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Abstract

The out-of-field dose in radiation therapy is a growing concern 4n'zegards to the late side-effects and
secondary cancer induction. In high-energy X-ray therapy, the secondary neutrons generated through pho-
tonuclear reactions in the accelerator are part of this secondary dose. The neutron dose is currently not
estimated by the treatment planning system (TPS) while it/@ppears to be preponderant for distances greater
than 50 cm from the isocenter. Monte Carlo (MC) simulation/has beco?ne the gold standard for accurately
calculating the neutron dose under specific treatment,conditionssbut the method is also known for having a
slow statistical convergence, which makes it difficult to,be used on a clinical basis. The n'TLE (neutron TLE),
a neutron variance reduction technique inspired.by the track length estimator (TLE) method has thus been
developped for the first time in the Monte Carla ecode GATE to allow a fast computation of the neutron dose
in radiotherapy. The details of its‘implementation, as well as the comparison of its performances against
the analog MC method, are presented’here.»A gain of time from 15 to 400 can be obtained by our method,

with a mean difference in the dose ‘calculation of about 1% in comparison with the analog MC method.

N

Keywords : Track length estimator, GATE, Monte Carlo simulation, Neutron dose calculation, Radiotherapy

1 Introduction

Modern radiotherapy techniques based on the use of a linear accelerator aim to achieve better control
for deep-seated tumours. However, they also can be responsible for the development of late side-effects and
secondary cancers which today is a debated topic among scientific and medical groups.The literature reports
mainly information om\ the organs at risk located next to the target volume (Xu et al. 2008, Takam et al.
2011). These organs are usually irradiated with high doses: this leads to a high probability of normal tissue
complications and usually to a small risk of radiation-induced second primary cancer (Takam et al. 2011). During
a radiotherapy treatment, besides its therapeutic dose, the patient gets exposed to sources of secondary dose
which include the photon secondary dose. Indeed, the use in X-ray therapy of electron accelerators contributes
to'the out-of-field doses to patient by leakage and scattering of the primary photon beam (Halg et al. 2012). This

photon secondary dose can vary considerably depending on the photon energy, treatment modality, irradiation
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geometry, size of the tumour and patient, as well as the distance from the irradiated volume: a typical secondary
dose is some hundreds of mSv 10 cm away from the target volume ((Gudowska et al. 2014)) over the course
of a treatment. Adding to that, modern linear accelerators are usually equipped with on-board imaging (OBI)
devices, allowing 3D on-line patients set-up and verification by using cone beam computed tomography (CBCT)
(Palm et al. 2010). The additional radiation doses from CBCT can significantly increase out-of-field deses to
patients in case of frequent patient set-up during the radiotherapy treatment. Depending on the CBCT,type,
the mean delivered dose can range from 3 mGy to 100 mGy (Palm et al. 2010). Besides this photon dose, for
accelerators operating at energies above photonuclear reactions thresholds (1.66 MeV (Be), 6.5 MeV (W), 10 MeV
(Cu)), neutrons produced through (v,n) reactions in the bremsstrahlung target, flatténing filter; eollimators,
shielding materials inside the treatment head and inside the patient’s body are another source of unwanted
doses delivered to the patient (D’Errico et al. 1998, Akkurt et al. 2003, Naseri et ‘al. 2010).) The patient entire
body will be exposed to this out-of-field radiation. Several dosimetry studies haye'been carried out through
measurement and modelling techniques and have shown the relationship existing between out-of-field dose and
radiation induced secondary cancer (Brenner et al. 2000, Newhauser et al. 2011, Murray et al. 2014). However,
through these studies, a whole range of equivalent doses (and thus.associated risks) has been reported leading
to the need for additional studies for these dosimetric concerns. In the literature, regardless of the measurement
technique and type of accelerator, the neutron dose equivalent per unit photon dose can range from as low as
0.1 mSv/Gy to as high as 20.4 mSv/Gy (Takam et al. 2011). y

Moreover, it has been reported that at some specific locations'the neutron dose becomes larger than the
photon dose, leading to a larger neutron-to-photon absorbed,dose ratio (Carinou et al. 2005). This neutron
production, which is related to the patient irradiation.configuration, has been shown to be more important for
IMRT (Intensity Modulated Radiotherapy) treatment than for 3D-CRT (3D-Conformal Radiotherapy)(Howell
et al. 2006, Reft et al. 2006). In regards'to their high relative biological effectiveness reflected in their high
radiation weighting factors (ICRP 2007), it is impertant to estimate their related dose, especially when we know
that neutron spectra produced by medieallinear accelerators have mean energies between 0.5 and 1 MeV that
correspond to the highest radiation weighting factors. So far, no current treatment planning system (TPS) is
computing this neutron dose:

Radiation doses fromsnéutronshcan be calculated by the use of a Monte Carlo simulation code such as
MCNP (Shultis et al,#2006, Carinou et al. 2005, Mesbahi et al. 2009), FLUKA (Ferrari et al. 2005, Huang
et al. 2005, Chen et al- 2006)rand Geant4 (Jarlskog et al. 2008, Athar et al. 2010). The results obtained by
simulation can have athigh degree of precision depending on the accuracy of the data (i.e nuclear cross sections)
and parameters. However, they can be difficult to use on a clinical basis because a long calculation time is
required, particularly if low threshold (cut-off) energies of modeled particles are used. That is why, there is a
real need for deyeloping a tool that will allow a decrease in the neutron simulation time to make neutron dose
calculatiommore accessible on a clinical basis.

The most commonly used standard variance reduction techniques (VRT) such as the absorption supression,
splitting and Russian roulette, forced collision, and source biasing have mainly been developped for photon

dosimetry (Seco & Verhaegen 2013). In MCNP, the comparison of two VRT used for neutron transportation,
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the APDT (Adjoint Point Detector Technique known as the DXTRAN technique) and the LEXT (Legendre
EXpansion Technique) have showed that the latter is 6 to 20 times faster than the analog MC (Nievaart
et al. 2007). In FLUKA, the non-analog neutron absorption technique (also known as survival biasing) and
the biased down scattering are also used as VRT techniques. Through all the VRT, the track length estimator
(TLE) method is known as an efficient tallying method, suitable for kerma calculations at any given peint in
photons irradiations cases (Williamson 1987). It has been used for a long time (Williamson 1987, Carlsson,1985)
and is implemented in different codes such as MCNPX (DeMarco et al. 2002, Smans ef, al. 2010)yand in/some
specific tools for external radiotherapy (Van der Zee et al. 2005) and brachytherapy (Chibani et, al. 2005, Taylor
et al. 2007).

Many Monte Carlo simulation tools have been developed for dosimetry purposes (Pelowitz:2008, Battistoni
et al. 2007, Ferrari et al. 2005, Perl et al. 2012, Walters et al. 2002, Kawrakow et al. 2000). GATE (Jan
et al. 2004) constitute an open-source MC simulation platform that can sapport@a user-friendly simulation
framework of imaging (Jan et al. 2011) and dosimetry (Sarrut et al. 2014) iha same environment. This software
is based on the GEANT4 toolkit. GATE is also used in radiotherapy applications for comparisons with MC TPS
(Luceski et al. 2013). With the GATE V6.2 release, a specific VRT-option based on the track length estimator
(TLE) has been implemented for low-energy photon dose calculation (Mittone et al. 2013). This method allows
an efficiency gain between 10 and 10% depending on the simulation sét-up. In the latest release (GATE V7.2),
two extra low energy photon VRT, namely force detection (Poludniov:ski et al. 2009) and exponential TLE
(Smekens et al. 2009, Smekens et al. 2014) have been'developedsHowever, no current version of GATE does
currently include a VRT for neutron dose calculation.

In such a context, it seemed interesting to developsa.tool that will allow a precise calculation of the secondary
neutron dose in RT in a shorter time than the analog Monte Carlo simulation. To do so, the treatment
planning parameters (field size, beam energy, angulation...) can be retrieved through the generated DICOM
files (RTplan). This information would be retrospectively reprocessed after each treatment to be used as an
input for MC calculations of 3D neutrons (and photons) dose maps.

While many VRT are available in MC{TPS and used in clinical routine for photon dose calculation, the
objective of our work was to'add a neutron VRT in the GATE framework in order to set up a tool that would
generate neutron dose mapsi(to besystematically recorded during the treatment). In such a way, we aim to
achieve the generationsof a dosimetric database on out-of-field dose that can be used for future epidemiological

studies in order todmprove low dose-risk models.

1.1 Method
1.1.1 TLE method in GATE for photons

The TLE method has been implemented in GATE for low energy X-rays (Mittone et al. 2013) and prompt v
(Huisman et al. 2016). It allows to calculate the particle fluences, kerma and absorbed dose.

In charged particle equilibrium (CPE), for a monoenergetic photon beam the absorbed dose is (Carlsson
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1985, Berger et al. 2010):

Hen
D =¢F—— 1

with ¢ the particle fluence and "% the mass energy absorption coefficient.
The total track length dL of all particles crossing a given elementary volume dV around point zimthe space

(Carlsson 1985) gives us the fluence:

(2)
Thus, for a given photon crossing a voxel with volume V| a good estimate of the‘contribution to the fluence
will be given by (DeMarco et al. 2002, Williamson 1987):

b= (3)

L
v
with L being the length of the photon path within the given voxel. With,such a method the dose is equal to:

_ ELpen

D
Vp

(4)

Unlike the MC analog estimator in which only the simulated collisior?s occurring within the voxel contribute
to the dose, the use of the TLE will improve the efficiency of thessimulation since every voxel intersected by a
photon path will produce a non-zero dose score leading to alarge increase of information that can be extracted
from a finite sample of histories. For low ‘€nergyiphotons, when considering the CPE, such a method uses
the kerma approximation for which electrons are assumed to deposit their energy locally within a single voxel
(thus, MC transport of secondary electrongican be switched off). Systematic deviations of the dose distributions
can be minimized with this approach if the maximum range of secondary electrons is smaller than the spatial
resolution of the calculation grid. Thatsdswhy this approximation is valid only if the electron range is smaller
than the voxel size or the required spatial accuracy (Seco & Verhaegen 2013).

For low energy photons, the linearsenergy-absorption (i.,) and energy-transfer (u.) coeflicients can be
considered to be the samerquantity due to the fact that the radiative loss (factor ¢ in Eq 5) approches zero for

low values of atomic numbers and energy (Attix 2004, Berger et al. 2010, Freud et al. 2008):

fren = per (1 — g) (5)
In human tissues,(made of elements with atomic numbers Z < 20), the relative difference between p,, and
lten, rem@ins belows1% for energies up to 3 MeV and reaches a value of 3% for 10 MeV photons (Attix 2004).
1.1.2 Neutron dose calculation and CPE equilibrum validity

The photoneutron energies involved in radiotherapy ranges from thermal (0.025 eV) to fast (mean energy of

1 MeV). Since the human body consists of about 95% of hydrogen, carbon, oxygen and nitrogen (ICRU 2000),
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the neutron dose will be deposited in the tissue through different processes. The elemental contribution to the
kerma in soft tissues depends on neutron energy (Chadwick et al. 1999).
For a single neutron energy FE, a single type of target atoms and a single type of interaction, the kerma K

that results from a neutron fluence ¢ [n/cm?] at a point in a medium is given by (Caswell et al. 1980):

NtEtTO'
m

K=¢E™ = ¢ (6)
p

where o is the interaction cross section per target atoms, Ny is the number of target atom in the irradiated
sample, m is the sample mass, and Ej,. is the total kinetic energy given to charged particles per.interaction.

When considering the usual CPE conditions, the absorbed dose D is thus equal to theskerma K as:

D=K=¢F, hy (7)
where F,, the kerma factor [cGy cm?/n] is defined as
F, = 1.602 x 10" 8N, E;,.0/m (8)

whith ¢ in [cm?/(target atom)], m in [g] and Ey,. in [MeV /n].

Tables of F,, values are found in the 46 ICRU report for energies between 0.025 ¢V to 20 MeV (Caswell et al.
1980) for several elements, compounds, and mixtures principallyicalculated from the ENDF /B-IV cross section
library. The 63 ICRU report includes kerma coefficients,determined from the latest ENDF /B-VI evaluated data
libraries (Rose 1991) below 20 MeV and uses@advanced nuclear model calculations and experimental information
from 20 MeV to 150 MeV (the “LA150 data library” (Chadwick et al. 1999)). However, this update of kerma
factors produced only a very small (< 2%), difference inkerma calculations (Goorley et al. 2002) meaning that
finally the use of either kerma databasés is suitable

If we consider a continuous spectruQ with /a differential fluence distribution ¢'(E) [n-cm~2-MeV 1], the

kerma contribution by j-type interactions with i-type target atoms is (Attix 2004):

Emac

N; ,
Kij = 1.602. % 1078% ; d) (E) aij(E) [EtT(E)}ij dE (9)

with N;/m the number of\target/atoms of type i per gram of the medium, o;;(E) the cross section for j-type
interactions with @-type atoms by neutrons of energy E, and [E},.(F)];; the total kinetic energy transferred to

charged particlessper type-j interactions with type-i atoms by neutrons of energy FE.

For the same units as in Eq 6, K;; [cGy] can be summed over all atoms ¢ and all interactions j to get the

kerma(or dose) due to all types of interactions and target atoms:

D:KZZZKij (10)

When it comes to neutron interactions in tissue, we will have to consider thermal neutron reactions and fast
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neutron reactions (Figure 1).

For the thermal neutrons reactions, there are two important interactions with tissues: neutron capture by
nitrogen, *N(n,p)**C, and neutron capture by hydrogen, 'H(n,y)2H. The nitrogen interaction releases a kinetic
energy of E;. = 0.62 MeV that is shared by the proton (0.58 MeV) and the recoiling nucleus (0.04 MeV). Since
the range of the secondary proton approximates 10 pm in tissue, CPE exists and K = D even in‘very, small
tissue samples.

Thermal neutrons have a larger total probability of capture by hydrogen atoms than by nitrogen atoms in
muscle even though oy = 3.32 x 10725 ¢cm? /atom < o = 1.84 x 10724 ¢cm? /atom, because, there are 40,times
more H atoms than N atoms in tissue. The -ray photon energy released in each neutron captureis 2.2 MeV.
This of course will not directly contribute to the kerma, since the ~-rays must interact and transfer energy to
charged particles to produce kerma. If we consider an irradiated tissue mass, small enough to allow the y-rays
to escape, the kerma due to thermal neutrons is only that resulting from the nitrogén (n,p) interactions. In
larger masses of tissue the y-rays are increasingly reabsorbed before escaping, thus contributing to the kerma.
The human body has an intermediate size, but it is large enough so the.'H(n,y)*Hprocess dominates the kerma
(and dose) production, not only for thermal neutrons but for intermediate.enérgy neutrons as well, as they
become themalised in the body.

For neutron energy above 10~% MeV, elastic scattering ffomnhydrogen nuclei contribute nearly all of the

L

kerma.

Tissues Tissues
C.,N,OH C,N,OH

Capture Capture Elastic Scatterin
4N(n,p)*C *H(n;y)?H ’

E, (H) = E/2 (with 0<E,<E)
E =22 MeV E, (C) =0.142E

iTE . = 2 MeV E, (N) =0.124E

E, (0) =0.083E

E, = 0.62 MeV
E, = 0.58 MeV/
Erecomn = 0.04 MeV

Rp ! Re-[ZMeV)
~10 pym in ~1cmin

tissues tissues

y —rays = Dominant contribution to the
dose from thermal and intermediate
neutrons

Recoeil protons = Dominant contribution
to the dose from fast neutrons

Figure 1: Main neutron interactions involved in soft tissue dose deposition

Given the energy range of the secondary neutrons produced in the radiotherapy accelerator head, for all
dosel components except the photon dose, the charged particles involved in the dose delivery to the tissues

have ranges smaller than the general mesh element size (1 mm) of the dose scoring grid, leading to a good
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approximation of the dose by the kerma. However, energetic electrons that can be produced through secondary
photons interactions in tissue can have a range over 1 cm, similar to or larger than the dose grid element
size. For example 2.2 MeV photons, mainly generated in soft tissues due to the capture of thermal neutron
by Hydrogen nuclei, will induce the production of 2 MeV electrons (maximal Compton electron energy from
the 2.2 MeV gamma). For the ICRP and cylindrical phantom simulation, the range of the 2 MeV. generated
electrons (maximal range of 1 cm and mean range of about 5 mm) can be larger than the spatial resolution of
the phantom. The charged particle equilibrium hypothesis and the kerma approximation in each, voxel could

thus be not totally respected which can lead to a (small) dose overestimation in the voxel by'the nTLE:

1.2 Implementation of Neutron TLE (nTLE) in GATE

1.2.1 Kerma factor
~
Similarly to the low energy photon, for a neutron crossing a volume V a good estimate of the dose is also

given by Eq 7 (¢ = L/V) thus:

L
D=—=F, 11
. (1)

To proceed with the neutron dose calculation, kerma factor'tables have been generated for the different
elements contained in the ICRU report 46 (Caswell et al. 1980) 4 These f;ctors are available for a large choice of
human tissues, and within an energy interval ranging from 0.0253 €V to 29 MeV. For energies between 0.0253 eV
and 29 MeV, as mentionned in (Chadwick et al. 1999); a linear interpolation has been used to obtain kerma
coefficients at energies not tabulated.

The accuracy of the ICRU 46 (ICRU 1992) report kerma factors is estimated to be:

e Below 10 MeV: 1% for hydrogen amd 5% for carbon, nitrogen and oxygen

e From 10 MeV to 30 MeV: 1 to-2 %for hydrogen and 10 to 25 % for carbon. For nitrogen and oxygen,

uncertainties may be even higher at some energies.

An important issue in relation with these neutron kermas is the treatment of neutrons below 0.0253 eV since
this is the lowest reported datapoint. Indeed, with a neutron capture cross section inversely proportionnal
to the neutron kinetic emergy (1/v law), the thermal neutron kerma values will increase in the same way as
E; %5 (with E, the neutron energy (Siebert & Schuhmacher 1995)), making the energy region below 0.0253 eV
a significant comntributor to'kerma. Two methods are available in the literature for the evaluation of neutron
kerma below 0.0253 eV. The first one is to proceed with a log-log extrapolation of the kerma data points below
1 eV dowhi'to an'energy where there are very few neutrons, such as 10=* eV (Goorley et al. 2002). The second
one, which was used in this work, is to assign to the neutrons below 0.0253 eV the kerma values corresponding

to the lowest tabulated energy point (the same way as the default treatment in MCNP) (Goorley et al. 2002).
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1.2.2 Photon dose calculation

To accelerate their simulations, some studies on the secondary neutron dose in radiotherapy calculations (Kry
et al. 2009, Martinez-Ovalle et al. 2012) have been carried out without considering the secondary photon dose
resulting from the thermal neutron capture by hydrogen nuclei. Only the so-called “genuine neutrony(absorbed)
dose” (Valentin 2003) that does not include the contribution by photons released in the body by neutroms, has
been considered.

However, for accurate dosimetric studies, the gold standard is to be able to consider évery dose component.
To take into account the secondary photon dose in soft tissue mainly due to the 2.2 MeV photon fromythe
'H(n,y)?H process, photon kerma factors in our algorithm are based on mass energy absorption coefficients
(tten/p) data both from the NIST database and for the body parts for which these oefficients are not recorded,
from the ICRU report 46, which are derived from Hubbell’s elemental data (Hubbell 1982). It has been reported
that the difference between these two kerma sets produced no significant differencesa dose calculations: the
differences in photon kerma rate dose profiles were less than the statistical uncertainty'in the difference between
the profiles, which was 0.2% (Goorley et al. 2002).

To proceed with these photon dose calculations, two methods have,been tested: an analytical correction

method and the TLE method.

1.2.2.1 Analytical correction y

Analogous to the kerma factor F,, and based on therAttix publication (Attix 2004), we define the radiative
kerma factor I, as the energy given to y-rays per unit\mass of tissue and per unit fluence. The R, factor of
thermal neutrons can be obtained from an equation similar to Eq 9, but replacing E;, by E., (which corresponds

to the v-ray photon energy released in _each ¢ neutromcapture) such as:

Ry =1.602x 10"°m™' > " o;N, E,, (12)

N

where o; is the neutron capture ¢ross gectioh for the i atom [cm?/(target atom)], Ny, is the number of i target
atoms in the irradiated sample, m is the-sample mass [g], and E., is the y-ray photon energy released in each
neutron capture [MeV].

Given the body tissue composition and the differences in terms of neutron radiative capture cross section of
the main target atems contained in the body (Table 1), only the neutron cross section with H targets will be

considered in the next(steps of the’analytical correction.

Element  Yprompt [MeV]  Ocapture [barn]  Seaprure [cm™!]  Atoms per g of muscle [g7!]

H 2.2 0.3326 2.13 x 1072 6.09 x 1022
—6

C 1.3 0.0012 7.77 x 10 617 x 102!
4.9 0.00262 1.70 x 107°

N 1.9 0.01458 2.31 x 1075 1.506 x 102!

0] 0.9 0.000175 5.13 x 1076 2.79 x 1022

Table 1: Neutron capture cross section and prompt ~ energies (International Atomic Energy Agency. 2007) in
the case of skeletal muscle composition given by ICRU report 46 (ICRU 1992)
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The R, factor of thermal neutrons will be thus obtained again from an equation similar to Eq 9, but replacing
Ei by E, = 2.2 MeV such as:
R, =1.602 x 10" N;m'E, (13)

where o is the H interaction cross section [cm?/(target atom)], N; is the number of H atoms in thevirradiated
sample, m is the sample mass [g], and E, is the v-ray photon energy released in each neutron capture [MeV].
From the simulation, the knowledge of the thermal neutron flux, as well as the knowledge of the quantity of H
nuclei per gram of body material would thus allow a calculation of the contribution to the'dose from the;photons.
A tabulation of this radiant energy per body material has been considered in this work(in ordersto reduce the
simulation time, since in such a configuration, the photons would not be longer tracked in the simulation. With
such a method the deposited photon dose in a voxel of V volume will be equal to:
L

Dw:vad’:RvXV (14)

1.2.2.2 TLEFE photon correction

The TLE method, as mentionned in 1.1.1, has been implemented in GATE for low energy photons. For
the neutron dose calculation, the main contribution to the dose from photons is due to the 2.2 MeV photons
from thermal neutron capture by hydrogen. The comparison between tge ten, and g (Attix 2004) for photon
energies up to 3 MeV showed a difference between these two coefficients lower than 1% which comforts us in
testing the performances of this TLE correction in our neutron dose calculation algorithm. The photon dose

would thus be calculated as per Eq 4.

1.2.3 Total dose calculation

Finally, the total neutron dose D;,; deposited in a voxel, is calculated by the algorithms

e for the analytical correction such a\s:

1
D = 3 (Dic+ Do) = 7 3 (Fuge + Ro) Li (15)
ken ken

with, for a given neutron k, the neutron dose Dy, the v dose D, j, the kerma factor F), , the radiative

factor R, i, and theidistance L, travelled by the neutron £ in a volume element V.

e for the TLE correction such as:

1 Hen,l
Diot =Y D+ Dyi= | > Furln +ZEZTL1 (16)
ken ley ken ley

with the neutron dose Dy, of neutron k, the v dose D, ; of gamma [, Ly, (resp. L;) the distance travelled

by the neutron k (resp. the gamma [) in a volume element V.
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1.3 Simulation Test Cases

Different simulations have been performed in order to benchmark the nTLE algorithm against analog Monte
Carlo simulations, in terms of dose calculation accuracy and variance reduction factor. Since the accuracy of
the dose calculation by the algorithm had to be evaluated, a cut of 1 mm for v and electrons waséset:’in each
material, this value is transformed to an energy below which the continuous slowing down approximation is
used. Furthermore, secondary particles below this energy are not produced, but the energy is deposited locally
(Agostinelli et al. 2003). A cut of 0.1 mm was set for protons. To be able to fully’compare the M@ dose
calculation and the n'TLE dose calculation as well as the gain in terms of variance, simulations with an identical
seed have been carried out.

Simulations have been carried out first in homogeneous cubic volumes to fully svalidate the dose calculation
before proceeding with simulations on a heterogeneous phantom and voxelizedsphantom. Regarding the vox-
elisation of the volumes (simple volume or phantom), it is relevant to mention that s\ince MC generation can
use any resolution, both isotropic and anisotropic voxel size can be used by the method without any advantage
given to one or other of voxel type. While any resolution can be used with the nTLE (using for example XCAT
phantom (Segars et al. 2010)), the main concern would not be the‘shape of the voxel (isotropic or anisotropic)
but its volume.

Moreover, since in high energy X-ray treatments we get mainly thgrmal neutrons (around 0.025 eV) and
a fast neutron component (around 1 MeV), monoenegetic neutron beams of 0.025 eV and 1 MeV have been
simulated to study the impact of the neutron energy omn, the dose calculation accuracy and on the variance
reduction factor. The energy of 10 MeV has also been simulated to evaluate the performances of the algorithm

at higher energies.

1.3.1 Simple homogeneous volume

The first step was to proceed with a benchmarking of the photon dose correction impact on the neutron
dose calculation. Since the human body\s mainly composed of soft tissues, the simulations were first carried
out on simple cubic geometry configurations of muscle tissue. This allowed us to fully measure the algorithm’s
performance with the different photon dose corrections and its ability to give an accurate neutron dose calculation
in comparison with the analog MC method. To do so, simulations were first carried out on cubes consisting of

3

ICRU 44 skeletal muscle of various sizes with a density of 1.05 g-cm ™. The composition is given as per the

ICRU report 46 composition inyTable 2.

Element H C N O Na P S Cl K
Petcent by weight [%] 102 143 34 71.0 01 02 03 01 04

Table 2: Skeletal muscle composition given by ICRU report 46 (ICRU 1992)

Monoenérgétic neutron sources (10° particles) with energies relevant in radiotherapy irradiated soft tissue

targets. The tested energies were 0.025 eV, 0.1 MeV, 1 MeV and 10 MeV.

10
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1.3.2 Voxelised cases

1.3.2.1 Heterogeneous volume

Simulations with monoenergetic neutron beams impinging upon a simple voxelised volume were used to
evaluate the nTLE performances of dose calculation accuracy and variance reduction. Given the fact that mean
voxel resolution is of the order of a few mm? in the computational phantom models, simulations effawoxelised
(1 mm? voxels) cylindrical soft tissue volume (diameter of 33 cm) were made. Eight inserts (diameter of 3 cm)
of Griffith lung tissue 0.26 g-cm =2 (ICRU 1992), and eight inserts of cortical bone, 1.920 g.em =3 (ICRU 1992),
were added to test the performances of the nTLE algorithm in terms of the dose calculation in an heterogeneous
volume. Monoenergetic planar neutron sources of 0.025 eV, 1 MeV and 10 MeV irradiated thecylindrical volume.

To ensure an homogeneous irradiation of the volume, the cylinder was rotated around its long axe.

Squelettal muscle

Cortical
Bone

Figure 2: Transverse section of the cylindrical geometry with its heterogeneities

1.8.2.2 ICRP phantom

In order to assess the potential of the nTLE method to produce dose distributions in realistic cases and
to evaluate the gain in variance reduction, two simulations were performed using a voxelized ICRP phantom
(publication 110) (ICRP 2009) as input%deﬁne the geometry and composition of the volume in which the dose
deposition would be evaluated (Figure 3). The voxel size was 2.1 mm x 2.1 mm X 8 mm for a total voxel volume
of about 35.3 mm3. A typicalyneutron spectrum measured in a treatment room (Chu et al. 2011) irradiated
the pelvis area of the phantom.»The object was rotated around an axis perpendicular to the beam direction in

order to produce a homogeneous irradiation. About 3 x 100

particles were incident on the phantom in order
to have a statistical ungertainty, lower than 1% with the analog MC dose calculation to accurately assess our

algorithm dose caleulation performances.
1.8.2.8 “Comparison parameters for benchmarking against analog MC
Dose ratio¢ To check the dose calculation accuracy of the nTLE against the MC method, dose ratio maps

(7 Analog /nomE)have been generated such as:

DAnalog

T Analog/nTLE = D (17)

nTLE

11
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Density
5

—0.5

0

Figure 3: ICRP phantom slice densities

Statistical uncertainty To measure the differences in regards to the statistical uncertainties for the same
simulation parameters, dose maps representing the uncertainty ratios (7anaiog /nTLETat the three simulated

energies have been generated such as:

0 Analog
TAnalog/nTLE = —— (18)
OnTLE

with 0 anql0g the statistical uncertainty of the analog MC dose cal¢ulation'and 0,71, the statistical uncertainty
of the nTLE algorithm.
Then, the estimation of the number of events N; required tofget a statistical error of about o, is (Mittone

et al. 2013):
2
N, = (‘i) N, (19)

with o; and o; the standard deviations, IN; and Ny, number, of simulated events.

The ratio N;/N; can be easily related to the gaimin computing time. However these values have to be cor-
rected considering the fact that the nTLE algorithm requires about 10% more computation time in comparison
to the MC with the same simulation seed. These ratios are given by Figures 6 and 8.

N
2 Results

2.1 Simple homogeneous volume

Figure 4 presents the differences of dose calculation by the different methods. The stars, squares, circles
and triangles respgctively represent the dose calculated with the analog MC method, algorithm without photon
correction, algorithm'with analytical photon correction (1.2.2.1) and with TLE photon correction (1.2.2.2). It
clearly appears from these figures, that the photon dose calculation has to be taken into account in order to not
underestimate the neutron deposited dose, while on the other hand the TLE photon correction allows a better
photon dose calculation. Indeed for almost all the configurations, maximal dose calculational differences are

3 case with incident neutrons of 10 MeV

lower than 3% compared to the MC calculation except for the 1 mm
where werget a 40% dose overestimation by the algorithm. This overestimation is due to the fact that with
10/MeV neutrons, protons up to 10 MeV will be produced: these protons have a range of around 1 mm in the

soft tissues which produces an unsatisfied CPE condition which in turn leads to a dose overestimation by the

12
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algorithm. For the other tested volume sizes, since CPE is fullfilled, this overestimation no longers occurs with
the TLE photon correction.

At thermal neutron energy, the analytical correction shows two divergences compared to the MC method.
It shows an overestimation of the dose when used in both the 1 mm?® and 1 cm® volumes for the,thermal
neutron energy. This overestimation is due to the fact that with this correction, neutrons with energies, lower
than or equal to 0.025 eV are considered to be systematically captured by the H nuclei of the garget; leading
to a systematical local dose deposition from the generated 2.2 MeV photons as per Eq 15. “When a larger
volume is considered, the analytical correction leads to an underestimation of the dose (30%). The analysis
of the generated photon spectrum inside the target excluding the capture generated photons showed that this
difference is due to other photons interactions processes that are not taken intofaccount by the analytical
correction such as bremsstrahlung effects, pair creation and Compton scattered photons.

Given these observations, the TLE photon correction has been chosen over the analytical correction for the

rest of our work.

= : =
6 ¥ Monte Carlo i G) X Monte Carlo
o] | Algorithm : No y correction % | Algorithm:: No y correction
8 ¥ o ¥
[m] 1079 ° Algorithm : Analytical y correction 01 03 L] Algorithm : Analytical y correctio
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4| e
10 10"
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5 —
W
mm? | L] Ie
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Figure 4: Comparison of dose calculation by the nTLE algorithm with the different photon dose corrections vs
the MC dese calculation in different skeletal muscle cubical volumes
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2.2 Voxelised heterogeneous volume case
2.2.1 Dose calculation

The dose ratio for the different simulated neutron energies are represented in Figure 5. At thermal energies,

the mean dose differences between the nTLE and the analog MC over the whole volume is about 3 owever
the dose difference can reach a maximum of 25% for a few voxels especially in the lung area.
irradiation, the mean difference is about 1% except in the central lung inserts. For the 10 Me

the mean difference is lower than 1% in the whole volume except at the boundaries of?h
These differences are linked to the range of the secondary charged particles responsible
the voxel size and the local dose approximation made by the nTLE algorithm.

0.025 eV

Dose Ratio Dose Ratio
12

Figure 5: Do

2.2.2 Statistical
The uncertain @

0 can be obtained depending on the energies of the incident particles and the

show that a 4
materials. enTL se algorithm allows thus an increase of the calculation speed up to 400 times compared
to the Ac ATE. To be able to fully evaluate the gain in the phantom, an uncertainty ratio profile

(Figur has been plotted for each energy across a line in the middle of the slice crossing two lung inserts. It

different simulated neutron energies are represented in Figure 6. These ratios

appears ¢ hat the speed gain is affected both by neutron energy and medium composition.

14



Page 15 of 22 AUTHOR SUBMITTED MANUSCRIPT - PMB-106760.R1

oNOYTULT D WN =

aOuvuuuuuuuuundADdDDDIEDNDMNDIAEDNDMNDAEWWWWWWWWWWNNNDNNNDNNNDN=S S @92 Qa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Uncertainty ratio
21

X

Uncertainty ratio

Ay b -‘wrv-_!

if!
E —

N
Tk : i\w ot
"‘-f‘sw ¥ | l"'? -"'.?-'..'h
50 100 150 200 2_50 300 350
Distance [mm]

Figure 7: Uncertainty rati s (analog over nTLE) for the different simulated neutron energies along the
black line.

s 2.3  Voxelise

se0 2.3.1 Dose cal ion

361 The left side of Figure 8 represents the dose ratio map. The mean dose ratio between the analog MC and
se2 the nT ice is 0.998 (0.992 in the central area). These results show a very good agreement of the

ses N'TLE algorithm with the MC method for dose calculation in a realistic radiotherapy case.

tistical uncertainty

esults in terms of statistical uncertainty ratios are shown on Figure 8. For a realistic neutron spectrum in

iotherapy room (mean energy around 1 MeV) and a voxel volume of 35.3 mm? the mean simulation time
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Dose Ratio Uncertainty Ratio
1.10 10

1.00

0.95

0.90 0

Figure 8: Left: Dose ratio (analog over nTLE) ; Right: Uncertainty ratio (analog/over n'TLE) for the pelvis of
a voxelised ICRP phantom irradiated with a realistic neutron spectrum.

~
gets accelerated by a factor from about 15 to 40 depending mainly on tissue compositions. This factor appears

to be much lower than the one found with the heterogeneous phantom (voxel size™= 1 mm3) at the energy of

1 MeV. This is due to the fact that the acceleration factor is inversely proportional to the voxel size.

3 Discussion
S

The main goal of this work was to develop an efficient tool for neutron dose calculation in radiotherapy. The
results of cylindrical phantom with the monoergetiec neutron beams allowed us to evaluate the performances
of our algorithm and the origin of possible inaccuracies, on dose calculation. When considering the thermal
neutron beam with a voxelisation of 1 mm?, the .compagison of the nTLE dose calculation to the MC method
showed an average difference of 7% insthe peripheral area of the phantom. This difference is due to the local
dose approximation made in the nTLE_method. At the thermal energy, neutrons captured by the H nuclei
will generate photons of 2.2 MeV that will lead to the production of secondary electrons with energies up to

3 voxelised volume,

2 MeV. The range of these electrons is hm in'soft tissue and 4 cm in the lung. In a 1 mm
in the first layers of the volume ‘thefgenerated electrons are too energetic to deposit their dose localy in the
voxel which leads to an overestimation of the dose by the nTLE in the concerned voxel, the charged particle
equilibrum not beeing fulfilled. However, deeper in the phantom layers (central area of the phantom), charged
particle equilibrum becomes etablished which leads to a better dose calculation by the algorithm, with a mean
difference close to/1% with the analog MC. For energies of 1 MeV, this peripheral dose overestimation does not
appear, since at these energies, the energy is mainly deposited through scattered protons which have a range
in tissue of less thandl, mm. However, once these neutrons get thermalised and captured by H, photons and
electrons'will be generated which explains the overestimation of the dose in the lung tissue in the middle of the
phantom, due to the range of the secondary electrons in such a tissue. At this energy the mean difference in the
dose calculation between the dose actor and the nTLE is estimated to be about 1% except for the pulmonary
region, where the non fulfillment of the CPE condition leads to a maximal difference of 20% in comparison

with the analog MC. When we evaluate the performances of the nTLE at a higher energy such as 10 MeV, the

dose'ratio map shows an accuracy with a mean dose difference of 1% with the analog MC except at the voxel

16
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delimiting the interface of two different materials.

When a typical neutron energy spectrum in radiotherapy irradiated the pelvis region of an ICRP phantom,
the mean discrepancy between the analog MC and the nTLE is less than 1% (mean dose ratio of 0.998 over the
slice). This is explained on one hand by the fact that in a radiotherapy treatment the main component of the
spectrum are neutrons with a mean energy of 1 MeV while on the other hand, the ICRP phantom voxelsize is
40 times bigger than the cylindrical phantom voxel size. In such a case the local dose deposition @approximation
made by the algorithm will be more valid and fulfilled. These results highlight both the fact that the nTLE
allows us to have a good performance in terms of neutron dose calculation and the fact that ityis feasiblexto use
it in radiotherapy applications.

Regarding the variance reduction factor, it appears that it is mainly affected by the neutron energy, the
material composition and the voxel size of the phantom. For neutron beams of 25.meV, 1/ MeV and 10 MeV,
the mean gain of computing time in muscle tissue is respectively about 60, 30 and«120 with voxels of 1 mm3.
At 1 MeV, with a similar voxel size, depending on the considered material{ the mean gain of computing time is
respectively about 200, 30 and 50 for the lung muscle and bone material. For a given voxel size, the cylindrical
phantom simulation case allowed us to determine the fact that thesgain will be increased by two factors: the
mean free path of the particles and the density of the medium, Indeed, the longer the mean free path of the
particle, the greater will be the gain, since with the nTLE approach we,consider a continuous energy deposition
in all the voxels crossed by the particle. The density of the medium will also have an impact on the gain as
shown in Figures 6 and 7, where it clearly appears that the gainyis in each case higher in the lung tissue due
to its lower density in comparison with the bone and ‘squelettal muscle. The change in the voxel size which is
illustrated by the dose calculation in the pelvis of'the phantom, shows a mean drop in the gain by a factor of
3, which indicates that the variance reduction facterwill be higher when fine spatial resolutions are considered.
Thanks to the nTLE, the mean gain obtained for dose calculations in the voxelised ICRP phantom is 25 times

greater than the analog MC.

4 Conclusion

The neutron TLE algorithm (nTLE) developped in GATE has proven to be a precise and efficient tool for
neutron dose calculation in radiotherapy. By reducing the mean calculation time by a factor 25 for a typical
radiotherapy neutromspectrum on a computational phantom, the nTLE could be part of a future MC peripheral
dose computation framework, dealing with neutron dose calculation, in order to systematically and accurately
evaluate the meutron component generated through the different treatment parameters. The comprehensive
study of its performances will allow its optimal use, especially when it comes to making the right compromise
between the voxel size and acceleration factor. Thanks to this tool, the out-of-field neutron dose absorbed
by the radiosensitive organs of a patient will be much easier to track and evaluate. While the present paper
has focussed on high energy X-ray radiotherapy, the method developped could be used for other radiotherapy
treatment involving neutrons (protontherapy, neutron capture therapy, hadrontherapy) when the sampling of

the geometry does not compromise the CPE and local dose deposition approximations.
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