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3

Abstract4

The out-of-�eld dose in radiation therapy is a growing concern in regards to the late side-e�ects and5

secondary cancer induction. In high-energy X-ray therapy, the secondary neutrons generated through pho-6

tonuclear reactions in the accelerator are part of this secondary dose. The neutron dose is currently not7

estimated by the treatment planning system (TPS) while it appears to be preponderant for distances greater8

than 50 cm from the isocenter. Monte Carlo (MC) simulation has become the gold standard for accurately9

calculating the neutron dose under speci�c treatment conditions but the method is also known for having a10

slow statistical convergence, which makes it di�cult to be used on a clinical basis. The nTLE (neutron TLE),11

a neutron variance reduction technique inspired by the track length estimator (TLE) method has thus been12

developped for the �rst time in the Monte Carlo code GATE to allow a fast computation of the neutron dose13

in radiotherapy. The details of its implementation, as well as the comparison of its performances against14

the analog MC method, are presented here. A gain of time from 15 to 400 can be obtained by our method,15

with a mean di�erence in the dose calculation of about 1% in comparison with the analog MC method.16

Keywords : Track length estimator, GATE, Monte Carlo simulation, Neutron dose calculation, Radiotherapy17

1 Introduction18

Modern radiotherapy techniques based on the use of a linear accelerator aim to achieve better control19

for deep-seated tumours. However, they also can be responsible for the development of late side-e�ects and20

secondary cancers which today is a debated topic among scienti�c and medical groups.The literature reports21

mainly information on the organs at risk located next to the target volume (Xu et al. 2008, Takam et al.22

2011). These organs are usually irradiated with high doses: this leads to a high probability of normal tissue23

complications and usually to a small risk of radiation-induced second primary cancer (Takam et al. 2011). During24

a radiotherapy treatment, besides its therapeutic dose, the patient gets exposed to sources of secondary dose25

which include the photon secondary dose. Indeed, the use in X-ray therapy of electron accelerators contributes26

to the out-of-�eld doses to patient by leakage and scattering of the primary photon beam (Halg et al. 2012). This27

photon secondary dose can vary considerably depending on the photon energy, treatment modality, irradiation28
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geometry, size of the tumour and patient, as well as the distance from the irradiated volume: a typical secondary29

dose is some hundreds of mSv 10 cm away from the target volume ((Gudowska et al. 2014)) over the course30

of a treatment. Adding to that, modern linear accelerators are usually equipped with on-board imaging (OBI)31

devices, allowing 3D on-line patients set-up and veri�cation by using cone beam computed tomography (CBCT)32

(Palm et al. 2010). The additional radiation doses from CBCT can signi�cantly increase out-of-�eld doses to33

patients in case of frequent patient set-up during the radiotherapy treatment. Depending on the CBCT type,34

the mean delivered dose can range from 3 mGy to 100 mGy (Palm et al. 2010). Besides this photon dose, for35

accelerators operating at energies above photonuclear reactions thresholds (1.66 MeV (Be), 6.5 MeV (W), 10 MeV36

(Cu)), neutrons produced through (γ,n) reactions in the bremsstrahlung target, �attening �lter, collimators,37

shielding materials inside the treatment head and inside the patient's body are another source of unwanted38

doses delivered to the patient (D'Errico et al. 1998, Akkurt et al. 2003, Naseri et al. 2010). The patient entire39

body will be exposed to this out-of-�eld radiation. Several dosimetry studies have been carried out through40

measurement and modelling techniques and have shown the relationship existing between out-of-�eld dose and41

radiation induced secondary cancer (Brenner et al. 2000, Newhauser et al. 2011, Murray et al. 2014). However,42

through these studies, a whole range of equivalent doses (and thus associated risks) has been reported leading43

to the need for additional studies for these dosimetric concerns. In the literature, regardless of the measurement44

technique and type of accelerator, the neutron dose equivalent per unit photon dose can range from as low as45

0.1 mSv/Gy to as high as 20.4 mSv/Gy (Takam et al. 2011).46

Moreover, it has been reported that at some speci�c locations the neutron dose becomes larger than the47

photon dose, leading to a larger neutron-to-photon absorbed dose ratio (Carinou et al. 2005). This neutron48

production, which is related to the patient irradiation con�guration, has been shown to be more important for49

IMRT (Intensity Modulated Radiotherapy) treatment than for 3D-CRT (3D-Conformal Radiotherapy)(Howell50

et al. 2006, Reft et al. 2006). In regards to their high relative biological e�ectiveness re�ected in their high51

radiation weighting factors (ICRP 2007), it is important to estimate their related dose, especially when we know52

that neutron spectra produced by medical linear accelerators have mean energies between 0.5 and 1 MeV that53

correspond to the highest radiation weighting factors. So far, no current treatment planning system (TPS) is54

computing this neutron dose.55

Radiation doses from neutrons can be calculated by the use of a Monte Carlo simulation code such as56

MCNP (Shultis et al. 2006, Carinou et al. 2005, Mesbahi et al. 2009), FLUKA (Ferrari et al. 2005, Huang57

et al. 2005, Chen et al. 2006) and Geant4 (Jarlskog et al. 2008, Athar et al. 2010). The results obtained by58

simulation can have a high degree of precision depending on the accuracy of the data (i.e nuclear cross sections)59

and parameters. However, they can be di�cult to use on a clinical basis because a long calculation time is60

required, particularly if low threshold (cut-o�) energies of modeled particles are used. That is why, there is a61

real need for developing a tool that will allow a decrease in the neutron simulation time to make neutron dose62

calculation more accessible on a clinical basis.63

The most commonly used standard variance reduction techniques (VRT) such as the absorption supression,64

splitting and Russian roulette, forced collision, and source biasing have mainly been developped for photon65

dosimetry (Seco & Verhaegen 2013). In MCNP, the comparison of two VRT used for neutron transportation,66
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the APDT (Adjoint Point Detector Technique known as the DXTRAN technique) and the LEXT (Legendre67

EXpansion Technique) have showed that the latter is 6 to 20 times faster than the analog MC (Nievaart68

et al. 2007). In FLUKA, the non-analog neutron absorption technique (also known as survival biasing) and69

the biased down scattering are also used as VRT techniques. Through all the VRT, the track length estimator70

(TLE) method is known as an e�cient tallying method, suitable for kerma calculations at any given point in71

photons irradiations cases (Williamson 1987). It has been used for a long time (Williamson 1987, Carlsson 1985)72

and is implemented in di�erent codes such as MCNPX (DeMarco et al. 2002, Smans et al. 2010) and in some73

speci�c tools for external radiotherapy (Van der Zee et al. 2005) and brachytherapy (Chibani et al. 2005, Taylor74

et al. 2007).75

Many Monte Carlo simulation tools have been developed for dosimetry purposes (Pelowitz 2008, Battistoni76

et al. 2007, Ferrari et al. 2005, Perl et al. 2012, Walters et al. 2002, Kawrakow et al. 2000). GATE (Jan77

et al. 2004) constitute an open-source MC simulation platform that can support a user-friendly simulation78

framework of imaging (Jan et al. 2011) and dosimetry (Sarrut et al. 2014) in a same environment. This software79

is based on the GEANT4 toolkit. GATE is also used in radiotherapy applications for comparisons with MC TPS80

(Luceski et al. 2013). With the GATE V6.2 release, a speci�c VRT option based on the track length estimator81

(TLE) has been implemented for low-energy photon dose calculation (Mittone et al. 2013). This method allows82

an e�ciency gain between 10 and 103 depending on the simulation set-up. In the latest release (GATE V7.2),83

two extra low energy photon VRT, namely force detection (Poludniowski et al. 2009) and exponential TLE84

(Smekens et al. 2009, Smekens et al. 2014) have been developed. However, no current version of GATE does85

currently include a VRT for neutron dose calculation.86

In such a context, it seemed interesting to develop a tool that will allow a precise calculation of the secondary87

neutron dose in RT in a shorter time than the analog Monte Carlo simulation. To do so, the treatment88

planning parameters (�eld size, beam energy, angulation. . . ) can be retrieved through the generated DICOM89

�les (RTplan). This information would be retrospectively reprocessed after each treatment to be used as an90

input for MC calculations of 3D neutrons (and photons) dose maps.91

While many VRT are available in MC TPS and used in clinical routine for photon dose calculation, the92

objective of our work was to add a neutron VRT in the GATE framework in order to set up a tool that would93

generate neutron dose maps (to be systematically recorded during the treatment). In such a way, we aim to94

achieve the generation of a dosimetric database on out-of-�eld dose that can be used for future epidemiological95

studies in order to improve low dose-risk models.96

1.1 Method97

1.1.1 TLE method in GATE for photons98

The TLE method has been implemented in GATE for low energy X-rays (Mittone et al. 2013) and prompt γ99

(Huisman et al. 2016). It allows to calculate the particle �uences, kerma and absorbed dose.100

In charged particle equilibrium (CPE), for a monoenergetic photon beam the absorbed dose is (Carlsson101
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1985, Berger et al. 2010):102

D = φE
µen
ρ

(1)

with φ the particle �uence and µen

ρ the mass energy absorption coe�cient.103

The total track length dL of all particles crossing a given elementary volume dV around point r in the space104

(Carlsson 1985) gives us the �uence:105

φ(r) =
dL(r)

dV
(2)

Thus, for a given photon crossing a voxel with volume V, a good estimate of the contribution to the �uence106

will be given by (DeMarco et al. 2002, Williamson 1987):107

φ =
L

V
(3)

with L being the length of the photon path within the given voxel. With such a method the dose is equal to:108

D =
ELµen
V ρ

(4)

Unlike the MC analog estimator in which only the simulated collisions occurring within the voxel contribute109

to the dose, the use of the TLE will improve the e�ciency of the simulation since every voxel intersected by a110

photon path will produce a non-zero dose score leading to a large increase of information that can be extracted111

from a �nite sample of histories. For low energy photons, when considering the CPE, such a method uses112

the kerma approximation for which electrons are assumed to deposit their energy locally within a single voxel113

(thus, MC transport of secondary electrons can be switched o�). Systematic deviations of the dose distributions114

can be minimized with this approach if the maximum range of secondary electrons is smaller than the spatial115

resolution of the calculation grid. That is why this approximation is valid only if the electron range is smaller116

than the voxel size or the required spatial accuracy (Seco & Verhaegen 2013).117

For low energy photons, the linear energy-absorption (µen) and energy-transfer (µtr) coe�cients can be118

considered to be the same quantity due to the fact that the radiative loss (factor g in Eq 5) approches zero for119

low values of atomic numbers and energy (Attix 2004, Berger et al. 2010, Freud et al. 2008):120

µen = µtr(1 − g) (5)

In human tissues, (made of elements with atomic numbers Z ≤ 20), the relative di�erence between µtr and121

µen remains below 1% for energies up to 3 MeV and reaches a value of 3% for 10 MeV photons (Attix 2004).122

1.1.2 Neutron dose calculation and CPE equilibrum validity123

The photoneutron energies involved in radiotherapy ranges from thermal (0.025 eV) to fast (mean energy of124

1 MeV). Since the human body consists of about 95% of hydrogen, carbon, oxygen and nitrogen (ICRU 2000),125

4
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the neutron dose will be deposited in the tissue through di�erent processes. The elemental contribution to the126

kerma in soft tissues depends on neutron energy (Chadwick et al. 1999).127

For a single neutron energy E, a single type of target atoms and a single type of interaction, the kerma K128

that results from a neutron �uence φ [n/cm2] at a point in a medium is given by (Caswell et al. 1980):129

K = φE
µtr
ρ

= φ
NtEtrσ

m
(6)

where σ is the interaction cross section per target atoms, Nt is the number of target atom in the irradiated130

sample, m is the sample mass, and Etr is the total kinetic energy given to charged particles per interaction.131

When considering the usual CPE conditions, the absorbed dose D is thus equal to the kerma K as:132

D = K = φFn (7)

where Fn the kerma factor [cGy cm2/n] is de�ned as133

Fn = 1.602 × 10−8NtEtrσ/m (8)

whith σ in [cm2/(target atom)], m in [g] and Etr in [MeV/n].134

Tables of Fn values are found in the 46 ICRU report for energies between 0.025 eV to 20 MeV (Caswell et al.135

1980) for several elements, compounds, and mixtures principally calculated from the ENDF/B-IV cross section136

library. The 63 ICRU report includes kerma coe�cients determined from the latest ENDF/B-VI evaluated data137

libraries (Rose 1991) below 20 MeV and uses advanced nuclear model calculations and experimental information138

from 20 MeV to 150 MeV (the �LA150 data library� (Chadwick et al. 1999)). However, this update of kerma139

factors produced only a very small (< 2%) di�erence in kerma calculations (Goorley et al. 2002) meaning that140

�nally the use of either kerma databases is suitable141

If we consider a continuous spectrum with a di�erential �uence distribution φ′(E) [n·cm−2·MeV−1], the142

kerma contribution by j-type interactions with i-type target atoms is (Attix 2004):143

Kij = 1.602 × 10−8
Ni
m

∫ Emax

0

φ′(E) σij(E) [Etr(E)]ij dE (9)

with Ni/m the number of target atoms of type i per gram of the medium, σij(E) the cross section for j-type144

interactions with i-type atoms by neutrons of energy E, and [Etr(E)]ij the total kinetic energy transferred to145

charged particles per type-j interactions with type-i atoms by neutrons of energy E.146

147

For the same units as in Eq 6, Kij [cGy] can be summed over all atoms i and all interactions j to get the148

kerma (or dose) due to all types of interactions and target atoms:149

D = K =
∑
i

∑
j

Kij (10)

When it comes to neutron interactions in tissue, we will have to consider thermal neutron reactions and fast150

5
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neutron reactions (Figure 1).151

For the thermal neutrons reactions, there are two important interactions with tissues: neutron capture by152

nitrogen, 14N(n,p)14C, and neutron capture by hydrogen, 1H(n,γ)2H. The nitrogen interaction releases a kinetic153

energy of Etr = 0.62 MeV that is shared by the proton (0.58 MeV) and the recoiling nucleus (0.04 MeV). Since154

the range of the secondary proton approximates 10 µm in tissue, CPE exists and K = D even in very small155

tissue samples.156

Thermal neutrons have a larger total probability of capture by hydrogen atoms than by nitrogen atoms in157

muscle even though σH = 3.32× 10−25 cm2/atom < σN = 1.84× 10−24 cm2/atom, because, there are 40 times158

more H atoms than N atoms in tissue. The γ-ray photon energy released in each neutron capture is 2.2 MeV.159

This of course will not directly contribute to the kerma, since the γ-rays must interact and transfer energy to160

charged particles to produce kerma. If we consider an irradiated tissue mass, small enough to allow the γ-rays161

to escape, the kerma due to thermal neutrons is only that resulting from the nitrogen (n,p) interactions. In162

larger masses of tissue the γ-rays are increasingly reabsorbed before escaping, thus contributing to the kerma.163

The human body has an intermediate size, but it is large enough so the 1H(n,γ)2H process dominates the kerma164

(and dose) production, not only for thermal neutrons but for intermediate energy neutrons as well, as they165

become themalised in the body.166

For neutron energy above 10−4 MeV, elastic scattering from hydrogen nuclei contribute nearly all of the167

kerma.168

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 all169

dose components except the photon dose, the charged particles involved in the dose delivery to the tissues170

have ranges smaller than the general mesh element size (1 mm) of the dose scoring grid, leading to a good171

6
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approximation of the dose by the kerma. However, energetic electrons that can be produced through secondary172

photons interactions in tissue can have a range over 1 cm, similar to or larger than the dose grid element173

size. For example 2.2 MeV photons, mainly generated in soft tissues due to the capture of thermal neutron174

by Hydrogen nuclei, will induce the production of 2 MeV electrons (maximal Compton electron energy from175

the 2.2 MeV gamma). For the ICRP and cylindrical phantom simulation, the range of the 2 MeV generated176

electrons (maximal range of 1 cm and mean range of about 5 mm) can be larger than the spatial resolution of177

the phantom. The charged particle equilibrium hypothesis and the kerma approximation in each voxel could178

thus be not totally respected which can lead to a (small) dose overestimation in the voxel by the nTLE.179

1.2 Implementation of Neutron TLE (nTLE) in GATE180

1.2.1 Kerma factor181

Similarly to the low energy photon, for a neutron crossing a volume V a good estimate of the dose is also182

given by Eq 7 (φ = L/V ) thus:183

D =
L

V
Fn (11)

To proceed with the neutron dose calculation, kerma factor tables have been generated for the di�erent184

elements contained in the ICRU report 46 (Caswell et al. 1980). These factors are available for a large choice of185

human tissues, and within an energy interval ranging from 0.0253 eV to 29 MeV. For energies between 0.0253 eV186

and 29 MeV, as mentionned in (Chadwick et al. 1999), a linear interpolation has been used to obtain kerma187

coe�cients at energies not tabulated.188

The accuracy of the ICRU 46 (ICRU 1992) report kerma factors is estimated to be:189

• Below 10 MeV: 1% for hydrogen and 5% for carbon, nitrogen and oxygen190

• From 10 MeV to 30 MeV: 1 to 2 % for hydrogen and 10 to 25 % for carbon. For nitrogen and oxygen,191

uncertainties may be even higher at some energies.192

An important issue in relation with these neutron kermas is the treatment of neutrons below 0.0253 eV since193

this is the lowest reported data point. Indeed, with a neutron capture cross section inversely proportionnal194

to the neutron kinetic energy (1/v law), the thermal neutron kerma values will increase in the same way as195

E−0.5n (with En the neutron energy (Siebert & Schuhmacher 1995)), making the energy region below 0.0253 eV196

a signi�cant contributor to kerma. Two methods are available in the literature for the evaluation of neutron197

kerma below 0.0253 eV. The �rst one is to proceed with a log-log extrapolation of the kerma data points below198

1 eV down to an energy where there are very few neutrons, such as 10−4 eV (Goorley et al. 2002). The second199

one, which was used in this work, is to assign to the neutrons below 0.0253 eV the kerma values corresponding200

to the lowest tabulated energy point (the same way as the default treatment in MCNP) (Goorley et al. 2002).201

7

Page 7 of 22 AUTHOR SUBMITTED MANUSCRIPT - PMB-106760.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



1.2.2 Photon dose calculation202

To accelerate their simulations, some studies on the secondary neutron dose in radiotherapy calculations (Kry203

et al. 2009, Martínez-Ovalle et al. 2012) have been carried out without considering the secondary photon dose204

resulting from the thermal neutron capture by hydrogen nuclei. Only the so-called �genuine neutron (absorbed)205

dose� (Valentin 2003) that does not include the contribution by photons released in the body by neutrons has206

been considered.207

However, for accurate dosimetric studies, the gold standard is to be able to consider every dose component.208

To take into account the secondary photon dose in soft tissue mainly due to the 2.2 MeV photon from the209

1H(n,γ)2H process, photon kerma factors in our algorithm are based on mass energy absorption coe�cients210

(µen/ρ) data both from the NIST database and for the body parts for which these coe�cients are not recorded,211

from the ICRU report 46, which are derived from Hubbell's elemental data (Hubbell 1982). It has been reported212

that the di�erence between these two kerma sets produced no signi�cant di�erences in dose calculations: the213

di�erences in photon kerma rate dose pro�les were less than the statistical uncertainty in the di�erence between214

the pro�les, which was 0.2% (Goorley et al. 2002).215

To proceed with these photon dose calculations, two methods have been tested: an analytical correction216

method and the TLE method.217

1.2.2.1 Analytical correction218

Analogous to the kerma factor Fn and based on the Attix publication (Attix 2004), we de�ne the radiative219

kerma factor Rγ as the energy given to γ-rays per unit mass of tissue and per unit �uence. The Rγ factor of220

thermal neutrons can be obtained from an equation similar to Eq 9, but replacing Etr by Eγi (which corresponds221

to the γ-ray photon energy released in each i neutron capture) such as:222

Rγ = 1.602 × 10−6m−1
∑
i

σiNtiEγi (12)

where σi is the neutron capture cross section for the i atom [cm2/(target atom)], Nti is the number of i target223

atoms in the irradiated sample, m is the sample mass [g], and Eγi is the γ-ray photon energy released in each224

neutron capture [MeV].225

Given the body tissue composition and the di�erences in terms of neutron radiative capture cross section of226

the main target atoms contained in the body (Table 1), only the neutron cross section with H targets will be227

considered in the next steps of the analytical correction.228

Element γprompt [MeV] σcapture [barn] Σcapture [cm−1] Atoms per g of muscle [g−1]

H 2.2 0.3326 2.13 × 10−2 6.09 × 1022

C
1.3 0.0012 7.77 × 10−6

6.17 × 1021

4.9 0.00262 1.70 × 10−5

N 1.9 0.01458 2.31 × 10−5 1.506 × 1021

O 0.9 0.000175 5.13 × 10−6 2.79 × 1022

Table 1: Neutron capture cross section and prompt γ 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 Rγ factor of thermal neutrons will be thus obtained again from an equation similar to Eq 9, but replacing229

Etr by Eγ = 2.2 MeV such as:230

Rγ = 1.602 × 10−6σNtm
−1Eγ (13)

where σ is the H interaction cross section [cm2/(target atom)], Nt is the number of H atoms in the irradiated231

sample, m is the sample mass [g], and Eγ is the γ-ray photon energy released in each neutron capture [MeV].232

From the simulation, the knowledge of the thermal neutron �ux, as well as the knowledge of the quantity of H233

nuclei per gram of body material would thus allow a calculation of the contribution to the dose from the photons.234

A tabulation of this radiant energy per body material has been considered in this work in order to reduce the235

simulation time, since in such a con�guration, the photons would not be longer tracked in the simulation. With236

such a method the deposited photon dose in a voxel of V volume will be equal to:237

Dγ = Rγ × φ = Rγ ×
L

V
(14)

1.2.2.2 TLE photon correction238

The TLE method, as mentionned in 1.1.1, has been implemented in GATE for low energy photons. For239

the neutron dose calculation, the main contribution to the dose from photons is due to the 2.2 MeV photons240

from thermal neutron capture by hydrogen. The comparison between the µen and µtr (Attix 2004) for photon241

energies up to 3 MeV showed a di�erence between these two coe�cients lower than 1% which comforts us in242

testing the performances of this TLE correction in our neutron dose calculation algorithm. The photon dose243

would thus be calculated as per Eq 4.244

1.2.3 Total dose calculation245

Finally, the total neutron dose Dtot deposited in a voxel, is calculated by the algorithms246

• for the analytical correction such as:247

Dtot =
∑
k∈n

(Dk +Dγ,k) =
1

V

∑
k∈n

(Fn,k +Rγ,k)Lk (15)

with, for a given neutron k, the neutron dose Dk, the γ dose Dγ,k, the kerma factor Fn,k, the radiative248

factor Rγ,k, and the distance Lk travelled by the neutron k in a volume element V .249

• for the TLE correction such as:250

Dtot =
∑
k∈n

Dk +
∑
l∈γ

Dγ,l =
1

V

∑
k∈n

Fn,kLk +
∑
l∈γ

El
µen,l
ρ

Ll

 (16)

with the neutron dose Dk of neutron k, the γ dose Dγ,l of gamma l, Lk (resp. Ll) the distance travelled251

by the neutron k (resp. the gamma l) in a volume element V .252
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1.3 Simulation Test Cases253

Di�erent simulations have been performed in order to benchmark the nTLE algorithm against analog Monte254

Carlo simulations, in terms of dose calculation accuracy and variance reduction factor. Since the accuracy of255

the dose calculation by the algorithm had to be evaluated, a cut of 1 mm for γ and electrons was set: in each256

material, this value is transformed to an energy below which the continuous slowing down approximation is257

used. Furthermore, secondary particles below this energy are not produced, but the energy is deposited locally258

(Agostinelli et al. 2003). A cut of 0.1 mm was set for protons. To be able to fully compare the MC dose259

calculation and the nTLE dose calculation as well as the gain in terms of variance, simulations with an identical260

seed have been carried out.261

Simulations have been carried out �rst in homogeneous cubic volumes to fully validate the dose calculation262

before proceeding with simulations on a heterogeneous phantom and voxelized phantom. Regarding the vox-263

elisation of the volumes (simple volume or phantom), it is relevant to mention that since MC generation can264

use any resolution, both isotropic and anisotropic voxel size can be used by the method without any advantage265

given to one or other of voxel type. While any resolution can be used with the nTLE (using for example XCAT266

phantom (Segars et al. 2010)), the main concern would not be the shape of the voxel (isotropic or anisotropic)267

but its volume.268

Moreover, since in high energy X-ray treatments we get mainly thermal neutrons (around 0.025 eV) and269

a fast neutron component (around 1 MeV), monoenegetic neutron beams of 0.025 eV and 1 MeV have been270

simulated to study the impact of the neutron energy on the dose calculation accuracy and on the variance271

reduction factor. The energy of 10 MeV has also been simulated to evaluate the performances of the algorithm272

at higher energies.273

1.3.1 Simple homogeneous volume274

The �rst step was to proceed with a benchmarking of the photon dose correction impact on the neutron275

dose calculation. Since the human body is mainly composed of soft tissues, the simulations were �rst carried276

out on simple cubic geometry con�gurations of muscle tissue. This allowed us to fully measure the algorithm's277

performance with the di�erent photon dose corrections and its ability to give an accurate neutron dose calculation278

in comparison with the analog MC method. To do so, simulations were �rst carried out on cubes consisting of279

ICRU 44 skeletal muscle of various sizes with a density of 1.05 g·cm−3. The composition is given as per the280

ICRU report 46 composition in Table 2.281

Element H C N O Na P S Cl K

Percent by weight [%] 10.2 14.3 3.4 71.0 0.1 0.2 0.3 0.1 0.4

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

Monoenergetic neutron sources (106 particles) with energies relevant in radiotherapy irradiated soft tissue282

targets. The tested energies were 0.025 eV, 0.1 MeV, 1 MeV and 10 MeV.283
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1.3.2 Voxelised cases284

1.3.2.1 Heterogeneous volume285

Simulations with monoenergetic neutron beams impinging upon a simple voxelised volume were used to286

evaluate the nTLE performances of dose calculation accuracy and variance reduction. Given the fact that mean287

voxel resolution is of the order of a few mm3 in the computational phantom models, simulations on a voxelised288

(1 mm3 voxels) cylindrical soft tissue volume (diameter of 33 cm) were made. Eight inserts (diameter of 3 cm)289

of Gri�th lung tissue 0.26 g·cm−3 (ICRU 1992), and eight inserts of cortical bone, 1.920 g.cm−3 (ICRU 1992),290

were added to test the performances of the nTLE algorithm in terms of the dose calculation in an heterogeneous291

volume. Monoenergetic planar neutron sources of 0.025 eV, 1 MeV and 10 MeV irradiated the cylindrical volume.292

To ensure an homogeneous irradiation of the volume, the cylinder was rotated around its long axe.293

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

1.3.2.2 ICRP phantom294

In order to assess the potential of the nTLE method to produce dose distributions in realistic cases and295

to evaluate the gain in variance reduction, two simulations were performed using a voxelized ICRP phantom296

(publication 110) (ICRP 2009) as input to de�ne the geometry and composition of the volume in which the dose297

deposition would be evaluated (Figure 3). The voxel size was 2.1 mm × 2.1 mm × 8 mm for a total voxel volume298

of about 35.3 mm3. A typical neutron spectrum measured in a treatment room (Chu et al. 2011) irradiated299

the pelvis area of the phantom. The object was rotated around an axis perpendicular to the beam direction in300

order to produce a homogeneous irradiation. About 3 × 1010 particles were incident on the phantom in order301

to have a statistical uncertainty lower than 1% with the analog MC dose calculation to accurately assess our302

algorithm dose calculation performances.303

1.3.2.3 Comparison parameters for benchmarking against analog MC304

Dose ratio To check the dose calculation accuracy of the nTLE against the MC method, dose ratio maps305

(rAnalog/nTLE) have been generated such as:306

rAnalog/nTLE =
DAnalog

DnTLE
(17)
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Figure 3: ICRP phantom slice densities

Statistical uncertainty To measure the di�erences in regards to the statistical uncertainties for the same307

simulation parameters, dose maps representing the uncertainty ratios (rAnalog/nTLE) at the three simulated308

energies have been generated such as:309

rAnalog/nTLE =
σAnalog
σnTLE

(18)

with σAnalog the statistical uncertainty of the analog MC dose calculation and σnTLE the statistical uncertainty310

of the nTLE algorithm.311

Then, the estimation of the number of events Nt required to get a statistical error of about σt is (Mittone312

et al. 2013):313

Nt =

(
σi
σt

)2

Ni (19)

with σi and σt the standard deviations, Ni and Nt number of simulated events.314

The ratio Nt/Ni can be easily related to the gain in computing time. However these values have to be cor-315

rected considering the fact that the nTLE algorithm requires about 10% more computation time in comparison316

to the MC with the same simulation seed. These ratios are given by Figures 6 and 8.317

2 Results318

2.1 Simple homogeneous volume319

Figure 4 presents the di�erences of dose calculation by the di�erent methods. The stars, squares, circles320

and triangles respectively represent the dose calculated with the analog MC method, algorithm without photon321

correction, algorithm with analytical photon correction (1.2.2.1) and with TLE photon correction (1.2.2.2). It322

clearly appears from these �gures, that the photon dose calculation has to be taken into account in order to not323

underestimate the neutron deposited dose, while on the other hand the TLE photon correction allows a better324

photon dose calculation. Indeed for almost all the con�gurations, maximal dose calculational di�erences are325

lower than 3% compared to the MC calculation except for the 1 mm3 case with incident neutrons of 10 MeV326

where we get a 40% dose overestimation by the algorithm. This overestimation is due to the fact that with327

10 MeV neutrons, protons up to 10 MeV will be produced: these protons have a range of around 1 mm in the328

soft tissues which produces an unsatis�ed CPE condition which in turn leads to a dose overestimation by the329
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algorithm. For the other tested volume sizes, since CPE is full�lled, this overestimation no longers occurs with330

the TLE photon correction.331

At thermal neutron energy, the analytical correction shows two divergences compared to the MC method.332

It shows an overestimation of the dose when used in both the 1 mm3 and 1 cm3 volumes for the thermal333

neutron energy. This overestimation is due to the fact that with this correction, neutrons with energies lower334

than or equal to 0.025 eV are considered to be systematically captured by the H nuclei of the target, leading335

to a systematical local dose deposition from the generated 2.2 MeV photons as per Eq 15. When a larger336

volume is considered, the analytical correction leads to an underestimation of the dose (30%). The analysis337

of the generated photon spectrum inside the target excluding the capture generated photons showed that this338

di�erence is due to other photons interactions processes that are not taken into account by the analytical339

correction such as bremsstrahlung e�ects, pair creation and Compton scattered photons.340

Given these observations, the TLE photon correction has been chosen over the analytical correction for the341

rest of our work.342

Figure 4: Comparison of dose calculation by the nTLE algorithm with the di�erent photon dose corrections vs
the MC dose calculation in di�erent skeletal muscle cubical volumes
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2.2 Voxelised heterogeneous volume case343

2.2.1 Dose calculation344

The dose ratio for the di�erent simulated neutron energies are represented in Figure 5. At thermal energies,345

the mean dose di�erences between the nTLE and the analog MC over the whole volume is about 3%. However346

the dose di�erence can reach a maximum of 25% for a few voxels especially in the lung area. For the 1 MeV347

irradiation, the mean di�erence is about 1% except in the central lung inserts. For the 10 MeV neutron energy,348

the mean di�erence is lower than 1% in the whole volume except at the boundaries of the di�erent materials.349

These di�erences are linked to the range of the secondary charged particles responsible for the dose deposition,350

the voxel size and the local dose approximation made by the nTLE algorithm.351

Figure 5: Dose ratio (analog over nTLE) for the di�erent simulated neutron energies.

2.2.2 Statistical uncertainty352

The uncertainty ratios for the di�erent simulated neutron energies are represented in Figure 6. These ratios353

show that a factor of 4 to 20 can be obtained depending on the energies of the incident particles and the354

materials. The nTLE dose algorithm allows thus an increase of the calculation speed up to 400 times compared355

to the DoseActor of GATE. To be able to fully evaluate the gain in the phantom, an uncertainty ratio pro�le356

(Figure 7) has been plotted for each energy across a line in the middle of the slice crossing two lung inserts. It357

appears clearly that the speed gain is a�ected both by neutron energy and medium composition.358
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Figure 6: Uncertainty ratios (analog over nTLE) for the di�erent simulated neutron energies.

Figure 7: Uncertainty ratio pro�les (analog over nTLE) for the di�erent simulated neutron energies along the
black line.

2.3 Voxelised ICRP phantom359

2.3.1 Dose calculation360

The left side of Figure 8 represents the dose ratio map. The mean dose ratio between the analog MC and361

the nTLE of the slice is 0.998 (0.992 in the central area). These results show a very good agreement of the362

nTLE algorithm with the MC method for dose calculation in a realistic radiotherapy case.363

2.3.2 Statistical uncertainty364

Results in terms of statistical uncertainty ratios are shown on Figure 8. For a realistic neutron spectrum in365

a radiotherapy room (mean energy around 1 MeV) and a voxel volume of 35.3 mm3 the mean simulation time366
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Figure 8: Left: Dose ratio (analog over nTLE) ; Right: Uncertainty ratio (analog over nTLE) 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 appears367

to be much lower than the one found with the heterogeneous phantom (voxel size = 1 mm3) at the energy of368

1 MeV. This is due to the fact that the acceleration factor is inversely proportional to the voxel size.369

3 Discussion370

The main goal of this work was to develop an e�cient tool for neutron dose calculation in radiotherapy. The371

results of cylindrical phantom with the monoergetic neutron beams allowed us to evaluate the performances372

of our algorithm and the origin of possible inaccuracies on dose calculation. When considering the thermal373

neutron beam with a voxelisation of 1 mm3, the comparison of the nTLE dose calculation to the MC method374

showed an average di�erence of 7% in the peripheral area of the phantom. This di�erence is due to the local375

dose approximation made in the nTLE method. At the thermal energy, neutrons captured by the H nuclei376

will generate photons of 2.2 MeV that will lead to the production of secondary electrons with energies up to377

2 MeV. The range of these electrons is 1 cm in soft tissue and 4 cm in the lung. In a 1 mm3 voxelised volume,378

in the �rst layers of the volume the generated electrons are too energetic to deposit their dose localy in the379

voxel which leads to an overestimation of the dose by the nTLE in the concerned voxel, the charged particle380

equilibrum not beeing ful�lled. However, deeper in the phantom layers (central area of the phantom), charged381

particle equilibrum becomes etablished which leads to a better dose calculation by the algorithm, with a mean382

di�erence close to 1% with the analog MC. For energies of 1 MeV, this peripheral dose overestimation does not383

appear, since at these energies, the energy is mainly deposited through scattered protons which have a range384

in tissue of less than 1 mm. However, once these neutrons get thermalised and captured by H, photons and385

electrons will be generated which explains the overestimation of the dose in the lung tissue in the middle of the386

phantom, due to the range of the secondary electrons in such a tissue. At this energy the mean di�erence in the387

dose calculation between the dose actor and the nTLE is estimated to be about 1% except for the pulmonary388

region, where the non ful�llment of the CPE condition leads to a maximal di�erence of 20% in comparison389

with the analog MC. When we evaluate the performances of the nTLE at a higher energy such as 10 MeV, the390

dose ratio map shows an accuracy with a mean dose di�erence of 1% with the analog MC except at the voxel391
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delimiting the interface of two di�erent materials.392

When a typical neutron energy spectrum in radiotherapy irradiated the pelvis region of an ICRP phantom,393

the mean discrepancy between the analog MC and the nTLE is less than 1% (mean dose ratio of 0.998 over the394

slice). This is explained on one hand by the fact that in a radiotherapy treatment the main component of the395

spectrum are neutrons with a mean energy of 1 MeV while on the other hand, the ICRP phantom voxel size is396

40 times bigger than the cylindrical phantom voxel size. In such a case the local dose deposition approximation397

made by the algorithm will be more valid and ful�lled. These results highlight both the fact that the nTLE398

allows us to have a good performance in terms of neutron dose calculation and the fact that it is feasible to use399

it in radiotherapy applications.400

Regarding the variance reduction factor, it appears that it is mainly a�ected by the neutron energy, the401

material composition and the voxel size of the phantom. For neutron beams of 25 meV, 1 MeV and 10 MeV,402

the mean gain of computing time in muscle tissue is respectively about 60, 30 and 120 with voxels of 1 mm3.403

At 1 MeV, with a similar voxel size, depending on the considered material, the mean gain of computing time is404

respectively about 200, 30 and 50 for the lung muscle and bone material. For a given voxel size, the cylindrical405

phantom simulation case allowed us to determine the fact that the gain will be increased by two factors: the406

mean free path of the particles and the density of the medium. Indeed, the longer the mean free path of the407

particle, the greater will be the gain, since with the nTLE approach we consider a continuous energy deposition408

in all the voxels crossed by the particle. The density of the medium will also have an impact on the gain as409

shown in Figures 6 and 7, where it clearly appears that the gain is in each case higher in the lung tissue due410

to its lower density in comparison with the bone and squelettal muscle. The change in the voxel size which is411

illustrated by the dose calculation in the pelvis of the phantom, shows a mean drop in the gain by a factor of412

3, which indicates that the variance reduction factor will be higher when �ne spatial resolutions are considered.413

Thanks to the nTLE, the mean gain obtained for dose calculations in the voxelised ICRP phantom is 25 times414

greater than the analog MC.415

4 Conclusion416

The neutron TLE algorithm (nTLE) developped in GATE has proven to be a precise and e�cient tool for417

neutron dose calculation in radiotherapy. By reducing the mean calculation time by a factor 25 for a typical418

radiotherapy neutron spectrum on a computational phantom, the nTLE could be part of a future MC peripheral419

dose computation framework, dealing with neutron dose calculation, in order to systematically and accurately420

evaluate the neutron component generated through the di�erent treatment parameters. The comprehensive421

study of its performances will allow its optimal use, especially when it comes to making the right compromise422

between the voxel size and acceleration factor. Thanks to this tool, the out-of-�eld neutron dose absorbed423

by the radiosensitive organs of a patient will be much easier to track and evaluate. While the present paper424

has focussed on high energy X-ray radiotherapy, the method developped could be used for other radiotherapy425

treatment involving neutrons (protontherapy, neutron capture therapy, hadrontherapy) when the sampling of426

the geometry does not compromise the CPE and local dose deposition approximations.427
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