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Abstract: The quality factor (Q) is formally linked to the stochastic (e.g., carcinogenic) risk of diverse
ionizing radiations at low doses and/or low dose rates. Q can be a function of the non-stochastic
physical quantity Linear Energy Transfer (LET) or the microdosimetric parameter lineal energy
(y). These two physical quantities can be calculated either by Monte Carlo (MC) track-structure
simulations or by analytic models. In this work, various generalized analytical models were utilized
and combined to determine the proton lineal energy spectra in liquid water spheres of various
sizes (i.e., 10-3000 nm diameter) over the proton energy range of 1-250 MeV. The calculated spectra
were subsequently used within the Theory of Dual Radiation Action (TDRA) and the ICRU Report
40 microdosimetric methodologies to determine the variation of Q with proton energy. The results
revealed that the LET-based Q values underestimated the microdosimetric-based Q values for protons
with energy below ~100 MeV. At energies relevant to the Bragg peak region (<20-30 MeV), the
differences were larger than 20-50%, while reaching 200-500% at ~5 MeV. It was further shown that
the microdosimetric-based Q values for protons below ~100 MeV were sensitive to the sphere size.
Finally, condensed-phase effects had a very small (<5%) influence on the calculated microdosimetric-
based Q over the proton energy range considered here.

Keywords: microdosimetry; relative biological effectiveness; quality factor; proton therapy; space
radiation; carcinogenic risk

1. Introduction

As energetic ions interact with matter, they dissipate energy to atoms and molecules
in a unique and stochastic manner. To a good approximation, non-relativistic energetic
ions interact with the medium mostly by inelastic Coulomb-force collisions with atomic
electrons, leading to ionizations and electronic excitations. An important observation is
that radiation effects depend upon the spatial pattern of energy deposition which is distinct
for each type and energy of radiation. This is termed radiation quality [1-4].

Radiation quality plays a major role in the radiobiological effects observed in living
matter, and it is commonly described by relative biological effectiveness (RBE). To a first
approximation, RBE is a function of the (unrestricted) Linear Energy Transfer (LET), which
is defined as the mean electronic energy-loss by a primary charged particle per unit path
length. LET may be conveniently calculated from Bethe’s stopping-power theory [5].
The official connection of LET with radiation quality (or RBE) has been made by the
International Commission on Radiation Protection (ICRP) in a series of reports [3,4,0].
According to the ICRP, the quality factor, Q, is defined as the low-dose RBE (or RBEnax)
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for stochastic effects [3] and may be expressed as a continuous function of LET [4]. More
recently, LET has been used in several empirical RBE models for tissue reactions (or
deterministic effects) in the context of hadron therapy [7-11].

Despite its simplicity and wide applicability, there are well-known physical limitations
of the LET concept [12], which are more profound when the site of interest is reduced to
cellular and subcellular structures (micrometres to nanometres). The most notable limitation
of LET is that it neglects the stochastic nature of energy deposition (energy-loss straggling)
from the charged particle to the medium while no consideration is given to the finite range
of secondary electrons (8-rays). Although the restricted LET, L, which excludes those
d-rays with energy above a cut-off value A, can be used to better approximate the energy
retained in the site, it still refers to a mean value and does not account for straggling [13].

The above limitations of LET can be overcome using microdosimetric approaches [13-15].
For example, classical (or regional) microdosimetry considers a fixed-size critical site in
which energy deposition distributions are linked to radiobiological effects. More advanced
microdosimetric approaches (e.g., structural microdosimetry [14]) are available with the
cost of increased calculation complexity and computing time.

Lineal energy has been widely exploited in radiation quality studies as a measurable
physical quantity by tissue-equivalent proportional counters (TEPC), also called Rossi
counters [16]. The biophysical justification of connecting lineal energy with RBE (or Q) is
provided by the Theory of Dual Radiation Action (TDRA) [17]. The official connection of
lineal energy with Q has been made by the International Commission on Radiation Units
and Measurements (ICRU) in its Report 40 [2]. The lineal energy has also been used in RBE
studies of cell toxicity in the context of hadron therapy through the Microdosimetric-Kinetic
Model (MKM) [18-20]. Other microdosimetric-based models of Q used by NASA for space
radiation can be found in several published works [21-25]. Q is used to determine the
quantity effective dose which corresponds to the stochastic (mainly carcinogenic) risk of
irradiated individuals. In turn, the effective dose is used to calculate the number of safe
days in space, a vital quantity for manned missions such as those to the Moon and Mars,
i.e., the maximum number of days that astronauts can spend in space without exceeding
their radiation dose limits. In proton radiotherapy, the effective dose is used to quantify
the secondary cancer risk in healthy tissues that are exposed to stray proton radiation.

Measurements of lineal energy are typically limited to simulated tissue volumes
larger than tens of nanometres, i.e., they exclude volumes relevant to DNA-sized critical
structures [13,15]. Theoretical calculations of lineal energy often employ Monte-Carlo track
structure (MCTS) codes, such as GEANT4-DNA [26], KURBUC [27], PARTRAC [28] and
PHITS [29], among others [30,31]. Many such efforts for determining the microdosimet-
ric spectra for protons and heavier ions are available in literature [32-45]. MCTS codes
simulate, collision-by-collision, all the interactions between the primary (and secondary)
particles and the atoms/molecules of the medium (commonly liquid water) until all parti-
cles (primaries and secondaries) become non-ionizing (i.e., fall below about 10 eV). Thus,
MCTS codes enable simulations with nanometre resolution, including the explicit simula-
tion of radiation-induced DNA damage at various levels of sophistication [46,47]. However,
MCTS simulations are well known for being time-intensive while requiring a fair amount
of computer expertise.

Analytical models for calculating lineal energy spectra can overcome many of the
above difficulties as they are based on simple mathematical expressions that approxi-
mate the energy-loss process. Such models have been developed in a series of papers
by Xapsos [48-51] and Olko [52,53]. The main idea is to analytically calculate the depen-
dence of lineal energy upon LET while adding suitable correction terms for the effect of
energy-loss straggling and the finite range of 5-rays.

The aim of this paper was to: (i) compare and combine various analytical models for
calculating the microdosimetric parameter yp for protons in the energy range of 1-250 MeV
for different sphere diameters (10, 100, 1000, 3000 nm); (ii) use the calculated y spectra to
determine the variation of the quality factor (Q) with proton energy according to both the
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TDRA and ICRU Report 40 microdosimetric methodologies and compare against the LET-
based ICRP Report 60 recommendations; (iii) compare the analytical model calculations
against published MCTS data of yp and corresponding Q; (iv) examine the sensitivity of
the results to the choice of target sphere size and water-medium transport parameters (gas
vs. liquid).

2. Materials and Methods
2.1. Microdosimetric Calculations of Lineal Energy (y)

In classical microdosimetry, radiation quality is not represented by LET, but rather by
its stochastic analogue, the lineal energy, y [1]. Contrary to LET, lineal energy represents
the actual energy imparted (¢) in a volume by a single primary particle (along with all
its secondary particles) divided by the mean chord length of that volume (I). The energy
imparted to the matter in a volume, ¢, is a stochastic quantity that equals the summation
of all individual energy transfers () which result from the interactions of the primary
charged particle with the atomic electrons:

€= Zsk 1
k

The quantity lineal energy, , is the quotient of ¢ divided by the mean chord length, I,
of the volume of interest:

~Il M

y= 2)

For a convex body, I = %, with A being the area and V its volume [1,13,14]. It
follows that for a sphere, | = 2d, where d is the sphere’s diameter. Lineal energy refers
to a single event, that is, one primary particle that randomly traverses the volume of
interest. It is important to recognize that, contrary to LET, lineal energy depends not only
on radiation quality, i.e., the type and energy of the radiation, but also on the size (and
shape) of the target volume (via I) [13,14]. Furthermore, since y is a stochastic quantity,
each radiation quality is represented by a distribution of y values (which is again contrary
to LET). Therefore, we may define two mean values of y, namely, its frequency-mean lineal
energy defined by [1]:

YE = / yf(y)dy 3)
with f(y) being the probability density function, and its dose-mean lineal energy defined by:

_ 17,
yo = / y f(y)dy 4)

The physical quantities defined above (y, yr, yp) are used in various definitions of Q
as discussed in subsequent sections (Section 2.3).

2.2. Generalized Analytic Microdosimetric Models
2.2.1. The Xapsos et al. 1994 Model

In this model (hereafter denoted as “X94”), the energy deposition inside the target
volume is classified as either “direct” or “indirect”. The former is related to the energy
deposition by a primary ion crossing the target, whereas the latter is related to the energy
deposition by é-rays produced by an ion passing outside the target [48]. The contribution
of direct (ion) and indirect (5-rays) energy deposition events varies with the kinetic energy
of the ion and the diameter of the target volume. For example, with increasing ion energy
and/or volume size, the indirect contribution is enhanced by 4-rays become more energetic
and/or have a higher probability to reach the target volume.

To a first approximation, when an ion crosses a volume, the energy deposited is
proportional to the product of LET and the mean chord length I. However, for insufficient
(e.g., approaching the nanometer scale), energy loss-straggling, path length fluctuations



Appl. Sci. 2022, 12, 8950

40f19

and energy carried out of the volume by 6-rays may become pronounced. It can be shown
that the yp can be calculated as a function of distributions of LET, path length and single-
collision energy-transfer [48]. The corresponding expressions for the direct (ion, yp o),
indirect (d-ray, yp ) and total events are [48]:

1
YD,ion = ?(fionLD,iansD,ion + 52,1‘071)/ (5)
1
YDel = ?(LD,elsD,el + 02,1), (6)
Yp = fionyD,ion + (1 - fion)yD,el/ (7)

where fj,, is the fraction of energy deposited in the site by the primary ion. The calculation
of each parameter (fion, 62,ion, 62,61, LD,ions LD els SD,ions 5D ¢1) €ntering the above expressions,
Equations (5)—(7), is discussed below.

When an ion traverses a site, it deposits energy and generates 6-rays (i.e., secondary
electrons) that, subsequently, may deposit only a fraction (or all) of their energy inside the
site. The fraction of ion energy that is retained inside the site may be described analytically
by the spatially restricted LET. Then, it may be shown that [54,55]:

T, A+A1+A2
ln[ Ll/max( 7 + )]

, ®)
2 ln[ Tfl,;nax ]

fion =

where [ is the mean excitation energy of the stopping-power of the medium, and T ,,,, is
the maximum energy that an ion can transfer to a secondary electron (5-ray):

Tel,mux = 2179 Tion/ (9)

with Tj,, expressed in (MeV /amu) and T ;0. in keV. A is the energy of an electron with
range equal to the mean chord length of the site, Al accounts for the energy transferred
by escaping secondary electrons to the site and A2 is the electronic excitation or ionization
energy present in the atoms after the interaction with the ion (i.e., binding effects) when
secondary electrons migrate outside the volume. It holds that [48,49,54]:

(A1+A2) = (1 - )(I+A). (10)

el,max

The dose-weighted mean-energy deposited in the site by ions in a single inelastic
collision (d3 ;o) is obtained from:

Min|A, T, .
02ion = A/Ein [AeT,max}} /Mm[A/ Tel,max] < 1keV (11)
ZIH[ /Iel,max }
62i0n = AANE, Min[A, Ty yuax] > 1keV, (12)

with 6, j,, in units of keV. For protons in water vapor, the values A = 0.190 and B = 0.621
have been suggested [48]. The corresponding expressions for electrons are:

0.2105T, -
Spel = —— T, > 2keV, (13)

In| %] — 0193
bre1 = ATyP, Ty < 2keV (14)

with parameters A = 0.114 and B = 0.591 for water vapor [48]. Note that the condition
Min[A, T, u4¢] for the ion case, Equation (11), is now replaced by T,; /2, which is the maxi-
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mum energy transfer in an electron-electron collision. T is the average energy of secondary
electrons, which may be represented by the fitted expression [48]:

T, = 1.25T1%529 A0778+0.00142 Ty, (15)

with T,; and A in keV and Tj,,, in MeV/amu. o

The dose-averaged LET (Lp o, and Lp ) in Equations (5) and (6) equal the ratio L? /L.
For the case of monoenergetic ions that cross the volume with almost constant LET, the
ratio L2/L reduces to LET, i.e., Lp ;o;, = LET},,. For electrons, the dose-averaged LET can
differ significantly for different volumes and energies. It can be shown that [48]:

— { 0.985 LETEZ(A + 0.02), A<I
LD,el =

0.925LET, (A +0.05), A>1" (16)

Finally, the path length moment ratio (Sp ion, Sp,1) for a sphere is equal to 3d/4 for
both ion and electron [14,48,49].

Equations (8)—(16) can then be implemented into Equations (5) and (6) to calculate yp
from Equation (7).

2.2.2. The Xapsos et al. 1996 Model

This model (hereafter denoted as “X96”) treats only direct events but uses an explicit
description of ion’s energy-loss straggling. Specifically, the probability density function, p, s,
for energy deposition x along an ion’s path length s (for a single traversal), is approximated
by a log-normal distribution:

_ 1 . (In(x) — ps) 2
o= Tt (M) ) 7

where y; and o5 are the mean and variance of the distribution, respectively. They can be
calculated from:
ps = In(Xjon) — 0.507, (18)

05 = /In(1+ V), (19)

where X;,, is the mean energy deposited in the site for s equal to the mean chord length of
the site, and V is obtained as a sum of various contributing terms:

V=Vstr + Vs + VL +VE+ VL V;. (20)

2,ion

The terms in Equation (20) are as follows: Vi, = (;7 is the relative variance of energy-
loss straggling [48,55], where 6, j,,, is taken from Equations (11) and (12). €5, = fion LETj,8
is the mean energy deposited in the target volume as a function of ion’s path length (s), V;
is the relative variance of ion’s path length distribution, V} is the relative variance of ion’s
LET distribution and VF is the relative variance of Fano fluctuations. For monoenergetic

ions and neglecting the Fano fluctuations, Equation (20) reduces to [48,49]:
V = Ve + V. (21)

The Fano fluctuations are needed in studies of ionization fluctuations. Here, we
studied the energy deposition, so it was not necessary to include it in Equation (21) [48,49].
Then, the total probability density function, fy for energy deposition x, is the convolution
of the straggling distribution p, s and the probability density function of the particle’s path
length inside the site, cs.

fx = /pxrscsds. (22)

For a sphere, and assuming that ions travel in straight lines [48,49], cs = 2s/ dz.
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2.2.3. The Combined Xapsos Models

The extension of the X96 model to the indirect (electron) events may be developed
following the X94 model (the combined model is hereafter denoted as “Xcom”). The relative
variance of electron events may be calculated from Equation (21),with the addition of a
term related to the relative variance of LET (V7 ), with Vi, = 6, .1 /€, where 6, . is obtained
from Equations (13) and (14) and §,; = LET,;s, where LET,; is the mean slowed-down
electron LET [48,50]. Then, the combined probability density for energy distribution is
given by:

fx = Pfx,ion + (1 - P)fx,ell (23)

where P is the fraction of direct events. The fraction of indirect events (1 — P) is given
by [50]:

o (1 - fion )yion
(1 - P) B fionyel =+ (1 - fion)fion, (24)

where X, is the mean energy deposited in the site, in an analogous interpretation as X, .

2.2.4. The Combined Xapsos-Olko Model

In this model [52] (hereafter denoted as “XO”), Xcom is used for the calculation of
energy deposition and the microdosimetric spectra of the ion (direct) and electron (indirect)
events. Specifically, to calculate the ion (direct events) energy deposition, one uses the
Equations (8)-(12) and (17)-(24) from the “X96" model. For the electron energy deposition
(indirect events), one uses Equations (13) and (14) and Equations (17)—(24) for energy-loss
straggling, relative variance, and the log-normal process of energy deposition, respectively.
However, contrary to the Xcom model, in the XO model one uses the full secondary electron
spectrum which is calculated using the following expressions [52]:

71 f3elmaxL )@(K)dK
e fTemax K)dK

—~

/ (25)

where W is the energy required for an ion-electron hole. ¢(K) is the degraded electron
spectra given by:
o(T) = fgel,mﬂx T'-24T'
Le(T)
To visualise the central assumptions of the present microdosimetric models, Figure 1

depicts the two ways in which the energy can be deposited (direct, indirect) on a spherical
site of arbitrary diameter.

(26)

Xcom, XO, X94 models X96 model

Indirect Eve 1 Ton
:5-ray

Figure 1. Schematic representation of the energy deposition on an arbitrary spherical target from ions
(direct events) and 5-rays (indirect events), used by the present analytical models (Xcom, XO, X94, X96).
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2.3. Methods for Calculating the Quality Factor (Q)
2.3.1. The TDRA Approach

According to the site model of the Theory of Dual Radiation Action (TDRA), the RBE
for a high-LET radiation can be obtained from the following expression [13]:

V'zp,12 +4Dy(zpu + Dy) — zp 1

RBETpRrA = 2Di;

(27)
where zp g and zp 1, are the dose-average specific energy of the high- and low-LET radiation,
respectively, and Dy is the absorbed dose of the high-LET radiation. For the low-dose range
of interest in the present study (recall that Q = RBEp_,¢), we may assume that Dy < zp 1.
and Equation (27) reduce to the expression (zp = kyp), with k being a normalisation
constant) [56]:

QTDpRrA = M, (28)
]/D,ref

where yp st and yp s are the yp for the radiation under test and the reference
radiation, respectively.
2.3.2. The ICRU Report 40 Recommendation

The International Commission on Radiation Units and Measurements (ICRU) Report
40 was the first to officially link the quality factor Q with the microdosimetric quantity
lineal energy (y) using the following analytic expression:

Qicru40 = 55;0 {1 - Exp(—S x 10752 —2 x 1077 3)} (29)

As a result, for a specific proton energy, the mean quality factor Q can be calculated from:

A f QICRU40(}/test)d(}/test)d}/
f QICRU4O (yref)d (yref)dy '

(30)

where d(y) is the dose-weighted distribution of lineal energy defined by d(y) = (v/yr)f(y)-
The difficulties in understanding the effects of high-LET radiation, and thus in the calcula-
tion of Q, were compensated by the choice of a quantity that can be measured and at the
same time be physically appropriate. Therefore, lineal energy was to be determined in a
tissue-equivalent sphere with a diameter equal to 1 pm, which is experimentally feasible
using TEPCs.

2.3.3. The ICRP Report 60 Recommendation

For radiation protection purposes, the International Committee on Radiation Pro-
tection (ICRP) Report 60, expressed the quality factor (Q) as a function of LET in water,
Q(L). The particular mathematical expression of Q(L) was deduced on the basis of various
in vitro and animal radiobiological studies [3]. The recommended LET dependence of Q is
as follows:

Q(L) =1, L < 10 keV/pum (31)

Q(L) =0.32L — 22, 10keV/pum < L < 100 keV/pum (32)
300

L)= 2=, L >100keV/pum 33

Q(L) NG3 H (33)

2.4. Modifications of Model Parameters

To calculate the microdosimetric parameter yp using the above models (X94, Xcom,
XO), we must first establish the needed material parameters, namely the mean excitation
energy of stopping-power theory (I) (entering Equations (8), (10) and (11)), the constants
A and B (of Equations (12) and (14)) and the cut-off energy A. The choice of the cut off



Appl. Sci. 2022, 12, 8950 8 0of 19

energy A is defined by the electron energy that corresponds to a penetration depth equal
to the mean chord length [ = % of the target size. For reasons of availability, the original
implementation of X94 and X96 models used data for condensed water vapor. Vapor water
refers to the so-called gas phase approximation, whereby interaction cross sections for
water vapor are extrapolated to unit density medium. Therefore, vapor and liquid water
share the same density (and also both temperature and pressure values) but differ upon
the underlying physics of their interaction cross sections. Specifically, vapor water cross
sections do not account for intermolecular effects (screening, etc.) which are considered
(according to the theoretical model adopted) in the case of liquid water. To examine the
degree of which the results are sensitive to the parameters of the water medium, we here
deduced the corresponding parameters for liquid water. Table 1 summarizes the values of
the model parameters used in the present work. The cut-off energy A for the different sphere
diameters was estimated from electron penetration-depth values for liquid water obtained
from Geant4-DNA MC simulations using the latest electron physics list (Option 4) for
liquid water [57]. The corresponding values for condensed water vapour were determined
from the analytic fitting formulas for the electron penetration-depth obtained by the MC4
code [58]. For the calculation of the material constants, A and B, for electrons and protons,
we followed the method described in Xapsos et al. (1994), whereby Equations (11) and (12)
and their derivatives, with respect to Min[A, T,; y,,x] = A, are continuous at a A value that
equals twice the K-shell binding energy of water (2 x 540 eV = 1.08 keV).

Table 1. Physical model parameters used in the present work for liquid and vapor water (both at
unit density).

Physical Parameters Liquid Water Vapor Water Reference
Liquid: ICRU Report 90 [5]
I value (keV) 0.078 0.071 Vapor: ICRU Report16 [59]
11.0 (d = 3 um) 11.1 (d =3 um)
562 (d=1pm) 593 (d=1pm) Liquid: Kyriakou et al. (2016) [57]

A-cut off electron energy (keV)

1.37 (d = 0.1 pm)
0.184 (d = 0.01 um)

1.50 (d = 0.1 pm)
0.288 (d = 0.01 um)

Vapor: Emfietzoglou et al. (2008) [58]

. Protons: Protons: .. .
52-energy-weighted mean Liquid: Our fit
eneray i?ositf e the A=0.195,B = 0.610 A =0.190, B = 0.620 Vapor: Xagsos otal. (1994) [48]
Electrons: Electrons:

target per collision (keV)

A =0.121,B=0.577 A =0.114,B=0.591

3. Results

The quality factor (Q) is a relative parameter that quantifies the risk of stochastic
effects (e.g., carcinogenesis) of different ionizing radiations in comparison to a predefined
“reference” radiation. For convenience, we used the proton energy of 100 MeV here as the
reference radiation (i.e., the quality factor of 100 MeV proton was set to unity). This choice
is convenient for the direct comparison of Q calculated by analytic models and Monte-Carlo
data, since the latter data used in this work are only available up to 100 MeV. None of the
conclusions of the work would have changed if another proton energy was chosen.

3.1. Dose-Averaged Lineal Energy and Quality Factor

Figure 2 presents yp values for a liquid water sphere of 1 pm diameter over the proton
energy range of 1-250 MeV. Proton beams with initial energy between 50 and 250 MeV
are increasingly used in cancer radiotherapy. For space applications, protons in the Van
Allen belts reach up to 400 MeV. After these protons interact with spacecraft shielding, they
slow down. Those capable of penetrating within the spacecraft reach the astronauts with
energies well below 300 MeV. Moreover, protons in the energy range below 30 MeV make
up the Bragg peak region where the Q (and the carcinogenic risk) becomes maximum. The
calculated values are from the different analytical models examined in the present work
(X94, Xcom, XO), as well as published MC data by Geant4-DNA [60] and TEPC simulations
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by the PITS99-KURBUC [46] codes. For better visualisation, the yp values in the energy
range of 1-100 MeV are also presented logarithmically in the inset of Figure 2. Note that
the available Geant4-DNA and TEPC simulation data are limited up to 100 MeV.

yp liquid Water (1pm)
35
) Yo liquid Water (1pm)
L .
30 § 25 N - e
l = - —8—XO0
‘ R
k g
— 25 i s *m{t‘_
E e N\N
o =
o = e
> : > e, :*0
®ee
3_ 45 ': 1 Proton Energy (MeV)
>n ’;' " 1 10 100
10 |4 =T
[y
()
2 .
‘ltll'li‘:;;::::ooo...: .- > = +——2
0
0 25 50 75 100 125 150 175 200 225 250
Proton Energy (MeV)
—8—X94 —+—Xcom —#—XO e ®e GEANT4-DNA PITS99-KURBUC

Figure 2. yp values for a liquid water sphere of 1 um diameter as a function of proton energy
calculated by the different analytic models examined (X94, Xcom, XO), and Monte Carlo data by
the Geant4-DNA code [60] and TEPC simulations with PITS99-KURBUC [46]. Inset: Logarithmical
presentation of the yp values for the energy range of 1-100 MeV.

3.2. Sensitivity of Results to Target Size

Subsequently, the yp values depicted in Figure 2 along with the full microdosimetric
spectra f(y) and d(y) were used to determine the corresponding proton Q based on the
TDRA and ICRU Report 40 expressions Equations (28) and (30), respectively. Figure 3
presents the calculated Q values for the different analytic models (X94, XO, Xcom) and MC
data from the Geant4-DNA and TEPC simulation. The LET-based Q values recommended
by ICRP Report 60 are also presented for comparison. Figure 4 presents the differences of
the microdosimetric-based Q values (TDRA, ICRU Report 40) against the LET-based ICRP
Report 60 recommendations.

Figure 5 presents yp values for liquid water spheres of different diameters (10, 100,
1000 nm). The calculated values were from the Xcom analytical model (combination of
Xapsos et al. 1994 and Xapsos et al. 1996 models) and the MC data for the different spheres
were taken from Geant4-DNA [60]. The Xcom model represents the best available analytic
model for calculations of i spectra (please see Appendix A for the fitted values of yp and
the Qrpra of the Xcom model). It combines both the energy deposition and its fluctuations
from ion (direct) and electron (indirect) events in the target site, as well as the effects of the
finite range of d-rays. A form of this model has been utilised for determining y spectra in

TEPC measurements [50,51]. Similar to Figure 2, the available Geant4-DNA data for these
spheres are limited up to 100 MeV.
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Figure 3. Energy variation of the proton Q based on different microdosimetric approaches (TDRA,
ICRU Report 40) with input data from both analytic models (X94, XO, Xcom) and Monte-Carlo codes
(Geant4-DNA [60], TEPC simulations by PITS99-KURBUC [46]). The microdosimetric data pertain to
a liquid water sphere of 1 pm diameter. The LET-based Q values recommended by ICRP Report 60
are also shown for comparison.

ICRU40 & TDRA vs. ICRP60

ICRP60 as reference
TDRA, ICRU for 1pym
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Proton Energy (MeV)
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Figure 4. Difference (%) of TDRA and ICRU Report 40 predictions for the proton Q with input data
calculated by different analytic models (X94, XO, Xcom) and Monte-Carlo codes (Geant4DNA [60],
TEPC simulations by PITS99-KURBUC [46]). All microdosimetric calculations pertain to a liquid
water sphere of 1 pum diameter. The LETbased Q values recommended by ICRP Report 60 were used

as baseline for comparison.
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Yp Vs. Target Size
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Figure 5. yp values as a function of proton energy for liquid water spherical volumes of 10, 100 and
1000 nm diameter calculated by the Xcom analytic model (blue lines) and the MonteCarlo data of
Geant4-DNA [56] (red lines).

Using the yp values of Figure 5, Figure 6 presents the corresponding Q for sphere
diameters of 100 nm and 10 nm using the TDRA approach, Equation (28), over the proton
energy range of 1-100 MeV. The LET-based Q values from the ICRP60 recommendations
are also shown for comparison. In Figure 7, the differences (%) of the TDRA-based Q for
100 nm and 10 nm calculated by the Xcom analytic model and the Geant4-DNA MC data
are presented with the LET-based Q values of ICRP Report 60 recommendations used
as baseline.

QF liquid water (100 & 10 nm)

8

« =& GEANT4 DNA (100 nm)
7 \ ~—@— GEANT4 DNA (10 nm)

\\ &= Xcom (100 nm)
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Figure 6. Energy variation of the proton Q based on the TDRA approach with input data from the
Xcom analytic model (red colour) and the Geant4DNA Monte-Carlo code [60] (black colour). The
microdosimetric data pertain to a liquid water spheres of 0.1 and 0.01 um diameter. The LETbased Q
values recommended by ICRP Report 60 are also shown for comparison (dark yellow colour).
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TDRA vs. ICRP60
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Figure 7. Difference (%) of the TDRA-based Q calculated by the Xcom analytic model and the

Geant4-DNA Monte-Carlo data [60] for 0.1 and 0.01 pm liquid water spheres. The LET-based Q
values recommended by ICRP Report 60 were used as baseline for comparison.

Based on the results of Figures 5 and 6, the sensitivity of proton Q with respect to
sphere diameter is depicted in Figure 8 with the Q value at 1 um diameter used as baseline
for the comparison.

Quality Factor vs. Target Size

100 T -
w80 | TDRA- 1pm as reference
(of
- 60
(]

X
S—
o O e = === —E
]
[ =
Q
]
=
o

0 25 50 D 100 125 150 175 200 225 250
Proton Energy (MeV)

= = Xcom (100 nm) = @ GEANT4 DNA (100 nm)
X com (10 nm) s GEANT4 DNA (10 nm)

Figure 8. Difference (%) of TDRAbased proton Q calculated by the Xcom analytic model (green
colour) and the Geant4DNA Monte-Carlo data [60] (red colour). The corresponding results for 1 pum
were used as baseline for comparison.

3.3. Sensitivity of Results to Condensed-Phase Effects

Figures 9 and 10 show the differences of yp and corresponding Q, respectively, be-
tween gaseous and liquid water (both at unit density) based on the examined analytic
models (X94, Xcom and XO) with input parameters according to Table 1. Results are shown
for spherical volumes with 3000, 1000, 100 and 10 nm diameter and for proton energies
from 1 to 250 MeV. At each sphere size, the results of liquid water were used as baseline for
the comparison.
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Figure 9. Difference (%) of yp for unit-density gaseous and liquid water spherical volumes of different
diameter (10, 100, 1000, 3000 nm) calculated by the different analytic models. The liquid water values
were used as baseline for comparison.

Liquid vs. Vapor Water (3000nm) Liquid vs. Vapor Water (1000 nm)
10 10
a 8 Water Liquid as reference 3 8 Water Liquid as reference
w 6 w 6
=4 S 4
R 2 ] 2
g0 1 skt entanantaneedsaze g 0
£ -2 g -2
g -4 g -4
-6 -6
E -8 E -8
-10 -10
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Proton Energy (MevV) Proton Energy (MeV)
cee X94 see Xcom s XO *++ X94+++ Xcome+++ XO
Liquid vs. Vapor Water (100 nm) Liquid vs. Vapor Water (10 nm)
10 10
E‘, 8 Water Liquid as reference 3 8 Water Liquid as reference
’00- 6 »6 6
s G ~ 4
R2 82
@ 0 Rt 00
g -2 2-2
Q-4 L4
L -6 2 -6
£s £3
-10 -10
0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Proton Energy (MeV) Proton Energy (MeV)
©++ X94 see Xcom «++ XO s2+ X94 e+ Xcom +=+ XO

Figure 10. Difference (%) of TDRA-based proton Q between unit density gaseous and liquid water
spheres of varying diameter calculated by the different analytic models. The liquid water values were
used as baseline for comparison.

4. Discussion

As it can be seen from Figure 2 the calculated yp values for 1pm target size and for
proton energies 1-250 MeV calculated by the different analytical models (X94, Xcom, XO)
followed the same trend over the whole energy range. The difference between the X94 and
Xcom models reached up to 10% while the XO model was consistently higher by up to
40-50% in the energy range of 50-250 MeV. This is due to the different calculation of the
deposited energy of secondary electrons that affects both the indirect (electron) events and
the o-ray escape from the volume. The secondary electron spectrum is treated differently in
the XO and Xcom models; specifically, in the XO model, the full slowing-down spectrum
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is used. For the 1 pm sphere, and combining Equations (16) and (24), the mean LET of
the secondary electrons calculated by the XO model inside the sphere target is larger than
the mean LET calculated by the Xcom model. Higher LET means more energy deposited
inside the sphere, so there was a slight increase in the total yp value for the XO model. The
proton energy deposition is treated similarly in both models. Unfortunately, there are no
updated references for these discrepancies among the models except the one already cited
in out text [48-52]. To our knowledge, the present work represents the first time that all
models were combined and compared with Q calculations. Importantly, the MC literature
data (Geant4-DNA, PITS99-KURBUC) on proton lineal energy has followed similar trends
with the analytic calculations. Specifically, the differences between the analytical models
(X94 and Xcom) and the MC data (Geant4-DNA, PITS99-KURBUC) did not exceed 10% up
to 50 MeV, increasing up to 15-30% in the energy range of 50-100 MeV. The magnitude of
this difference is comparable to the difference among the MC data (i.e., Geant4-DNA vs.
PITS99-KURBUC), which is up to 10% for proton energies 1-50 MeV and up to 25% for
the 50-100 MeV range. Extensive information about the physical models and assumptions
made in the MC simulations by Geant4-DNA and PITS99-KURBUC codes can be found in
the literature [46,60].

The comparison of the microdosimetric-based proton Q values (using TDRA and
ICRU Report 40 methodologies, both at 1 um sphere) against the LET-based ICRP Report
60 recommendations showed noticeable differences (>10-20%) below about 50-75 MeV,
reaching a factor of 2-3 at ~5 MeV (see Figures 2 and 3). It is noteworthy that these differ-
ences increased further when MC literature data from Geant4-DNA and TEPC simulations
from PITS99-KURBUC were used to calculate Q by the TDRA. In particular, at energies
relevant to the Bragg peak region (<20-30 MeV), the deviations of both the analytic and
MC microdosimetric-based Q values from ICRP Report 60 agreed above 20-50%.

It follows from Figure 5 that, as the sphere diameter decreased to 100 and 10 nm, the
differences in the yp values between the analytical model calculations and the Geant4-DNA
MC data became more pronounced at lower energies (~5-10 MeV). This is expected given
that at smaller volumes, the details of how the energy-loss processes (including the effect of
straggling and &-ray production and transport) are considered in each approach (analytical
models vs. MC simulations) become more important for the energy imparted to the site.
The present models (Xcom, X94, XO) are generally recommended for diameters greater
than several nanometers, specifically for diameters much larger than the penetration range
of electrons with energy equal to the mean excitation energy of the medium (I) which,
in this case, translates to d > 2 nm. In general, for space applications, diameters in the
range of 1000-3000 nm are most relevant to experimental TEPC measurements (e.g., ISS).
In addition, several studies of proton (and carbon) RBE in hadron therapy have suggested
that yp should be determined in spheres with 10-15 nm diameter [15]. The present work
reveals that the results of analytic models (and MC simulations) already diverge below
100 nm. Therefore, even larger discrepancies are expected for spheres with d < 10 nm.
The influence of sphere size on the TDRA Q values seem to be significant (>10%) only
below ~50 MeV (see Figures 6-8). The yp values of high-energy protons were found
to be sensitive to the choice of the sphere size due to the contribution of the energetic
secondary electrons (d-rays). Specifically, for high-energy protons, there are more indirect
events (Equation (24)), and the mean LET of these electrons is often equal to or even
larger than that of the high-energy proton, resulting in a strong increase in yp. Therefore,
when calculating the TDRA quality factor for the low-energy protons, by normalizing
to a reference radiation (Equation (28))—which, in this study, is a high-energy proton
(100 MeV)—it results in a large variation of Q. Calculations of the Q based on ICRU Report
40 have also been performed for nanometer targets (10-100 nm). However, only the values
for 1 pm are shown since Equation (29) is deduced for this particular sphere size. It is
somewhat surprising that with decreasing sphere size (from 1 um to 100 and 10 nm), the Q
values by TDRA are in better agreement with the ICRP Report 60 recommendations than
the Q values by TDRA based on the conventional 1 pm sphere. On the other hand, larger



Appl. Sci. 2022, 12, 8950

15 0f 19

sphere diameters (>1 pm) were found to yield even higher deviations from ICRP Report 60
(not presented).

The present work is, to our knowledge, the first study that systematically combines
and compares the most established analytical microdosimetric models for proton Q calcula-
tions. Proton quality factors are continuously used by various space organizations and the
radiotherapy community to assess the carcinogenic risk of irradiated individuals, e.g., for
long-duration manned missions and/or in the context of the organs at risks (OAR) in proton
therapy, respectively. Although LET-based calculations of Q are generally preferred in prac-
tical applications due to the availability of LET values for various ions over a wide energy
range, it is recognized that microdosimetric-based calculations offer a scientifically sounder
approach (ICRU 40). However, the difficulties of working with microdosimetric quantities,
which are stochastic in nature, has led to a situation where experimental microdosimetric
measurements with TEPC are often approximated by some average LET values before
their practical implementation. The combination of available analytic models discussed in
the present work further supports the use of microdosimetric-based approaches to proton
quality factor problems as a viable alternative to LET-based approaches. An important
finding of the present study is the energy range over which LET-based and y-based proton
Q values may differ substantially. Specifically, the low-energy range (1-50 MeV) corre-
sponds to protons that comprise the Bragg peak region, where the absorbed dose becomes
maximum and variation of Q are expected to have a major impact in absolute terms. It
is also relevant to protons that penetrate a typical astronaut spacesuit (>10 MeV) during
an Extra Vehicular Activity (EVA) or those generated (as secondary radiation) inside the
astronaut’s body during a deep space mission. It should be noted that both the European
Space Agency (ESA) and the Canadian Space Agency (CSA) presently adopt the LET-based
ICRP Report 60 recommendations for Q.

A common concern in microdosimetric calculations at sub-micron volumes is the
influence of the condensed phase, i.e., the difference of microdosimetric spectra between
gaseous and liquid water (at the same density). The results of Figures 9 and 10 clearly
show that, although such effects may influence the analytical model calculations of yp
by up to 20% for the smallest sphere examined (10 nm diameter), the end effect on Q is
negligible (<5%).

5. Conclusions

Different analytical microdosimetric models have been used and combined for calcu-
lating the microdosimetric quantity yp for target spheres of various sizes. The lineal energy
spectra were subsequently used to study the variation of the proton Q over the energy range
of 1-250 MeV based on the TDRA and ICRU Report 40 microdosimetric methodologies.
The microdosimetric-based Q values reveal that the LET-based ICRP Report 60 recom-
mendations may significantly underestimate Q for proton energies below ~50-100 MeV.
Similar trends were found when MC track-structure literature data were used as input to
the calculations. The microdosimetric-based Q values for low-energy protons were also
found to be sensitive to the choice of the sphere size. Finally, condensed-phase effects in
the analytic model parameters had only a weak influence on Q in the examined range of
proton energies and sphere sizes. Although the general trend of the variation of Q with
proton energy revealed by the present analytic model calculations is supported by the MC
literature data used in this work, future research will include a systematic comparison and
validation of lineal energy spectra and subsequent calculations of Q based on new MC data
with the latest versions of Geant4-DNA and PHITS track structure codes which make use
of different and updated physics models.
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Appendix A

To facilitate the use of the microdosimetric parameter yp and the calculation of Q,
we fitted the corresponding values of the Xcom model for the proton energy range of
1-100 MeV and for 1000, 100 and 10 nm spheres of liquid water. The Xcom model was
chosen due to the availability of the input data in the literature, as well as the fact that it
seems to be the most complete and validated generalized analytical model. The proton
range 1-100 MeV was chosen because most validated data from MCTS simulations reach
up to this energy. The general trend of the yp and Q values can be represented by a fitted

function of the form p
a
F(T) = (c+ 25 (A1)

where the coefficients 4, b, c and d have different values for each sphere diameter (see
Table AT). The differences (%) between the fitted values yp fiseq based on Equation (A1)
and the yp values calculated by the Xcom model are shown in Figure A1l. The fitted values
were mostly within 10% for all sphere diameters and proton energies.
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Figure Al. Differences (%) of yp values calculated from the fitting Equation (A1) and the Xcom
model. The values of the Xcom model were used as baseline for comparison.

The differences between the fitted Qf;q values based on Equation (Al) and the
calculated Q values from the Xcom model are shown in Figure A2. The fitted values were
mostly within 10% for all sphere diameters and proton energies.
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Figure A2. Differences (%) of quality factor (Q) values calculated from the fitting Equation (A1) and
the Xcom model. The values of the Xcom model were used as baseline for comparison.

Table A1l. Values of the constants a, b, c and d which are needed for the calculation of dose-mean
lineal energy (yp) and the quality factor (Q) using Equation (Al).

Diameter (d) in um Parameters a b c d
1 YD, fitted 30.24 0.788 0.97 1
Qfitted 36.20 1 0.514 0.744
01 YD, fitted 25.89 1.024 6.470 1
' Qfitted 3.723 1.025 0.930 1
0.01 YD, fitted 11.46 1.349 21.77 1
’ Qfitted 0.540 1.380 1.030 1
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