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ABSTRACT

The average Relative Biological effectiveness (RBE) factors for neutron irradiation in the context of a BNCT treatment are studied. This research considers the various
interactions and secondary particles of each process and estimates the RBE based on the damage induced in tissues by all of these particles. A novel concept of
estimating the biological dose by means of weighted kerma factors is introduced. These weighted kerma factors include the RBE of each energy deposition based on
an RBE-LET relationship for secondary charged particles and can be directly incorporated in weighted dose calculations from Monte Carlo simulations. Furthermore,
the dependence of the neutron weighting factor on neutron energy for standard soft tissue is discussed.

1. Introduction

The prediction of the biological damage produced by an external
neutron irradiation is a complicated task. The main source of difficulty is
that the ionization and DNA damage occurs indirectly, caused by sec-
ondary particles that are emitted from the neutron and photon in-
teractions with the elements of tissue. In Boron Neutron Capture
Therapy (BNCT), where beams of epithermal neutrons are used and they
are thermalized in the tissues, the main interactions are: elastic scat-
tering with hydrogen (producing protons of different energies up to the
maximum neutron energy), nitrogen capture (producing 584 keV pro-
tons and 42 keV recoil carbon ions), hydrogen radiative capture (pro-
ducing 2.224 MeV photons) and, where it is present, boron capture. This
last capture produces, in 94% of the cases, a 1.47 MeV alpha particle and
0.84 MeV recoil “Li, and in the other 6%, a 1.77 MeV alpha and 1.01
MeV “Li. Other minor processes are the elastic scattering or reactions
with other nuclei, like 180, '2C or N. This causes the damage to be
substantially dependent not only on the energy of the neutron, but also
on the tissue components with which it interacts.

The ICRP publication 60, 2007, for the purpose of radiation protec-
tion, describes the neutron Relative Biological Effectiveness (RBE) as a
constant value of 5 until 102 MeV, then it raised until a maximum value
of 20 for 1 MeV neutrons and subsequently decreases back to the same

constant value. These values were based on the limited available data
and could be overestimated for radioprotection purposes, but when
neutrons are used in radiotherapyi, it is desirable to have more accuracy
on the estimation of the biological damage for designing a treatment
plan.

In BNCT the radiation dose delivered is described by means of four
different components: thermal dose, D;, from neutrons of less than 0.5 eV
(where the main reaction is the capture by nitrogen); epithermal or fast
dose, Dy, for neutrons with energies above 0.5 eV (where elastic scat-
tering in hydrogen will be the main component); Both exclude, the boron
dose, Dg resulting from the primary reaction in BNCT, which is the main
dose component at the tumor site; and finally, the gamma dose, D,,
including prompt-gammas after captures and the gammas from the
beam. These contributions, corresponding to different secondary parti-
cles which may differ in the linear energy transfer (LET), and hence, in
their RBE, are weighted by constant factors (factors that do not include
the dependence on dose, energy or tissue) providing the so-called
weighted or equivalent dose, given by:

Dy =w.D; + w¢Ds + wgDg +w,D, (@D)]

This weighted dose is used in treatment planning since many years
ago, with the weighting factors reported, for example, by Coderre and
Morris [Coderre and Morris 1999]. In particular, the same value is
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assumed for w, and wy, what means in practice that the neutron effect is
considered independent of the energy. The argument was that the pro-
ton from nitrogen capture (585 keV) and the mean energy of proton
recoils of the fast neutrons from a reactor based source are similar. This
may not be true for the new accelerator-based facilities and a depen-
dence of wy on the spectrum is expected.

In addition to this, the use of Dy, as in Eq. (1) has been discussed and
more realistic formalisms have appeared to describe the biological effect
of BNCT by means of the photon isoeffective dose [Gonzalez and
Santa-Cruz, 2012, Pedrosa-Rivera et al., 2020a], which takes into ac-
count the linear-quadratic model (LQ) in the dose-effect relationships
instead of a fixed RBE factor. However the requirement for a high
number of experimental radiobiological data makes it difficult to impose
them in the application on patients. Clearly there is a strong dependence
on the tissue/cell line used as well as on the neutron beam used in the
irradiation. Nevertheless, other factors such as the depth of the tumor,
the boron compound used or the fractionation scheme have also a strong
influence on the final RBE. Therefore, the need for a wide range of
experimental data under different conditions is an accepted fact that is
necessary for the improvement of BNCT treatment planning. However, a
study of the general behavior of the biological effects can help where
experimental data are lacking and give an approximate overview of the
expected neutron damage during a BNCT treatment.

This paper attempts to shed some light on the neutron RBE overall
dependency on energy by investigating theoretically the damage of each
of the secondary particles emitted. Based on theoretical expressions of
the neutron flux and the energy of the proton recoil, earlier work has
explored the general behavior of the RBE depending on the neutron
energy [Blue et al., 1993; Blue et al., 1995]. These works include the
influence of protons from 'H(n,n")'H in the first study, while the effect
of 14N(n,p)MC is simply a normalization, approach that is more precisely
incorporated in the second work in 1995, which also uses a model by
Fairchild and Bond [Fairchild and Bond 1985] for the RBE of protons.
The approach presented in this paper has a similar objective, but
applying more recent concepts of particle transport and dosimetry.

2. Method: weighted-kerma formalism for the biological dose
2.1. The kerma approximation for the absorbed dose

In reference BNCT Monte Carlo calculations [Goorley et al., 2002]
the neutron absorbed dose rate D, is calculated by integrating the

product of neutron flux ¢(E) (where E denotes the neutron energy) and
the neutron kerma factor F,(E), as:

D, = / dE F,(E) b(E) @
and the kerma factor is given by:

Fu(E) =Y o (E) 3/ Na e 3)
kj j

In this equation oy; refers to the cross section of a process k on the
element j, x; and 4; its fraction of mass and atomic mass, respectively,
and ej the energy delivered in the interaction (N4 denotes the Avoga-
dro’s number).

Neutron kerma factors are described by Caswell et al. 1982] and a list
of data for various tissues, based on cross section data from ENDF/B-VI
[Young 1984], can be found in ICRU 63 [International Commission on
Radiation Units and Measurements report 63, 2001].

This kerma approximation of the dose is valid when the mass
element in which the dose is evaluated is in charged particle equilibrium
i.e. the energy deposited outside the mass from interactions produced
inside this element compensates for the energy deposited inside from
interactions that occur outside it. Except at interfaces, this typically
occurs within any homogeneous substance. Heavy charged particles are
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the dominant secondary particles produced by neutron interactions in
BNCT (excluding photon production, which is treated independently).
As a result, the prior assumption, that they deposit the energy locally,
holds true for any point in the material except those located within a few
microns of the interface with other media. This assumption was also
used in the calculations conducted by Goorley et al., 2002], which are
widely regarded as an standard for BNCT absorbed dose estimations.

With this approach it is possible to separately estimate the thermal
and fast neutron doses by limiting the energy ranges of the integrals as
follow:

. 5eV 3
D, = /O dE F,(E) ®(E) C)]
0
and

D= dE F,(E) &(E) (5)
0.5 eV
For the boron component, the boron kerma F,(E) is used. It can be
evaluated with Eq. (3) but just using the interaction processes with 1°B.
This leads to:

Dy = /.dEFB(E) ®(E) )

The gamma dose rate can be estimated also with photon kerma
factors as in the work of Goorley et al.

The kerma factors can be calculated following previous calculations
with the steps detailed in the work of Porras et al. [Porras et al., 2014],
which includes expressions for calculating the contributions of the
different secondary particles (for elastic collisions, for the emitted pro-
ton after capture and for the recoil after the capture). Results of this
calculation, for a standard four components soft tissue (ICRU-33)
[Bethesda, 1992], but using real cross sections from ENDF database
instead of the fitting functions approximations are shown in Fig. 1.

2.2. The weighted-kerma approximation for the biological dose

As the kerma factors are calculated by adding up the energy depos-
ited by the different interactions, we propose using a weighting factor
for each energy deposition before the summation, i.e.

X,
FY(E)=" oy(E) K{NAegj RBE, @)
Jjkq 7

where g denotes the different secondary charged particles (can be more
than one), produced in the interaction of type k with the nucleus j. egj is

the energy of each particle g, and RBE, denotes its relative biological
effectiveness.

Thus, if the biological impact of each secondary particle from each
process is considered, the result should be more accurate than using a
total weighting factor multiplied by each dose component. The inte-
gration of this weighted kerma factor with the neutron flux would
directly produce an estimation of the weighted dose:

DY = / dE FY(E) &(E) ®)

Individual contributions of the different processes will also be ana-
lized in this work. For example, if we restrict the sum to a specific type of
interaction (e.g. elastic collision). In Eq. (7) all processes are taken into
account. For fast neutrons the dominating term accounts for the RBE of
the recoil protons from the elastic scattering with hydrogen and for
thermal ones that of the protons and carbon recoil from nitrogen cap-
ture, but we have considered all other possible minor processes of
interaction, each with its individual RBE.

A boron weighting kerma factor FY (E;) can be defined as in Eq. (7)
but just taking into account the interactions with 1°B:



M. Pedrosa-Rivera et al.

Applied Radiation and Isotopes 219 (2025) 111722

=

o

—

-+

>

o O T

E 10-16 ’v/‘./ o~

o~ e ) _—

S 10718 . R e -

9 S -

g 10204 0l /__,,./"/' —— B elastic

o : e --- Celastic

X 10-22 4 e —-= H elastic

/,,/" ------ N elastic
e P O elastic
-24 —
107 _— --= N capture
- —— TOTAL
1073 107! 10! 103 10° 107
Energy (eV)
Fig. 1. Neutron kerma factors for ICRU-33 tissue and the individual element contributions.
X108
FY(E)=" _okios(E) =>"Nacf RBE, ) FY(E
: 10 REE(E) - 2 E) 12
kq B( ) Fs (E) . 12)

In this cases the processes k are the two possible capture reactions
(one leaving the lithium nuclei in its ground state (6%) and the other in
the excited state). Particles g in each case are the alpha particle and the
lithium nucleus, with energies ¢{ in each case. RBE; depends implicitly
in k as it corresponds to the RBE of the alpha particle and the lithium ion
emitted in the neutron-boron reactions. The boron dose rate is just
evaluated by:

Dy = / dEFY (E) &(E) (10)

The values of the RBE, of each secondary particle, are the input data
in the present formalism. They should be taken from experimental
radiobiological data and may depend on the biological end-point cho-
sen. However in section 3 we will use data from general LET-RBE re-
lationships to predict the dependence of a total neutron RBE on the
neutron energy.

2.3. Total neutron and boron RBE factors
After the effect of each secondary particle in each process is

weighted, the total average RBE for neutrons as a function of the neutron
energy E, can be calculated as follows:

_E'(E)
- Fi(E)’

RBE,(E) an

This provides an average of the RBE of the different secondary par-
ticles produced by a neutron of energy E. If E < 0.5 eV, this value can be
called RBE,(E) (thermal) and will be constant as the secondary particle
as the kinetic energy of the neutron is negligible. For higher energies, the
value, which can be called RBE;(E) (fast) will be energy-dependent and
for an estimation of a global value for a particular facility it should be
averaged with the neutron spectrum.

Similarly, the boron RBE can be estimated by:

It must be remembered that photons have also a biological effect that
depends mainly on the dose rate and photon energy. Since the objective
of this work is the study of the effect of neutrons, the RBE value of the
photons will be considered as the reference and therefore, for simplicity,
will have the value of unity.

Given that they weight each dose/kerma component, these average
RBE factors can be compared to the well-known weighting factors, wj, if
the end-point chosen is the same. Nonetheless, they have one major
difference in that RBEf(E) is dependent on the neutron energy, and for
an estimation of a global value wy for a particular facility it should be
averaged with the neutron spectrum.

The advantage of this formalism, is that once the weighted energy-
dependent kerma factors are evaluated, it is very easy to include them
in Monte Carlo simulations by introducing them as a table instead of the
kerma factors in the transport calculation. They will include effectively
the biological dose of the secondary particles in the calculation of the
final weighted dose defined by Egs. 8 and 10.

3. Results
3.1. Assumptions and approximations

In order to estimate the value of these average RBE for a specific
tissue, the described process is applied in a 4-component tissue known as
ICRU-33 tissue [Bethesda, 1992]. Before the application, there are a
series of important factors that will influence the calculation. One is the
RBE-LET data used and the other one is the LET calculation method.

The particle RBE-LET general behavior is known. Normally low LET
corresponds to low RBE, with a value of 1, then there is an increase that
reach maximum at the order of 100 keV/um, and then the RBE decreases
with the increase of the LET. The specific values depend on the particle
and the tissue and can be known by experimental data or modeling. For
the example of application introduced in this work, the RBE-LET will be
taken from the study of Barendsen [Barendsen 1994], that is a collection
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of experimental data corresponding to mammalian cells and different
charged particles.

Specifically, the data used corresponds to single track lethal damage,
expressed as STLD in the study [Barendsen et al., 2001, Franken et al.,
2011], and shown in Fig. 2. The reason for this decision is that these
values correlate to the ratio of the alpha coefficients for charged parti-
cles and photons in the LQ model for this effect, i.e. the main effect for
high-LET particles. With this end-point selected, then the RBE,(E) and
RBEg(E) would be equal, respectively to the Wj-factors defined in
Pedrosa-Rivera et al., 2020a, which corresponds to the low-dose limit of
the wj-factors.

The values of Barensden of Fig. 2 are fitted to a LET function, yielding
the following expression:

1+ 0.005(2) LET + 0.00027(2) LET?
"~ 1-0.0146(4)LET + 0.000102 (5)LET?

RBE, (13)
LET of the different secondary particles can be obtained from the
known tables (NIST or SRIM), but as for low energetic particles a
discrepancy is found, we have applied the continuous slowing down
approximation (CSDA) to obtained the range of each particle, Ry, at
each energy, ¢, from the range of the protons, R; ;. Data from PSTAR at
NIST [NIST Standard, International Commission on Radiation Units and
Measurements report 49, 1993] data base was applied for energies
above 1 keV while empirical data from Andersen and Ziegler [Andersen
and Ziegler, 1977] was used to fit low energies. Therefore, the range of
each particle is calculated as:
A
Raz(e) =R (¢/4) a4
Then, the average LET of each particle is estimated with ¢, the
tranfered energy and R, ., the range in the media, as:

LET—_° .
Raz

(15)

With these values, calculated easily for each secondary charged
particle, their RBE can be estimated and introduced in Egs. (7) and (9)
for the evaluation of the weighted kerma factors FY (E) and F} (E). These
values can be directly used as dose functions in Monte Carlo simulations.
For this purpose we have calculated them for the standard ICRU-33
tissue. Values for a few energies are shown in Table 1 but a much
larger table is given as an excel sheet available as supplementary

Applied Radiation and Isotopes 219 (2025) 111722

Table 1

Values of the Weighted Kerma Factors FY(E) for a 4-component soft tissue
(ICRU-33, 76,2 % oxygen, 11,1 % carbon, 10,1 % hydrogen and 2,6 % nitrogen)
and of the boron Weighted Kerma F} (E) for a 10 ppm of '°B concentration.

Energy (eV) FY(E) (Gy cm?/neutron) FY(E) (Gy cm?/neutron)

0.001 4.1797E-12 1.8876E-11
0.005 1.8705E-12 8.4472E-12
0.010 1.3227E-12 5.9733E-12
0.020 9.3533E-13 4.2237E-12
0.050 5.9135E-13 2.6702E-12
0.1 4.1832E-13 1.8885E-12
0.5 1.8723E-13 8.4491E-13
1.0 1.3249E-13 5.9733E-13
5.0 5.9947E-14 2.6694E-13
10 4.3378E-14 1.8867E-13
50 2.6378E-14 8.4186E-14
100 2.8571E-14 5.9448E-14
500 8.2473E-14 2.6441E-14
1,000 1.5687E-13 1.8630E-14
5,000 8.0546E-13 8.2401E-15
10,000 1.7369E-12 5.8071E-15
50,000 1.1564E-11 2.6880E-15
100,000 2.5820E-11 2.0438E-15
500,000 8.7727E-11 1.0666E-15
1,000,000 1.0467E-10 4.3728E-16
2,000,000 8.1194E-11 8.5118E-16
10,000,000 7.6501E-11 7.5465E-16
information.

In Fig. 3, a plot of these F)V (E) values and their contributions from
capture and scattering events is displayed. Please note that the values
expressed in Gy in this table represent weighted values, which are
sometimes denoted as Gy-eq in the BNCT literature. They are also
compared to the (non-weighted) kerma factors. It can be noticed the
minimum in the epithermal region (the most adequate for BNCT of deep
seated tumors), where the roles of both types of process are switched.

In Fig. 4, a plot of the FY (E) are displayed and compared to the boron
kerma factor Fg(E). Both are parallel except at high neutron energies, as
the kinetic energy of the secondary particles are dominated by the Q
value of the reactions.

3.2. Neutron RBE for ICRU-33 tissue

With the values of the neutron weighted kerma factors and kerma

STLD data [Barendsen 2001]

L] fit —

RBE
N W R U N ®
I

—

neutrons 1keV
11 1.1 I

neutrons 300keV

alpha particle] 1.47MeV

Carbon ion 62MeV/n

1 10

100 1000

LET (keV/um)

Fig. 2. Barendsen et al. (2001) data for mammalian cells and single track lethal damage and the fitting to the data of equation (13). It is marked by vertical lines
some example values (see text in section 3.2): an epithermal neutron energy (1 keV), a fast one (300 keV), the main alpha particle emitted by the reaction between
neutrons and '°B (1.47 MeV)[ Jin et al., 2022], and a Carbon ion beam of 62MeV/n at the center of the spread-out Bragg peak [Romano et al., 2014].
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factors calculated, their ratio represent the global RBE (RBE,(E)) of the
neutrons of each energy, as given by Eq. (11). They are displayed in
Fig. 5. It is worth to note how there is a clear minimum at epithermal
energies, where accelerator-based neutron sources have a peak in the
spectrum.

Fig. 5 also presents previously reported data on RBE estimations from
Blue et al., which exhibit a similar trend, though differing in absolute
values due to variations in normalization methods. One dataset has been
normalized using the current RBE factor of 3.2 applied in BNCT, while
the other is normalized based on Fairchild’s data [Fairchild and Bond,
1985]. All referenced datasets utilize the same Barendsen et al.
[Barendsen et al., 2001] data corresponding to 10% cell survival.

For this biological end-point, and as mentioned before, these RBE, (E)
are equal to an effective alpha-coefficient ratio between the neutron and
photons and can provide an estimation of the W, factors defined in
[Pedrosa-Rivera et al., 2020a]. These factors represent the ratio of the

103 10° 107

Energy (eV)

a factor (black) for a tissue with a mass fraction of boron of 107°.

alpha coefficients for neutron and photon doses, which corresponds to
the maximum value of the standard weighting factor at the low-dose
limit. The W, factor coincides to the constant value of RBE,(E) for en-
ergies below 0.5 eV, which for this standard tissue, is equal to 4.06. For
neutrons above 0.5 eV, as the RBE,(E) is energy-dependent, the Wy
factor should be obtained by the average of RBE,(E) over the
non-thermal spectrum:

_Jos oy AERBE,(E) d(E)

W, - -
T wdEP(E)

(16

Clearly, for a pure epithermal spectrum for which most neutrons are
below 10 keV, this value should be smaller than the 3.2 value used as the
weighting factor of the fast dose. In Table 2 we provide values of Wy for
some specific energies (assuming different monoenergetic neutrons).
Moreover, the biological effect of the epithermal neutrons will vary
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Fig. 5. RBE,(E) for ICRU-33 tissue (black line) as a function of neutron energy. The dotted lines correspond to the data shown in [Blue et al., 1993; Blue et al., 1995].
The horizontal grey line indicates the current 3.2 weighting factor in BNCT, for all neutron energies.

Table 2

Estimated values of the weighting factors, W; [Pedrosa-Rivera et al., 2020a], for ICRU-33 tissue for average mammalian cells from the RBE of the secondary charged
particles based on RBE-LET STDL Barendsen et al. data [Barendsen2001] and with a mass fraction of boron of 1075,

Energy: Less than 1 eV 10 eV 100 eV 1 keV 10 keV 100 keV 500 keV 1 MeV
Wy W,: 4.06 Wg 3.83 2.12 1.54 1.82 4.02 5.40 4.19
Ws: 5.52 5.52 5.52 5.52 5.52 5.46 5.08 4.49

significantly depending on the beam spectrum, with particular impor-
tance placed on whether the beam includes neutrons around 300 keV,
where the maximum RBE is observed.

In Fig. 2 the values of the RBE obtained for two representative en-
ergies (1 keV and 300 keV) are illustrated by means of vertical lines.
Also, for comparison, the corresponding RBE for the same biological
endpoint (single track lethal damage) for the main alpha particle pro-
duced by the boron neutron reaction [Jin 2022] and for a carbon ion
from the literature [Romano et al., 2014] are also displayed. From this
comparison it can be highlighted the importance of avoiding neutrons
for BNCT above 100 keV for sparing normal tissues, as their RBE in that
energy range can be superior to those of C ions.

3.3. Boron RBE for ICRU-33 tissue

RBE(E) is approximately constant, and it then can be assumed to be
equal to W, which is found to be 5.52, as displayed in Table 2.

However, we should take into account that this is a general estima-
tion from mammalian cells ratio of the alpha coefficients between boron
dose and photon dose, so it corresponds to the maximum value of the
standard weighting factor wg in the low dose-limit.

Moreover, this value is found from data from uniform irradiations
with alpha particles. It is well know that wg, also called CBE (Compound
Biological Effectiveness), is specific on the compound as the micro-
distribution inside the cell may affect strongly the biological effect. This
should be measured for each compound by means of radiobiology ex-
periments, and the value reported here is just a general value that could
be significant if the distribution of the boron is uniform inside the cell. In
addition to this, it represents an average of measurements in different
cell lines and it should be measured at the most representative cell lines

for a given treatment.

3.4. Use of the weighted kerma factors for the evaluation of the photon
isoeffective dose in Monte Carlo simulations

Monte Carlo simulation codes are able to evaluate, for a given region
of tissue, the neutron fluence per unit energy and initial neutron ®(E),
from which the weighted dose can be estimated multiplying by the
initial neutron beam intensity I(t) and the weighted kerma factors, and
integrating at all energies and irradiation time:

DY — / de1(e) / dEFY(E) B (E) an
and for the boron weighted dose:
DY — / de1(e) / dEFY (E) B(E) . as)

As the dose is already weighted at all energies, there is no need to
separate the thermal and fast components in Eq. (17).

Finally, we can estimate the photon isoeffective dose by using the
approximation of [Pedrosa-Rivera et al., 2020a] to the formalism
defined by [Gonzalez and Santa-Cruz, 2012]:

2 2
D,‘fV+D}‘§V+Dy+D—V:D30E+DB—°E, 19
aV/ ﬂ 14 aV/ ﬂ 4

and then D;,,; would be given by
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2
DY+DK+Q+;%

B
GPl ) J1sa

20
2 ar/ﬂr 0

Disor =

The values of @,/f, corresponds to the well-known radiobiological
factor a/p used in photon radiotherapy for estimating the biological
effective dose (BED) in conventional radiotherapy. Typically a value of
10 is assumed for early-responding tissues and tumors, and 3 for late-
responding tissues (normal tissue) [Fowler 2024].

4. Discussion and conclusions

The weighted kerma factors evaluated here are a similar concept as
the standard kerma factors but including the information of the bio-
logical effect in general mammalian cells. They can be used for a gross
estimation of the photon isoeffective dose, but particularities of the
tissues, if known, should be considered. For example, if the effect of
charged particles in a particular tissue is measured as a function of their
LET, it can be introduced easily as the input RBE, data in this method.

The results shown for ICRU-33 tissue refer to an approximate and
standard tissue calculation, so they reflect the generic behaviour of
neutron damage with respect to energy. This general behaviour allows
certain conclusions to be drawn and suggests future work to be carried
out. However, it should be noted that the specific absolute values of
RBE,(E) as well as the weighted Kerma factors will be affected according
to the tissue and endpoint experimental data used. However, the steps
described in this work can be applied in the same way, but based on
other experimental data.

The model is fed by experimental data, allowing its refinement and
increased specificity for particular tissue types as more data become
available. In the presented case, the results are derived from experi-
mental data provided by Barendsen, pertaining to generic mammalian
tissue. However, the model could be adapted to specific tissues if suffi-
cient data exist for varying neutron energies or LET values. The endpoint
considered here is the single-track lethal damage, quantified by the ratio
of the alpha coefficients in the linear-quadratic model. Nonetheless, the
model could be extended to incorporate other endpoints if relevant
experimental data were available. For instance, data on potential lethal
damage (PLD), also derive from Barendsen’s work [Franken et al.,
2011], could be integrated in the same way. To expand the dataset, it
would be advantageous to conduct in-vitro and in-vivo irradiation ex-
periments with different particle beams, as in [Pedrosa-Rivera et al.,
2020b; Mason et al., 2011, Krishnan et al., 1977, Masunaga et al., 2014,
Kusumoto and Ogawara, 2019], or to utilize existing databases like that
of [Friedrich et al., 2021]. The model is also constrained by the limited
availability of experimental data in areas beyond tissue types and end-
points. For instance, potential synergies between different contributions
are not accounted for, nor is the impact of dose rate on photon in-
teractions. Incorporating these effects would require extensive experi-
mental data encompassing the entire energy spectrum and varying dose
rates.

One of the most attractive potential applications of these newly
introduced factors is that they can be used directly in the Monte Carlo
simulations for dosimetry. With this, the biological dose can be esti-
mated directly from the simulations, and it will include the effect at all
energies and interactions realistically.

With the weighted kerma factors it is also possible to obtain the
average neutron RBE for each neutron energy. Blue et al. [Blue et al.,
1993; Blue et al., 1995] took a similar approach, calculating the energy
dependence of the RBE of neutrons and then normalizing it to the
neutron beam of the Brookhaven Medical Research Reactor. Blue et al.
obtained an RBE-energy dependence that follows the same form as the
result of this work at 10% survival, with a significant minimum at 0.1
keV. Both the results of Blue et al. and presented ones reveal the same
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conclusion: it is not accurate to assume a constant value for the neutron
biological effect, because the RBE-energy relationship is not constant for
all energies. As a result, using the same RBE value for thermal neutrons
and epithermal neutrons is not realistic, as it is done in BNCT currently.
Even if the RBE,(E;) in this work were computed with some approxi-
mations, it is a superior technique to assess the theoretical dependence
of the biological effect with energy since it incorporates information
about the individual effect of the primary secondary particles in a BNCT
irradiation.

Connections with previous formalisms can be made. Since they
correspond to the effect of the linear parameter in the LQ model,
RBE,(E;) produced from the STLD data can directly linked to the new
weighting factors, W;, introduced in the evaluation of the photon iso-
effective dose [Pedrosa-Rivera et al., 2020a].

The weighted kerma factors as well as the presented approach to
obtain the neutron RBEs can help when using the neutron field and when
choosing the conditions during a BNCT irradiation. The study also en-
courages to more irradiation experiments necessary for clarifying the
RBE-LET dependence for different particles, the neutron RBE at low
neutron energy for different tissues and the epithermal neutron RBE of
each facility.
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