c%“l)))c and (exp(—)_, x/&“l))}c as
described by Manganaro et al. (2017) and Attili et al. (2022) for the mutation data.

Python programming language was used in all data analysis. Simulations written

in C++ in ‘Survival’ were run as subprocesses in Python. Computationally heavy
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Monte Carlo simulations were carried out in the computer cluster Dione of the

University of Turku.

2.2.2 Experimental Data

In the in vitro experiment in the first study by Han et al. (1998), Syrian hamster
embryo cells (cell line SHE) were irradiated with X-rays and carbon ion beams.
Cell colonies that were morphologically altered were classified as transformants. In
all the other experiments by Miller et al. (1995), Yang et al. (1985), and Yang
et al. (1996), mouse embryonic stem cells (cell line C3H10T1/2) were irradiated.
Oncogenic transformation of cells was determined after irradiation. In this thesis the
transformants in all the datasets are referred to as mutations. Relevant radiation
types were X-rays, carbon, and neon ion beams from the second study; X-rays,
deuterium, hydrogen, helium-3, helium-4, carbon, oxygen, and fluorine ion beams
from the third study; and gamma rays and neon ion beams from the fourth study.

Low LET radiation (e.g. X-ray and gamma ray) experiments are used as a
reference to high LET heavy-ion experiments. In the Yang et al. (1985) dataset the
heavy-ion measurements were done on different days. Therefore, the experiment
with the reference X-ray radiation was repeated on the same day of the heavy-
ion measurements due to possible changes in the measurement conditions. In the
figures throughout this study the two different X-ray measurements in the Yang et
al. (1985) dataset are identified by adding the heavy element in parenthesis: X-rays
(C) and X-rays (Ne). The ions and their LET values are listed in table I. Ions were
accelerated to different energies.

Two datasets included information about dose rate. In the Han et al. (1998)
dataset the dose rates were 0.04 — 0.20 Gy/min for low dose irradiation and 1 —
2 Gy/min for high dose irradiation with carbon beams. In the absence of information

about specific dose rates with each dose, an average of 0.12 Gy/min was assumed
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for doses up to 1 Gy and 1.5 Gy/min for higher doses in the subsequent analysis.

The Yang et al. (1996) dataset specified two different dose rates, 0.02 Gy/min and

2 Gy/min, for neon ion beams with the same LET.

Each experimental dataset was analysed separately to determine the best pa-

rameters for each dataset needed in the MKM.

Table 1. Ions and their LET values in the four experimental datasets.

Han et al. (1998) || Miller et al. (1995) || Yang et al. (1985) || Yang et al. (1996)
Ion LET Ion LET Ion LET Ion LET
[keV/ ] [keV/ pm] [keV/ ] [keV/ pm]
13 3.8 C 10 Ne 32
50 40 Ne 32
C 100 15
SHe 75
‘He 90
‘He 120
‘He 150
‘He 200
C 265
O 418
600

2.2.3 Linear Quadratic Fits

Scientific computation library SciPy in Python and its optimisation package were
used to fit a function based on the linear quadratic model to the experimental

survival and mutation data. The fitting function based on the linear quadratic model
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giving the probability of cell survival after irradiation was
S =exp(—ag- D — fs- D?), (17)

where S is the probability of cell survival after irradiation, D is the irradiation dose,
and ag and (g are the parameters to be fitted.

The fitting function giving the probability of cell mutation after irradiation was
M =1 —exp(—ay - D = Bu - D?), (18)

where ), and 3y are the parameters to be fitted. In some cases, the experimental
data revealed a small mutation probability for zero doses of irradiation. These are
spontaneous mutations not related to irradiation. Therefore, an offset value was
calculated and the data corrected accordingly to begin from no mutations for zero
dose.

An example of the linear quadratic fits of the survival data is shown in figure 3.
The figure includes simple fits indicated with a solid line and the mean of fits utilising
bootstrapping (random sampling with replacement) indicated with a dashed line.
In this and all the successive figures the shaded regions represent the limits of 10 %
and 90 % percentiles of the full distribution obtained from bootstrapping. With
bootstrapping, re-sampled datasets were created from the original experimental data
points. The size of each re-sampled dataset is the same as that of the original dataset.
The data points are selected at random, with each data point having the same
probability for selection. The same data points can get chosen several times, whereas
some data points might not get chosen even once. The benefit of bootstrapping is
that it accounts for fluctuations and uncertainty in the data. These fluctuations and
uncertainties are present in the experimental data of the four studies, however, with
bootstrapping their effect on the results is accounted for. Since the mean values
derived from the bootstrap distribution of fits mostly converged with the direct

simple fits, only the bootstrap fits were used in the subsequent analysis.
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Yang et al. (1996)
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Figure 3. An example of linear quadratic fits of the experimental in vitro survival
data.

Initially, different datasets of bootstrap replica samples were created. A heuristic
approach was used to determine the number of replica samples, starting from 10000,
which was assumed to be enough for statistical convergence. Within that dataset,
smaller datasets of 100, 1000, 2000, 3000, 4000 and 5000 replica samples (chosen at
random) were created. As the comparisons for mean ag and mean (g in figures 35
and 36 in Appendix show, the statistics are similar in all the re-sampled datasets,
especially for greater than 1000 replica samples. To err on the side of caution, a
dataset of 2000 replica samples was used in all the subsequent analysis utilising
bootstrapping. Examples of the distribution of cell survival and mutation with the

bootstrap method are shown in figures 37 and 38 in Appendix.

2.2.4 oy and [y Parameters

In the MKM, parameters ag and Sy are the values of o and [, when the LET

of a particle approaches 0 keV/um (see equation (11)). The same applies for the
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mutation parameters o« and [ (see equation (12)). Typically, they are directly
extracted from the o and [ of experimental measurements of X-ray or gamma ray
data as approximations of ay and fy, as both have low LET values. This approach
was tested. However, when proceeding with the analysis and choosing them as the
ag and [y parameters in the MKM and comparing the experimentally observed
survival and the survival predicted by the MKM (described in chapter 2.3), the
survival predicted by the MKM was not consistent with the experimentally observed
survival. Therefore, this approach was discarded. To increase the accuracy of the
MKM prediction when compared to the experimental data, two other approaches
to evaluate ag and Sy were tested: extrapolation from the low LET particles of the
experimental data with a linear fit, and estimation as an average of the low LET
particles. Particles with LET under 50 keV /um were included in the extrapolation

and averaging.

2.2.5 Dose Rate Analysis

Additional analyses accounting for the dose rate were performed for the two datasets
that included information about the dose rate, namely the Han et al. (1998) and
the Yang et al. (1996) datasets. A modified version of the ‘Survival’ code was used
in the MKM simulations accounting for the dose rate.

The quadratic part of the linear quadratic fitting function was modified with
Lea-Catcheside factor G to account for the dose rate (Brenner et al., 1998). The

factor G is the autoconvolution of the dose rate as a function of time D(t)

= % _:O Dt)dt / exp(—(t — #')/7)D(t")dt, (19)

—00
where 7 is a time constant to be fitted (the same 7 as in equation (8)).

The new fitting function giving the probability of cell survival after irradiation

1S now

S =exp(—ag-D —G - Bg-D?), (20)
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where S is the probability of cell survival after irradiation, ag and (g are the param-
eters to be fitted, and D is the irradiation dose. In this case, assuming a constant

dose rate during the cell irradiation, the factor G is defined as

2(2 -1+ exp(-1)

G - 2 9 (21)
(%)
where
D
T = B (22)

In a single energy deposition event, the number of lesions doesn’t depend on 7. In a
sequence of energy deposition events, however, the total number of lesions depends
on 7 and the time intervals between two particle events. Based on equation (20),
a higher dependence on the dose rate is expected when considering high doses, and
vice versa a lower dependence when considering low doses. The corresponding fitting

function giving the cell mutation after irradiation is now
M =1—exp(—ay - D —G - By - D?). (23)

Since there are two different correlated kinetic processes in mutation — unlike in
survival, where there is only one — it is uncertain whether this formula holds in
general. However, based on a mathematical consideration it should hold at least for
LET approaching 0 keV/pum. In addition, when LET approaches 0 keV/um, the
time constant % is very similar both for survival and mutation.

As before, two methods were tested to determine the parameters ag and [Sy:
extrapolation from the low LET particles of the experimental data with a linear fit,
when the LET of a particle approaches 0 keV/um; and estimation as an average of
the low LET particles. Same approach was tested with the new 7 parameter needed

to account for the dose rate.



2.3 Results
2.3.1 Results of the Linear Quadratic Fits

Linear quadratic fits of the survival data grouped by publication and particle are

shown in figure 4.
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Figure 4. Linear quadratic fits of the experimental in vitro survival data.

Similarly, linear quadratic fits of the mutation data grouped by publication and

particle are shown in figure 5.
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Figure 5. Linear quadratic fits of the experimental in vitro mutation data.

From these fits the values of o and  parameters of the linear quadratic model
were collected for each particle with a particular LET. The values of o parameter
in experimental survival and mutation data vs. LET grouped by publication are
shown in figures 6 and 7. The values of § parameter in experimental survival and

mutation data vs. LET are shown in figures 39 and 40 in Appendix.
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Figure 7. Experimental a vs. LET from mutation data.
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2.3.2 Results of the oy and [, Parameters

Figure 8 shows the results of both approaches, extrapolation and averaging, for
finding the aq values in each survival dataset. Corresponding results for 5, values
are shown in figure 41 in Appendix. The shaded regions represent the limits of 10 %
and 90 % percentiles of the full distribution of o and 5 obtained from bootstrapping.
The results for finding the g values in each mutation dataset are shown in figure 9
and the corresponding results for [y in figure 42 in Appendix. As noted, although «
and [ values depend mostly on the LET of the particle, the charge and the mass of
the particle also have an effect. This explains the differences in the o and 3 values

of different particles with similar LETS.
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Figure 8. Linear fit of the mean of the bootstrap « as a function of LET in survival
data is shown with a dashed line, covering the simple linear fit line. An average value
of the mean of bootstrap « is shown with a solid line. Dose rates, when available,
are indicated with colours.
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Figure 9. Linear fit of the mean of the bootstrap « as a function of LET in mutation
data is shown with a dashed line. An average value of the mean of the bootstrap «
is shown with a solid line. Dose rates, when available, are indicated with colours.

2.3.3 Results of the Linear Quadratic Fits and oy and [, Parameters

with Dose Rate Analysis

Linear quadratic fits with dose rate of the survival data grouped by publication and
particle are shown in figure 10. The figures include simple fits indicated with a
solid line and the mean of fits utilising bootstrapping indicated with a dashed line.

Corresponding fits of the mutation data are shown in figure 11.
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Figure 10. Fits with dose rate of the experimental in vitro survival data.
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Figure 11. Fits with dose rate of the experimental in vitro mutation data.

Figures 12, 13 and 14 show the results of both methods, extrapolation and av-
eraging, for finding the ag, fy and 7y values in each survival dataset. The shaded
regions represent the limits of 10 % and 90 % percentiles of the full distribution of

a, # and T obtained from bootstrapping.
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Figure 12. Linear fit of the mean of the bootstrap a as a function of LET in survival
data is shown with a dashed line, covering the simple linear fit line. An average

value of the mean of bootstrap « is shown with a solid line.
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Figure 13. Linear fit of the mean of the bootstrap [ as a function of LET in survival
data is shown with a dashed line, covering the simple linear fit line. An average

value of the mean of bootstrap S is shown with a solid line.
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Figure 14. Linear fit of the mean of the bootstrap 7 as a function of LET in survival
data is shown with a dashed line, covering the simple linear fit line. An average
value of the mean of bootstrap 7 is shown with a solid line.

Corresponding results of the mutation data are shown in figures 43, 44 and 45 in

Appendix.

2.3.4 Experimental and Theoretical Comparisons Without Taking the

Dose Rate into Account

The extrapolated o and the average of § of the low LET data in each dataset were
used as values for the oy and [y parameters in the MKM. A range of ry and rp
values were then tested as parameters in the MKM in each dataset. The ones that
minimised the difference between the cell survival in experimental data and the cell
survival evaluation in the MKM simulation were chosen as the final MKM parame-
ters. This approach is henceforth called the "extrapolation" approach. Minimisation
was observed by subtracting the survival values predicted by the simulation from

the experimental survival values, separately for each dataset and for a combination
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of test parameters, and by squaring the result to avoid negative numbers. The com-
bination of test parameters producing the smallest number as the result was the
optimal choice.

Comparison of the experimental values of o parameter collected from the linear
quadratic fits of the survival data and the o parameter produced by the theoretical
survival simulation, for each particle with a particular LET, is shown in figure 15.
Similar comparison of the values of the § parameter is shown in figure 46 in Ap-
pendix. The rapid analytical approach for survival (see equation (11)) removes the
LET dependence of the g parameter, making 5 equal to By. This explains why the

theoretical value of  is a constant.

Survival: experimental and theoretical a vs. LET (extrapolated ap, averaged Bo)
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Figure 15. Experimental and theoretical values from the MKM simulation of « for
survival are shown with different symbols. Parameters ry and rp in the MKM were
optimised based on the linearly extrapolated g and an average of 5y of low LET
ions. Dose rate was not included in the simulation as a parameter.

Comparison between the experimentally observed survival and survival predicted
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by the MKM is shown in figure 16. The simulation used an approximation (rapid
calculus), the o values were obtained from linear extrapolation and the [y values
were averaged from the low LET ions. The optimised ry and rp values were based

on them.

Experimental data and MKM prediction of cell survival (extrapolated ag, averaged Bo)

© C © Ne
Han et al. (1998) Miller et al. (1995) Yang et al. (1985) Yang et al. (1985)
14 14 1 14
0.1+ 0.1
0.54 0.3
0.01+ 0.3 0.01 LET (keV/pum)
0.1+ ——- 3.8
—e—10.0
0.001+ 0.001 130
—o—15.0
0O 1 2 3 4 5 0 0.250500.75 1 0 2.5 5 7.5 0O 1 2 3 4 5
" —o—32.0
deuterium H He3
Miller et al. (1995) Miller et al. (1995) Miller et al. (1995) —e— 40.0
B 11 e~ 50.0
—e—75.0
0.3 —e—90.0
— —e—100.0
g
= —e—120.0
g 01 || 054 )
n —e—150.0
—e—200.0
0.03 —eo— 265.0
034 “e-418.0
T T T T T T T T T T T " 6000
0 2 4 6 0 1 2 3 0 02 04 06 08
o 3 Dose rate (Gy/min)
Miller et al. (1995) Miller et al. (1995) * 0.02
e e A 0.12
m 15
¢ 20
0.34 « not available
0.5
0.14
0.3
0 025050075 1 1.25 0 05 1 15 2 0 025050075 1
Dose (Gy)

Figure 16. Experimental data are shown with data points. Survival curves as a
function of dose from the MKM simulation are plotted over the experimental data
points. Parameters ry and rp in the MKM were optimised based on the linearly
extrapolated oy and an average of 3y of low LET ions.

In addition, simultaneous testing of a range of oy, By, rnv and rp values was
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done in each dataset. Such a combination of all four that minimised the difference
between the cell survival in experimental data and in the simulation was chosen
as the final MKM parameters. This alternative approach is henceforth called the
"range" approach. Comparison to the experimental data was made in this case. The
experimental values of a parameter collected from the linear quadratic fits of the
survival data and the a parameter produced by the theoretical survival simulation,
for each particle with a particular LET, are shown in figure 17. Corresponding

values of the [ parameter are shown in figure 47 in Appendix.

Survival: experimental and theoretical a vs. LET (ag and B¢ from range testing)
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Figure 17. Experimental and theoretical values from the MKM simulation of «
for survival are shown with different symbols. Parameters ag, [y, vy and rp in
the MKM were optimised by testing a range of values and choosing the best fit to
experimental data. Dose rate was not included in the simulation as a parameter.

Comparison between the experimentally observed survival and survival predicted
by the MKM with the method of testing a range of values for all the four parameters

is shown in figure 18. The simulation used an approximation (rapid calculus).
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Experimental data and MKM prediction of cell survival (ag and B¢ from range testing)
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Figure 18. Experimental data are shown with data points. Survival curves as a
function of dose from the MKM simulation are plotted over the experimental data
points. Parameters g, [y, ry and rp in the MKM were optimised by testing a
range of values and choosing the best fit to experimental data.

In the case of mutation, the extrapolated o and the average of 5 of the low LET
data in each dataset were used as values for the o and [ parameters. 7 was
assumed to be the same as ry in survival data, while a range of 7}, values were
then tested as parameters in the MKM in each dataset. The one that minimised

the difference between the cell mutation in experimental data and the cell mutation
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evaluation in the MKM simulation was chosen as the final MKM parameter.
Comparison of the experimental values of o parameter collected from the linear

quadratic fits of the mutation data and the o parameter produced by the theoretical

mutation simulation, for each particle with a particular LET, is shown in figure 19.

Comparison of the values of the 3 parameter is shown in figure 48 in Appendix.

Mutation: theoretical and experimental a vs. LET (extrapolated ags, averaged Bos)
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Figure 19. Experimental and theoretical values from the MKM simulation of «
for mutation are shown with different symbols. Parameter r}, in the MKM was
optimised based on the linearly extrapolated oy, linearly extrapolated «j, an average
of By, and an average of ) of low LET ions. Dose rate was not included in the
simulation as a parameter.

Comparison between the experimentally observed mutation and mutation pre-
dicted by the MKM is shown in figure 20. The simulation used a Monte Carlo
approach, and the ag values were obtained from linear extrapolation and the 3, val-

ues were averaged from the low LET ions both in the case of survival and mutation.



30

204

104

Mutations per 1e4 survivors

40

30+

20+

104

33

Experimental data and MKM prediction of cell mutation (extrapolated ags, averaged Bgs)
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Figure 20. Experimental data are shown with data points. Mutation curves as a
function of dose from the MKM simulation are plotted over the experimental data
points. Parameter 17, in the MKM was optimised based on the linearly extrapolated
ayp, linearly extrapolated oy, an average of 3y, and an average of /3 of low LET ions.

Comparisons between the experimental data and the MKM prediction, where all

the survival parameters were gained with the method of testing a range of values,

are shown in figures 21, 49 in Appendix and 22. The o values for mutation were

obtained from linear extrapolation and the ] values for mutation were averaged

from the low LET ions. The simulation used a Monte Carlo approach.
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Figure 21.
for mutation are shown with different symbols. Parameters «q, 8y, 7y and rp in
the MKM were optimised by testing a range of values and choosing the best fit to
experimental data, and the optimisation of the 77, parameter was based on them.

Dose rate was not included in the simulation as a parameter.
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Mutation: theoretical and experimental a vs. LET (ags and Bos from range testing)
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Experimental data and MKM prediction of cell mutation (ags and Bos from range testing)

[@ C [¢ Ne
Han et al. (1998) Miller et al. (1995) Yang et al. (1985) Yang et al. (1985)
154
504
40 30+
104 104
30+ 201
20+ 5 5
+ 1 LET (keV/um)
s 01
104 —e- 3.8
} i +
' —e—10.0
04 01 0- 0- Lo 130
0 0.5 010 015 020 0 025 050 0.75 1 0 25 5 75 0 2 4 e 150
Ne deuterium H He3 - 32.0
Yang et al. (1996) Miller et al. (1995) Miller et al. (1995) Miller et al. (1995)
] “e-40.0
" 60 20
5 o= 50.0
2 75.0
s 204 1s) ——75.
=
0 404 —=—90.0
E —e—100.0
5 104 - 120.0
o d
" 20 10 —e—150.0
c
2 * 54 “e-200.0
g + —e— 265.0
= ol 0 ol Lo 4180
0o 2 4 6 0 2 4 6 0 1 2 3 0 02 04 06 08 * 6000
He [e) F )
Miller et al. (1995) Miller et al. (1995) Miller et al. (1995) Dose rate (Gy/min)
404 204 1s e 0.02
A 012
30 154 = 20
104 + not available
204 104
54
10+ 5
0+ 04 0-
0 025050075 1 1.25 0 05 1 15 2 0 025 050 0.75 1
Dose (Gy)

Figure 22. Experimental data are shown with data points. Mutation curves as a
function of dose from the MKM simulation are plotted over the experimental data
points. Parameters g, [y, ry and rp in the MKM were optimised by testing a
range of values and choosing the best fit to experimental data, and the optimisation
of the r}, parameter was based on them.

2.3.5 Experimental and Theoretical Comparisons Taking the Dose Rate

into Account

In the simulation of theoretical survival and mutation curves with dose rate analysis,

the ag, Gy and 79 parameters were derived from the modified linear quadratic fits
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that accounted for the dose rate. As before, oy was taken from the extrapolation
and the [y from the average of low LET data, both for survival and mutation.
The values from the extrapolation and the average of low LET data of the new
parameter 7y were very similar. The average was chosen. To determine ry and rp
for survival, a range of values were tested as parameters. As before, the combination
that minimised the difference between the cell survival in experimental data and in
the MKM prediction was chosen as the final MKM parameters. In the case of
mutation, 7, was again assumed to be the same as ry for survival, while a range of
', values were tested as parameters in the MKM simulation.

Comparison of the experimental values of a and 3 parameters collected from the
linear quadratic fits (including the G factor) of the survival data and the a and 3
parameters produced by the theoretical survival simulation, for each particle with a
particular LET, are shown in figures 23 and 50 in Appendix. The simulation used an
approximation (rapid calculus), so there is no LET dependence for the § parameter,
as in the survival analysis without dose rate dependence. An approximation was

used instead of Monte Carlo because it was considerably faster to optimise.
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Survival with dose rate: Experimental and MKM «a vs. LET
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Figure 23. Experimental and theoretical values from the MKM simulation of « for
survival are shown with different symbols. Parameters ry and rp in the MKM were
optimised based on the linearly extrapolated «g, an average of 3y, and an average

of 1y of low LET ions.

Comparison between the experimentally observed survival and survival predicted
by the MKM accounting for the dose rate is shown in figure 24. Han et al. (1998) used
different dose rates for low doses and high doses. Two different MKM simulations
were performed for the two subsets of data with different dose rates, resulting in

different o and 3 values for the subsets of data. The change in dose rate is visible

as a gap in the curves.
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Experimental data and MKM prediction of cell survival with dose rate
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Figure 24. Experimental data are shown with data points. Survival curves as a
function of dose from the MKM simulation accounting for the dose rate are plotted
over the experimental data points. Parameter rp in the MKM was optimised based
on the linearly extrapolated «g, an average of 5y, and an average of 7y of low LET
ions.

Monte Carlo simulation of the mutation caused by low LET particles accounting
for the dose rate with the modified version of the ‘Survival’ code proved consuming
for the computer memory. The smaller the LET of the particle, the greater the
number of tracks, leading to an excessive use of memory, when all the particle tracks
in each domain of each cell are kept in memory. In the code not accounting for the
dose rate each track has a linear contribution of dose. These doses accumulate in the
cell, and the track is deleted after accumulation, freeing up the memory. Conversely,
when accounting for the dose rate, the contribution to the DNA lesions from each
track depends also on the previous track, and they are not deleted. The effect
is evaluated based on the time difference between consecutive contributions of the
tracks considering all possible pairs of tracks. In addition, higher doses require a
larger number of tracks. The combination of low LET and high dose is the most

memory consuming.
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Further memory usage optimisation of the code is needed to compare the MKM
prediction and the Yang et al. (1996) mutation dataset of two different dose rates
of neon particles with LET 32 keV/um. Han et al. (1998) dataset of carbon nuclei
with LET 50 keV /pum and 100 keV /pum were completed with the current version of
the code reasonably fast; the LET 13 keV /um took the longest time to complete.
While both datasets arguably include low LET values (13 and 32 keV/um), even
the smallest dose in the Yang et al. mutation data was still higher than the highest
in the Han et al. mutation data, resulting in an additional use of memory in the
Yang et al. dataset. The datasets have different particles, carbon and neon, so the
total number of particles to simulate is different even with the same LETs.

For the Han et al. dataset, comparison of the experimental values of a and /3
parameters collected from the linear quadratic fits (including the G factor) of the
mutation data and the a and [ parameters produced by the theoretical mutation
simulation, for each particle with a particular LET, are shown in figures 25 and 51

in Appendix.
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Mutation with dose rate: Experimental and MKM a vs. LE1
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Figure 25. Experimental and theoretical values from the MKM simulation of « for
mutation are shown with different symbols. Parameters ry and rp in the MKM were
optimised based on the linearly extrapolated oy, an average of 5y and an average of
7o of low LET ions. Parameter , was optimised based on the linearly extrapolated
ap, linearly extrapolated «f, an average of 3y, an average of ), and an average of
7, of low LET ions.

Figure 26 shows the comparison between experimentally observed mutation and
the mutation predicted by the MKM for the Han et al. dataset. The highest dose

of carbon with LET 13 keV /um was left out of the simulation.
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Experimental data and MKM prediction with dose rate
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Figure 26. Experimental data are shown with data points. Mutation curves as a
function of dose from the MKM simulation accounting for the dose rate are plotted
over the experimental data points. Parameter r}, was optimised based on the linearly
extrapolated «y, linearly extrapolated af, an average of fy, an average of §, and
an average of 7 of low LET ions.

The two highest doses in the experimental Han et al. dataset diverge from linear
quadratic behaviour. Therefore, another optimisation based on the comparison to
the experimental data was done by excluding those data points. The resulting
mutation predicted by the MKM and the comparison to the experimentally observed

mutation is shown in figure 27.
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Experimental data and MKM prediction with dose rate
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Figure 27. Experimental data are shown with data points. Mutation curves as a
function of dose from the MKM simulation accounting for the dose rate are plotted
over the experimental data points. Parameter r}, in the MKM was optimised based
on the linearly extrapolated «, linearly extrapolated oy, an average of 3y, an average
of 5, and an average of 7 of low LET ions.

2.4 Discussion

The low LET regions of the experimental data were better reproduced with the
simulation than the high LET regions. This could indicate that the particle track
model in its current form might work better for low LET than for high LET particles.
In some cases, also the low dose regions were better reproduced than the high dose
regions.

The mutation curves of carbon, particularly the high LET curves, in the Han et
al. (1998) dataset diverge from linear quadratic behaviour. This type of divergence is
unique to this experiment. In other similar experiments a universal linear quadratic

behaviour is observed (McMahon, 2018). Therefore, the issues of reproducing high
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LET region could also reflect some issues with the experimental data.

In the MKM simulations of survival probability, testing a range of values of all
four parameters — «, 3, ry and rp — produced results closer to the experimental
datasets, when comparing the results of the whole dataset, not of each particle
separately. In both approaches simulations of low LET carbon, neon, hydrogen,
helium-3 and helium-4 resembled the experimental data especially in the lower doses.
On the other hand, simulations of high LET carbon, deuterium, oxygen and fluorine
differed from the observations. Apart from deuterium, these were all high LET
particles. Assuming that the simulations are handling the isotopes correctly, the
issue with deuterium could be partly associated with difficulties in the high doses
region, either stemming from the experimental data or the particle track model.

Similarly, regardless of the approach, the MKM simulations of mutation probabil-
ity seemed to overestimate mutation probability with high LET carbon, deuterium,
oxygen and fluorine, and underestimate with helium-3 and helium-4. Mutation
probability with hydrogen and lower dose rate neon resembled the experimental
data quite well. The same applies to low LET carbon but only in the low dose
region.

The MKM simulations of survival probability with dose rate as a parameter,
based on two datasets, showed a similar trend of better resemblance to the experi-
mental data in the low LET region. In the two lowest LETs, 13 keV /um carbon and
32 keV/pum neon, the resemblance was good in all the doses. The higher LETs, 50
keV /pm and 100 keV /pum carbon, produced good resemblance in the lower doses but
began to underestimate survival probability in the higher doses. The same trend
was observed when comparing to the simulations of these same particles without
the dose rate as a parameter. The MKM simulation of mutation probability with
dose rate as a parameter, based on one dataset, likewise produced a better resem-

blance to the experimental data in the low LET and low dose region. However, the
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prediction resemblance improved for the high LET particles, when the highest dose
points diverging from the linear quadratic behaviour in the experimental dataset
were removed.

Currently ‘Survival’ code accepts only singular values of o and [ parameters
as input. This assumes every cell has the same sensitivity to radiation. However,
there might be differences between the cells. For example, spontaneous mutations
occurring in the cells can modulate the cells’ sensitivity to radiation. Therefore,
using a distribution of a and [ values as parameters might produce more accurate
results. As noted, the particle track model could perhaps also be improved.

To optimise the use of memory in the analyses accounting for the dose rate, the
dose contribution of the tracks before any given current track being analysed could
be accumulated and afterwards deleted. This would speed up the analyses even for
the high LET particles, even though the actual challenge is in the low LET particles

with a vast number of particle tracks.
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3 Characterisation of Space Radiation Environment

on Mars

3.1 Theoretical Background
3.1.1 Radiation Environment on Mars

Mars has a harsher radiation environment compared to Earth. First, Mars does not
have a global magnetic field that would shield the planet from energetic charged
particles (Acuna et al., 1998). Second, the atmosphere is thinner. Maximum at-
mospheric density on the surface of Mars is approximately 20 g/m?’, like Earth’s
atmospheric density at 35 km. The lower atmosphere on Mars is mostly composed
of COs (95 — 96 %), nitrogen, argon, oxygen and CO. The upper atmosphere at
80 — 1000 km altitude has three layers: ionosphere, thermosphere and exosphere.
The ionosphere from 80 km to 500 — 600 km has its peak ion concentration of
10° em™ just below 130 km, consisting 90 % of O and 10 % of COj ions. (Mahaffy
et al., 2013; Mangold et al., 2016)

Mars is hit by energetic particle radiation originating both from SPEs and GCRs.
Column depths of the Martian atmosphere are approximately 20 g/cm? and typically
ions with energies below 150 MeV /nuc lose their energy before reaching the surface.
However, the particles that are energetic enough not only penetrate the atmosphere
but can also penetrate several metres into the regolith producing secondary particles,

further adding to the radiation exposure. (Hassler et al., 2014)

3.2 Methodology
3.2.1 OLTARIS Simulations

OLTARIS (On-Line Tool for the Assessment of Radiation in Space) was used to

obtain the space radiation conditions and its effects on humans on a habitat on
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Mars. Based on the input data, OLTARIS assesses the SPE and GCR environment
on Mars surface at a given site. OLTARIS uses HZETRN (High Charge |Z| and
Energy Transport) and NUCFRG3 (Nuclear Fragmentation 3) computer codes that
have been developed by the NASA Langley Research Center. (Singleterry et al.,
2010)

The site in this study was chosen to be the landing site of the rover Persistence in
NASA’s Mars 2020 mission, Jezero crater, at latitude 18.44°N and longitude 77.45°E.
Elevation on Mars is measured against the equipotential surface, Mars areoid, which
is analogous to Earth geoid, in essence sea level. Computations utilising both the
geometry and the gravity potential value of the areoid represent the equipotential
surface as the surface of a liquid Mars in hydrostatic equilibrium (Ardalan et al.,
2010). Surface elevations vary from minus 10000 metres to 30000 metres. The floor
of the Jezero crater is at minus 2600 metres.

The environment conditions were determined for calculations of the radiation
spectrum on the Mars surface with OLTARIS. Surface parameters were based on
the Mars Climate Database (MCD). Calculations were done with the NASA design
standard SPE for missions beyond Earth orbit and the Badhwar-O’Neill 2010 model
of the 2010 solar minimum galactic cosmic radiation. The design SPE is the sum of
the proton spectra for the events that occurred between October 19 and 24, 1989,
as represented by the Band function parametrization of Tylka et al. (2010) and
proposed by Townsend et al. (2018). The October 1989 SPEs are among the largest
events to have occurred during the solar cycle 22 (Lario et al., 2001). To assess
the maximum risk worse radiation conditions were chosen over favourable ones.
Therefore, in the assessment of GCR environment, solar minimum was chosen over
solar maximum, as during a maximum the outward expanding solar wind results in
a lower GCR density in the heliosphere.

The stay on the planet surface was initially defined for 30 days. The doses
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received from the example SPE were observed for different times, ranging from 1
to 400 hours. For the habitat, a three-dimensional material thickness distribution
of a sphere made of 5 g/cm? polyethylene was chosen. The choice was based on
assessment of different shielding configurations and their effectiveness at different
surface elevations in a study by Ortiz et al. (2015), where 5 g/cm? polyethylene was
considered suited to serve as a primary radiation storm shelter on Mars below 11 km
elevation. In the computational analyses of the study the permissible exposure limits
defined by NASA were not exceeded. Polyethylene provides better shielding from
radiation than the mere atmosphere.

For SPEs, OLTARIS determined the fluence, referring to the number of incident
particles crossing a plane of unit area, their type, and energy at a target point 1 m
above the planet surface at a given location. An example of particle fluence vs.
energy is shown in figure 52 in Appendix. For GCRs, OLTARIS determined the
flux, referring to the rate of flow of particles through a unit area, their type, and
energy at the same target point. An example of particle flux vs. energy is shown in

figure 53 in Appendix.

3.2.2 Cell Survival and Mutation on a Mars Mission

‘Survival’ code can be used for evaluations of mixed radiation fields. Multiple ions
with multiple energies can be described in an external file created by the user, by
including information about particle type, charge, atomic number, either energy or
LET (only one of them is needed) and weight, which refers for example to the flux
or the fluence of the particles. It should be noted that the results presented here
utilising the code in the evaluation of a mixed radiation field are preliminary in
nature, and that this feature of the code is undergoing improvements.

In this study, part of the data — particle type, energy and flux or fluence — to

characterise the radiation spectrum on a site on Mars was obtained from OLTARIS.
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The charges of the ions and their atomic numbers are known, so they were added to
the spectrum description. The MKM simulations of cell survival and mutation were
then carried out for the SPE spectrum using the optimised parameters discovered
from the linear quadratic fits and the comparisons to experimental data, as shown
in the previous analysis. First, simulations not accounting for the dose rate were
carried out with the original formulation of the ‘Survival’ code. Then, simulations
accounting for the dose rate were carried out with the modified version of the code.

Finally, to compare the radiation exposure with the permissible exposure limit for
non-cancer effects expressed as an equivalent dose in the NASA Technical Standard
document on crew health (NASA, 2023), the RBE values were estimated. The
document states the recommended RBE for non-cancer effects used in the equivalent
dose calculations is 1.5 for protons with energies over 2 MeV and 2.5 for heavy ions.
However, the MKM simulations have a different endpoint, so the comparison to
the NASA limit is qualitative, not quantitative. The MKM simulations predict
the probabilities of cell survival and observable mutations, rather than non-cancer
effects, and use parametrizations based on the experimental datasets. The RBE
values were determined separately for each dataset as the ratios between the «
values of the MKM simulations indicating radio sensitivity and the ax values of the
experimental X-rays (or gamma rays in the case of Yang et. al, 1996). These « values
for survival were derived from the linear quadratic fits of the survival probability as
a function of dose. Similarly, the o values for mutation were derived from the linear
quadratic fits of the probability of observable mutation as a function of dose. To
obtain the equivalent doses, the RBE values were then multiplied with the physical
doses that the astronauts would be exposed to during an SPE.

SPEs in October 1989 lasted for approximately five days from October 19 to
24. However, looking at the event profile in figure 28, the effective duration of the

events is closer to 50 hours. The total dose resulting from the event was calculated
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in OLTARIS to be 29.81 mGy. Because the present implementation of the code
includes data of the stopping power vs. energy from proton to neon, particles heav-
ier than neon were excluded from the simulation. The total dose included in the
simulation estimated from the LETs and the fluence of the particles was 28.51 mGy.
This means over 95 % of the dose is already accounted for in the ions from proton
to neon. Dose received in one hour was approximated as the total dose divided by

50 hours, although the flux is not constant during the whole event.
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Figure 28. The intensity-time profiles of protons for different energy channels taken
from Reames (2023). The first figure shows the series of SPEs in October 1989.
Only the energy channel above 100 MeV includes protons with energies high enough
to reach the surface of Mars. ESP refers to "energetic storm particles".

In the case of GCRs, the dose per day was calculated in OLTARIS to be 6.806 mGy
in 30 days or 0.2269 mGy per day. When ions heavier than neon were excluded, the
total dose estimated from the LETs and the flux of the particles was 5.1906 mGy
in 30 days or 0.1730 mGy per day. Thus approximately 76 % of the dose is ac-
counted for in the ions from proton to neon. Therefore, subsequent analysis focused
on the radiation spectrum of the SPE with over 95 % dose inclusion in the MKM

simulation.
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3.3 Results

The probability of cell survival predicted by the MKM simulation as a function of
dose is shown in figure 29. Figure 30 shows the probability of observable mutation as
a function of dose. In both cases, the first dose point corresponds to a dose received
in one hour, 0.570 mGy. The other points correspond to 50, 100, 150, 200, 250,
300, 350 and 400 hours, where 50 hours reflects the effective duration of the SPE.
The simulation was repeated eight times using the parameters from all the four
experimental datasets and from both approaches of optimising ay and [y values,
extrapolation and range, as previously described. Dose rate was not included as a

parameter in the simulations.
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Figure 29. The probability of cell survival predicted by the MKM simulation as a
function of dose. The dose points correspond to a dose received in 1, 50, 100, 150,
200, 250, 300, 350 and 400 hours.
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Observable cell mutation on Mars (1/50/100/150/200/250/300/350/400 h)
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Figure 30. The probability of observable mutation per cell predicted by the MKM
simulation as a function of dose. The dose points correspond to a dose received in
1, 50, 100, 150, 200, 250, 300, 350 and 400 hours.

The calculated RBE values are shown in table II. The values obtained from the
experimental X-ray measurements were for the most part within the range of other
in vitro data research for neoplastic transformations. The Yang et al. (1996) dataset
used gamma ray measurements instead of X-rays, and the calculated RBE values
were much higher. This is at least partially to be expected due to a lower « value.

The probability of cell survival predicted by the MKM simulation as a func-
tion of equivalent dose (obtained by multiplying the doses with the RBE values)
is shown in figure 31. Figure 32 shows the probability of observable mutation as
a function of equivalent dose. In both cases, the first dose point corresponds to a
dose received in one hour, 0.570 mGy. The other points correspond to 50, 100, 150,
200, 250, 300, 350 and 400 hours, where 50 hours reflects the effective duration of
the event. The simulation was repeated eight times using the parameters from all
the four experimental datasets and from both optimisation approaches. Dose rate

was not included as a parameter in the simulations. NASA’s 30-day dose limit for
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system, 250 mGy-Eq. This equivalent dose is marked in the figures.

Table II. Calculated RBE values of each dataset. RBEg is calculated from survival

data and RBEy; from mutation data.

Dataset RBEg RBEy
Extrapolation | Range | Extrapolation | Range
Han et al. (1998) 1.064 1.484 1.550 0.803
Miller et al. (1995) 0.918 4.654 1.395 1.273
Yang et al. (1985) 0.808 0.220 1.421 1.430
Yang et al. (1996) 3.198 12.352 2.812 2.300
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Figure 31. The probability of cell survival predicted by the MKM simulation as a
function of equivalent dose. The dose points correspond to a dose received in 1, 50,
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Observable cell mutation on Mars (1/50/100/150/200/250/300/350/400 h)
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Figure 32. The probability of observable mutation per cell predicted by the MKM
simulation as a function of equivalent dose. The dose points correspond to a dose
received in 1, 50, 100, 150, 200, 250, 300, 350 and 400 hours. NASA’s 30-day dose
limit of 250 mGy-Eq for career/non-cancer effects for the blood-forming organs and
the circulatory system is marked with a vertical line.

MKM simulations for survival and mutation accounting for the dose rate were
also carried out using the modified version of the ‘Survival’ code. The parameters
were taken from the dose rate fit and optimisation with the Han et al. (1998) dataset,
as outlined in chapters 2.2.5 and 2.3.5. Due to the excessive use of memory in the
dose rate simulations, the simulations were carried out for smaller doses, namely
doses received in 1-5 hours instead of 1-400 hours. To investigate the effect of
the dose rate to the results, another MKM simulation with the original version of
the ‘Survival’ code but otherwise with the same parameters — with the exclusion
of dose rate as a parameter — was carried out. Figure 33 shows the results of both
approaches for the probability of cell survival predicted by the MKM simulation
as a function of dose. Similarly, figure 34 shows both results for the probability of

observable mutation as a function of dose.
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Figure 33. The probability of cell survival predicted by the MKM simulation as a
function of dose. The dose points correspond to a dose received in 1, 2, 3, 4 and 5
hours.
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Figure 34. The probability of observable mutation per cell predicted by the MKM

simulation as a function of dose. The dose points correspond to a dose received in
1, 2, 3, 4 and 5 hours.
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3.4 Discussion

The dataset the parametrization was based on influenced the predicted cell survival,
as did the approach — extrapolation or range — to obtain the parametrization. In
the prediction of observable cell mutation different parametrizations from different
datasets but within the same cell line C3H10T'1/2 produced similar results regardless
of the approach. Another cell line SHE produced different results compared to
C3H10T1/2, as well as within the SHE cell line with different approaches. This
means the choice of parametrization is an important step in the predictions of the
MKM simulations.

In the probability predictions vs. dose x RBE, the simulation based on param-
eters from the Yang et al. (1996) dataset differed from the others likely due to the
use of gamma rays instead of X-rays as the reference radiation for the calculated
RBE values. In the case of cell survival, the simulations with parameters based on
the other datasets, depending on the parameter optimisation approach (extrapola-
tion or range), predicted exceeding the NASA’s 30-day dose limit (250 mGy-Eq for
career /non-cancer effects for the blood-forming organs and the circulatory system)
earliest at 100 hours or even only after 400 hours of exposure to the design SPE. In
the case of observable mutation vs. dose x RBE, the simulations predicted crossing
the limit between 250-350 hours or only after 400 hours of exposure. In this qual-
itative comparison to the equivalent dose limit, and with the assumption that the
SPE effective duration was 50 hours, it is safe to say that the exposure levels would
not be expected to continue as high throughout those times.

Including the dose rate as a parameter made only a small difference in the MKM

predictions of survival and observable mutation in the low doses.
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4 Conclusions

This study presented methods to evaluate carcinogenic mutations in cells caused
by ionising radiation using the MKM, starting from defining the parameters of the
model based on a subset of the available experimental data, comparing the results of
the model with the full set of available experimental data, and ending with extrapo-
lations to evaluations for a set of space mission scenarios. The methods presented in
this thesis could assist in the evaluation of carcinogenic mutations caused by ionising
radiation, including the effects of radiation on a space mission.

While the probability of observable mutation at a cell level does not directly
equate to the probability of cancer, it is the first step in modelling cancer risk.
Currently the model simulations have a higher resemblance to experimental data
in the low LET and low dose regions than in the high LET and high dose regions.
Improvements for the model simulations suggested in the discussion of chapter 2 as
well as improvements in the choice of parameters could lead to even better agreement
between the model prediction and experimental data.

Many factors add to the complexity of mutation prediction, dose rate being one
of them. In this work, when dose rate was accounted for in the analysis, there was
only a small difference to the analysis without dose rate. This is expected for the
low doses, whereas a higher dose rate effect is expected for higher doses. Dose rate

should therefore be further explored in future research of space radiation effects.
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Bootstrap survival distributions for SHE (C 13 keV/um)
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Figure 37. Bootstrap distributions of cell survival for different doses of 13 keV/um
carbon beams based on the Han et al. (1998) dataset.
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Figure 38. Bootstrap distributions of mutation for different doses of 10 keV/um
carbon beams based on the Yang et al. (1985) dataset.
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Survival: experimental and theoretical B vs. LET (extrapolated ag, averaged Bo)
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Survival: experimental and theoretical B vs. LET (aop and Bo from range testing)
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Figure 47. Experimental and theoretical values from the MKM simulation of
for survival are shown with different symbols. Parameters ag, By, ry and rp in
the MKM were optimised by testing a range of values and choosing the best fit to
experimental data. Dose rate was not included in the simulation as a parameter.
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Mutation: theoretical vs. experimental B vs. LET (extrapolated aos, averaged Bos)
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Figure 48. Experimental and theoretical values from the MKM simulation of (8
for mutation are shown with different symbols. Parameter r}, in the MKM was
optimised based on the linearly extrapolated «y, linearly extrapolated «f, an average
of Ay, and an average of () of low LET ions. Dose rate was not included in the

simulation as a parameter.
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Mutation: theoretical vs. experimental B vs. LET (aos and Bos from range testing)
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Figure 49. Experimental and theoretical values from the MKM simulation of (8
for mutation are shown with different symbols. Parameters «q, 8y, 7y and rp in
the MKM were optimised by testing a range of values and choosing the best fit to
experimental data, and the optimisation of the 77, parameter was based on them.
Dose rate was not included in the simulation as a parameter.
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Survival with dose rate: Experimental and MKM 8 vs. LET
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Figure 50. Experimental and theoretical values from the MKM simulation of 3 for
survival are shown with different symbols. Parameters ry and rp in the MKM were
optimised based on the linearly extrapolated «q, an average of 3y, and an average
of 79 of low LET ions.

Mutation with dose rate: Experimental and MKM B vs. LET
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Figure 51. Experimental and theoretical values from the MKM simulation of /3 for
mutation are shown with different symbols. Parameters ry and rp in the MKM were
optimised based on the linearly extrapolated «ag, an average of 3y, and an average of
7o of low LET ions. Parameter 1}, was optimised based on the linearly extrapolated
ap, linearly extrapolated «f, an average of 5y, an average of (), and an average of
7, of low LET ions.
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Figure 52. Fluence vs. energy for H and He as calculated during a solar particle
event in Jezero crater on Mars.
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Figure 53. Flux vs. energy for H and He as calculated from galactic cosmic rays
during a solar minimum in Jezero crater on Mars.
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