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Abstract
Objective:The purpose of thework presented herewas to enable easy access toMonteCarlo dose
calculation for both fast neutron therapy and boron neutron capture therapy for research purposes.
The dose calculation approachwas especially intended to hold high customization potential for
individual user applications.Approach:The dose engine is based on theMonteCarlo codeMCNP. It
is integrated into theMATLAB-based open source research treatment planning softwarematRad as
modular component.Main results:Total dose calculation is enabled for both fast neutron therapy
and boronneutron capture therapy on patient CTdata. The evaluation of the dose distribution is
possible using thematRad graphical user interface and dose volume histograms. Customization
options are provided for advanced users. Significance:The open source treatment planning software
allows easy access to highly accurateMonteCarlo dose calculation for research projects.

1. Introduction

The use of neutrons in radiation therapy was first
considered by Locher (1936) who discussed the
therapeutic possibilities of both fast and slow neu-
trons. As already considered by Locher, basically two
treatment modalities - fast neutron therapy (FNT)
and neutron capture therapy - have been investigated
over the last nine decades with varying stages of
availability and clinical acceptance. Neutrons are
classified depending on their energy as thermal with
En� 0.5 eV, epithermal with 0.5 eV <En� 10 keV,
and fast with En > 10 keV (IAEA 2023). Different
properties of the incident neutrons are exploited for
the two treatmentmodalities. Fast neutrons have high
enough energy to produce recoil protons or heavier
secondary ions that in turn produce ionizations along
their tracks leading to cell damage. Neutron capture
therapy is mainly performed with boron and then

called boron neutron capture therapy (BNCT). The
boron isotope B-10 is supposed to be brought into
tumor cells so that the high cross section for thermal
neutron capture reactions of B-10 can be exploited for
cell selective radiotherapy with neutrons. Upon neu-
tron irradiation, B-10 disintegrates into an alpha
particle (He-4) and a recoil lithium nucleus (Li-7)
leading to localized dose deposition. Due to the
produced secondary charged particles, both modal-
ities provide high linear energy transfer (LET) treat-
ments (cf Jones (2020)&Suzuki (2020)).

The experience collected with FNT over the last
decades is summarized in several general and facility-
specific review articles, for example by Jones and
Wambersie (2007), Specht et al (2015), Jones (2020),
and Gordon et al (2022). All mentioned publications
indicate a high biological effectiveness and a low
enhancement by cell oxygenation for fast neutrons as
well as a low dependency of the biological effect on the
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cell cycle.While enthusiastically followed in the 1970s
through 1980s, FNT was abandoned by many centers
due to the observed greater normal tissue toxicity in
comparison to low LET radiation (Specht et al (2015)
&Moffitt et al (2020)).

For some specific treatment indications, remain-
ing interest in the clinical application of FNT as high-
LET radiation modality is present. This is reflected in
recent retrospective publications as for example per-
formed by Loap and Kirova on breast cancer (Loap
and Kirova 2021) or Aljabab et al (Aljabab et al 2021)
on recent experience with irradiation of salivary gland
tumors in a combined neutron-proton treatment
approach.

To our best knowledge, today only one FNT facil-
ity is actively treating cancer patients. At the clinical
neutron therapy system (CNTS) of the University of
Washington in Seattle, USA, high-energy fast neu-
trons are generated from protons with E= 50.5 MeV
incident on a beryllium target (Moffitt et al 2018). The
neutrons produced by the CNTS have depth-dose
characteristics similar to 6 MV x-rays (Moffitt et al
2018) which offers additional skin sparing in contrast
to lower neutron energies. The delivery of intensity
modulated neutron therapy (IMNT) was introduced
with the CNTS in October 2022 ((Sandison et al 2023)
& (Anderson et al 2023)). In addition, a newly devel-
oped imaging device for patient-specific IMNT qual-
ity assurance was recently introduced (Lehnert et al
2025). Patient treatment in the last remaining FNT
facilities in Russia was recently stopped (Gulidov
et al 2023).

In contrast to FNT, BNCT is currently experien-
cing a renaissance especially in China and Japan
(Barth et al 2024). In Japan, BNCT was listed in 2020
as a treatment option reimbursed by Japanese health
insurance companies. One of the driving factors of the
renaissance BNCT is currently experiencing is the
recent development of compact accelerator based
neutron sources that can be installed directly in hospi-
tals (Sauerwein et al 2023). This greatly improves the
accessibility of neutrons and therefore the feasibility
of BNCT.

For both modalities of neutron therapy, accurate
state of the art dose calculation is necessary. As high-
lighted by Jones (2020) for FNT, not including varia-
tions of proton recoils from neutron interaction with
the hydrogen content in an accurate way in routine
dose calculation was one of the reasons why FNT
failed to fulfill its original promises. For BNCT, accu-
rate modeling of high LET interactions in treatment
planning will be of similar importance as for FNT.
This modeling of high LET radiation will include tis-
sue and radiation-type dependencies as well as the
dose-dependence of the relative biological effective-
ness (RBE)with reference toCo-60 radiation. In order
to do so, different models like the local effect model,
the microdosimetric-kinetic model and the repair-

misrepair-fixation model were developed and are
reviewed by Stewart et al (2018).

In general, the commercial availability of treat-
ment planning systems (TPS) for BNCT will be a key
factor for the wide acceptance of BNCT (Barth et al
2024). While for a long period of time only custo-
mized solutions were available for both FNT and
BNCT (Kalet et al (2013) & Barth et al (2024)), a com-
mercial interest in TPS for BNCT is awakened (Ray-
Search (2024) & Neuboron (2024)). Also, a highly
advanced customized solution was realized in the
recent past for FNT with the CNTS in Seattle (Moffitt
et al (2020), Sandison et al (2023), & Moffitt et al
(2023)).

At the research neutron source FRM II in Garch-
ing, the medical applications facility MEDAPP pro-
vides fast fission neutrons for FNT (Wagner et al
2008). An extended area source for fission of uranium
U-235 is used to provide neutrons. While no patients
were treated at MEDAPP since 2015, it is currently
undergoing a general upgrade program in order to re-
establish FNT inGarching. Since no commercial solu-
tion is available, the work presented here started off
with the goal to provide a dose calculation software
for MEDAPP for retrospective dose calculations and
research purposes.

For this purpose, a Monte Carlo dose engine
based on MCNP was integrated into the open source
research treatment planning software matRad (Wie-
ser et al (2017) & Abbani et al (2024)). The presented
matRad extension for neutrons as part of the open
source treatment planning infrastructure allows easy
access and provides high flexibility for customization
for research projects addressing FNT or BNCT. For
example, the evaluation of different neutron spectra
or beam shaping assembly solutions can be realized in
combination with highly accurateMonte Carlo simu-
lation studies on patient CT data. Furthermore, the
dose engine can help to facilitate multi-modality
simulation studies including neutron therapy as per-
formed for example partly using matRad for carbon
ion therapy in combination with BNCT by Han
et al (2023).

2.Methods

2.1.MonteCarlo integration inmatRad
The presented dose calculation engine is based on
the general-purpose Monte Carlo (MC) codeMCNP
6.2 which allows transport calculations for neutron
and gamma radiation as well as for all secondary
charged particles relevant for radiotherapy (Wer-
ner 2017). The dose engine was integrated as a
modular component to run within the MATLAB-
based open source research treatment planning soft-
ware matRad (Wieser et al (2017) & Abbani et al
(2024)). Here, neutrons were added as an
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independent radiation modality and integrated into
the modular DoseEngines package within matRad as
shown in figure 1. matRad provides all features
necessary for forward and inverse treatment plan-
ning like an import tool for planning CT data given
in DICOM standard, a dose-matrix-based optim-
ization algorithm for intensity modulated radiation
therapy (IMRT), and dose visualization and evalua-
tion functions. Themodifications were implemented
to be compatible with the infrastructure of the
DoseEngine package in matRad version Cleve v3.1.0
which was released in 2024 by the German Cancer
Research Center (DKFZ). The implementation at the
state of submission was based on matRad 3.1.0
(Abbani et al 2024) and is available on the branch
research/neutrons of the main matRad repository 7.
The simulations discussed in the following were run
in parallel mode on a virtual Windows 10 machine.
The virtual machine runs on a cluster and is
attributed with 48 Xeon Platinum 8160 CPUs with
2.1 GHz and two logical processors each and 130 GB
of RAM.

2.2.Material definition and segmentation
For theMonteCarlo simulation of radiation transport
and dose deposition in the patient, the relative
elemental tissue compositions (in weight-%) are
defined as given in table 1. Soft tissue, lung tissue, and
skin tissue are defined as tabulated for adults in ICRU
report 46 (ICRU 1992) and cortical bone is defined
according to DeMarco et al (1998). For air, the
elemental composition is defined according to the
material tables provided byNISTNIST (2022).

On a voxel-basis, the CT data is segmented into
four material types by using Hounsfield unit (HU)
intervals according to table 2. A modification of the
HU-based segmentation from DeMarco et al (1998)
was used. After the HU-based segmentation, voxels in
transition regions between air and soft tissue falsely
categorized as lung tissue are reassigned by a nearest

Figure 1.Overview of thematRad infrastructure includingmodular dose engines. The dose calculationworkflow is indicated by
arrows and neutrons as radiationmode are highlighted by the red box.

Table 1.Elemental tissue composition inweight-%used forMC simulations according to ICRU ICRU (1992) (soft tissue,
lung, and skin), DeMarco et al (1998) (bone), andNIST (NIST 2022) (air).

H C N O Na P S Cl Ar K Ca

Soft tissue 10.1 11.1 2.6 76.2 — — — — — — —

Lung 10.3 10.4 3.1 74.9 0.2 0.2 0.3 0.3 — 0.2 —

Skin 10.0 20.4 4.2 64.5 0.2 0.1 0.2 0.3 — 0.1 —

Bone 3.4 15.5 4.2 43.5 — 10.3 — — — — 22.5

Air — — 75.5 23.2 — — — — 1.3 — —

Table 2.Hounsfield unit intervals for tissue segmentation of
CTdata.

Material Air Lung tissue Soft tissue Bone

HUvalues < −950 −950 to−200 −200 to 280 > 280

7
https://github.com/e0404/matRad/tree/research/neutrons
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neighbor search. Voxels without a neighboring lung
voxel within a default distance of three voxels are reas-
signed to air or soft tissue by a predefined HU value.
In cases where a lung volume is contoured on the CT
data, all other voxels are reassigned to air or soft tis-
sue. If no pre-segmented lung contour is given, an
auto-segmentation is applied by searching for the lar-
gest coherent voxel accumulation of lung tissue from
the segmentation.Here, using a pre-defined lung con-
tour is favorable.

Material densities are calculated on a voxel basis
from HU with a MATLAB function provided by
Treeby and Cox (2010) according to Schneider et al
(1996). A skin layer with default thickness of 1 mm is
fitted around the patient by extending the body con-
tour within the patient by a nearest-neighbor-
approach. The voxels in this layer are assigned to skin
tissue and regardless of the default skin thickness, the
minimum layer thickness is one voxel. For the defini-
tion of the transportmedium, the densities of the four
tissue types are set to the mean densities of the voxels
assigned to the respective tissue types.

For BNCT, a PTV contour named PTV_BNCT is
required and all associated voxels are automatically
re-defined to contain soft tissue with a homogeneous
default B-10 concentration of 20 μg per gram tissue.
No B-10 is added to voxels outside this contour. The
HU intervals for tissue segmentation, the B-10 con-
centration, and additional simulation parameters are
accessible via the MATLAB script matRad_gen-
VarCT2tissueConversion.m located in the MCNP
folder in matRad. Using this script, the list of tissue
types with corresponding HU intervals can be mod-
ified by the user to addmore tissue types.

2.3. Simulation volume, dose tallies, and transport
physics
For the MC simulation, the voxelized simulation
volume is set up usingMCNPmaterial universes. The
simulation voxel dimensions can differ from the voxel
dimensions of the CT and can be defined in the
matRad graphical user interface (GUI) before the dose
calculation. Surrounding the voxel geometry, an air
layer of thickness dlayer = 180 cm is added for source
positioning. Particles leaving the simulation volume
are deleted so that no back-scattering is considered.
The total dose deposition from secondary charged
particle interactions within the voxels is recorded
using a TMESH type3mesh tally. TMESH tallies allow
an adequate recording of net energy depositionwithin
each voxel considering all transported primary and
secondary particle species entering and leaving or
being generated in the voxel. ForMCNP accuracy and
precision inspection, the mean, median, and max-
imum relative errors for every contoured region of
interest in the CT data set are read from the MCNP
output and calculated from all voxels with non-zero
dose values associated to the respective contours. In

general, relative errors below 10% or even 5%
are recommended X-5 Monte Carlo Team (2003)
[p. 2-116] forMCNP tallies.

For accurate dose calculations, particle transport
is switched on in MCNP using the MODE-card for
neutrons, photons, electrons, protons, deuterons,
3He,α-particles, and all heavier ions. The default phy-
sics settings inMCNP set by the PHYS-cards are partly
changed for neutrons, photons, and ions. For neu-
trons, the default PHYS-keyword is changed to switch
on light-ion recoil and to enable the neutron capture
ion algorithm especially important for BNCT (Streit-
matter et al 2020). Photon physics is changed from
default to switch on implicit photonuclear particle
production. For protons, light-ion recoil and δ-ray
production are activated and for all ions heavier than
protons, δ-ray production is also turned on. As
recommended in the MCNPmanual, the LCA card is
used to select CEM03.03 and LAQGSM03.03 models
instead of the defaultmodel.

In order to use the latest cross section tables pro-
vided in the standard package of MCNP version 6.2,
the tabulated interaction probabilities and cross
sections are loaded from the evaluated nuclear data
files (ENDF) database version ENDF/B-VII.1 (Chad-
wick et al 2011) by default. Again, theMATLAB script
matRad_genVarCT2tissueConversion.m can be mod-
ified by the user to change the cross section library for
example to the latest ENDF version in case it is avail-
able on the user’smachine.

The cutoff energies for neutrons, gammas, elec-
trons, protons, and ions are set to Ecut,n = 0.01 meV,
Ecut,γ = 3 keV, Ecut,e = 50 keV, Ecut,p = 1MeV, and
Ecut,ions = 1MeV, respectively, using the CUT-card.
Cutoff energies were selected so that the associated
mean free path lengths for neutrons and gammas and
the ranges obtained with the continuous slowing
down approximations for charged particles are well
below 1 mm. Therefore, minimum voxel extensions
down to 1 mmdonot introduce systematic errors.

For variance reduction, the cell importance func-
tion of MCNP is implemented and the user is pro-
vided with the option to change the default cell
importance of IMP= 5 to tissue-specific values.

2.4.Neutron sources
2.4.1.matRad treatmentmachines
For the source definition, two options are implemen-
ted. As first option, the user can integrate area sources
to define radiation fields with particle energy and
velocity vector distributions stored in MCNP RSSA
files from preceding MCNP simulations. While this
option - hereinafter referred to as predefined field
approach - provides the potential to incorporate
individual radiation source characteristics, it also
needs substantial hands-on activity to account for the
particularities of the considered radiation source.
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The second option adopts the approach for inten-
sity modulated radiation therapy (IMRT) imple-
mented in matRad for irradiations with an isocentric
setup. In this approach - hereinafter referred to as
bixel approach, the radiation field is subdivided into
several quadratic rays of predefined size (bixels).
Here, an area source is defined for starting particles in
MCNP. The initial energy spectrum is read from the
matRadmachine file. In the machine file, the user can
optionally define a maximum angle for the velocity
vector distribution with respect to the surface source
normal. In cases where no opening angle is defined, a
mono-directional surface source is set in MCNP. The
set-up of a pure photon source or a mixed neutron-
gamma source is realized in the same way and can be
selectedwith themachine files inmatRad.

For BNCT calculations, the user can also define a
circular source parameter in the matRad machine file
so that the bixel size is interpreted as diameter for the
set-up of the surface source. Machine files can also be
added in order to include customized neutron
spectra.

2.4.2. Neutron sources for demonstration purposes
For demonstration purposes, MC dose calculations
were performed for two neutron sources.

FNT treatment at MEDAPP: First, the predefined
field approach is used for a retrospective dose calcul-
ation for an actual FNT treatment performed in 2012
with fast fission neutrons at the MEDAPP facility in
Garching (Wagner et al 2008). AtMEDAPP, neutrons
with a mean energy of En = 1.9 MeV are generated by
fission of uranium 235U so that a mixed neutron-
gamma radiation field is applied to the patient. For
this example, the treatment field according to the set-
tings of the multi leaf collimator (MLC) was calcu-
lated beforehand and recorded at the MLC exit in an
RSSA file. The neutron and gamma fluence at irradia-
tion position as investigated by Breitkreutz et al
(2008) and Jungwirth et al (2012) were used as input.
In order to simulate the neutron and the gamma dose
individually, two separate MC dose calculations were
run by reading the respective source particles from the
RSSA file. The patient suffered from an adenocystic
carcinoma in the submandibular gland and due to the
beginning infiltration of the surrounding tissue a
large planning target volume (PTV)was contoured on
the planning CT. The voxel size of the planning CT
scan is 1.5 mm and 3 mm in lateral and axial direc-
tion, respectively. For the FNT treatment atMEDAPP
with a prescribed combined neutron and gamma dose
of 6 Gy delivered in four fractions an irradiation time
of 105 sec for each fractionwas used in 2012.

BNCT treatment: As a second example, this time
for a BNCT scenario, an epithermal neutron spec-
trum from a D-T neutron generator in combination
with an ideal beam shaping assembly as discussed by
Verbeke et al (2000) was used. The source was defined

as one monodirectional circular field with a diameter
of 45 mm. The same planning CT from the retro-
spective examplewas used.

In the contour set, the submandibular gland was
renamed to PTV_BNCT so that it is recognized by the
dose engine as PTV for BNCT and the PTV was
deleted. The 10B-concentration was increased from
the default value to 30 μg per gram tissue and the
cross section library was changed to ENDF/B-VIII.0
including the fix for the 10B cross section
(LANL 2022). The dose deposition was optimized to a
mean physical dose of 6 Gy in the newBNCTPTV.

3. Results

3.1.Dose calculation example for fast neutron
therapy atMEDAPP
Segmentation and post-processing results
The planning CT for the retrospective dose calcul-
ation contains Hounsfield Units ranging from

=HU 1000min to =HU 3071max . After the auto-
matic segmentation based on HU intervals, a skin
layer with the default thickness was added. The data
set contains a total number of 607569 voxels. The
calculated mean densities for the three tissue types
soft tissue (st), skin (sk), and bone (b) are
ρst,mean = (1.007 ± 0.115) g cm−3, ρsk,mean = (1.014 ±
0.260) g cm−3, and ρb,mean= (1.555± 0.348) g cm−3.

The contour information including the automatic
segmentation into the three main tissue types is given
as overlay on the CT data in figure 2. For theMC calc-
ulation, all voxels inside the patient except for air cav-
ities, the contoured bone, and skin regions are passed
to MCNP as soft tissue. This means the elemental
composition of other manually contoured regions
like the PTV and themyelon shown in figure 2 is iden-
tical to soft tissue. The matRad isocenter is indicated
by the black cross.

Retrospective dose calculation
According to the records of the irradiation position of
the patient, the surface source was positioned using
the pre-calculated RSSA file at a distance of 54 cm
from the patient surface. The calculated total neutron
and gamma dose for one fraction is shown in axial
view in figure 3. Here, isodose lines indicate doses
from 0.25 Gy to 1.25 Gy with equal spacing of
0.25 Gy. The maximum total dose was calculated to
be Dmax = 1.499 Gy which nearly coincides with the
prescribed dose per fraction of D = 1.5 Gy. A
maximum neutron dose of Dn,max = 1.269 Gy and a
maximum gamma dose of D ,max = 0.321 Gy are
reported.

For a quantitative evaluation, the DVHwas calcu-
lated withmatRad and is shown in figure 4. For exam-
ple, 95% of the PTV volume are covered by 0.735 Gy
and 50% by 1.227 Gy. The maximum dose to organs
at risk like the brainstem, larynx, myelon, and skin
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were calculated to be 0.070 Gy, 0.988 Gy, 0.411 Gy,
and 1.418 Gy, respectively. The mean dose to the lar-
ynx is 0.463 Gy.

Computational aspects of retrospective dose calculation
The MC calculations and data storage operations for
the individual beam components were executed by

Figure 2.Axial view of the planningCT for retrospective dose calculation includingmanually contoured regions of interest and
tissue types fromauto-segmentation. The isocenter is indicated as black cross.

Figure 3.Result of retrospective total dose calculation usingMCNP for one fraction.
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MCNP for neutrons and gammas within a time of
8 − 12 h for 1.1× 107 starting particles read from the
RSSA file. The calculation was executed in parallel
mode using 20 CPUs of the virtual machine. About
20 GB of RAM were sufficient to run the individual
simulations. In general, the RAM requirements will
depend on the size of the computational grid and the
size of the RSSAfile.

For both beam components, relative error infor-
mation is provided in table 3. Maximum, mean, and
median relative errors are given for the whole body -
i.e. all voxels inside the body contour - and for selec-
ted volumes of interest like the PTV or the brainstem.
As indicated in table 3, the 5%-criterion is met for the
mean relative error for all contours except the brain.

3.2.Dose calculation example for boronneutron
capture therapy
BNCTdose calculation
For the BNCT example, the calculated total dose is
shown in axial view in figure 5 where the original PTV
is deleted and the new PTV for BNCT coincides with
the submandibular gland contour. With the optim-
ization to a mean dose of Dmean = 6.0 Gy in the new

PTV, a maximum physical dose of Dmax = 6.9 Gy was
calculated. Isodose lines are plotted between 0.5 Gy
and 6.5Gywith spacing of 0.5Gy.

The DVH as computed with matRad is shown in
figure 6. For the hypothetical scenario shown here
where B-10 is only enriched in the PTV, significant
sparing of the organs at risk surrounding the PTV is
observed. High maximum dose values above 2 Gy
were calculated for the skin, the mandibula, the right
parotid gland, and bone. Since no overlap with the
PTV for BNCT exists and therefore no B-10 is present
in these contours, the dose deposition in these organs
in due to irradiationwith neutrons.

Computational aspects of BNCTdose calculation
The dose calculation and tally processing for 2 × 108

starting neutrons took around 16 hours using 42
CPUs. The relative error information for the dose
calculation is provided in table 4. Maximum, mean,
and median relative errors are given for the body
contour and for selected contours like the new PTV
for BNCT. The 5%-criterion is met for the mean
relative error for all contours except the brain.

Figure 4.DVHcalculated from retrospective dose calculation usingMCNP.

Table 3.Maximum,mean, andmedian relative error information calculated fromMCNP tally-
output for the two beam components for selected contours.

Neutron statistics (rel. error) Gamma statistics (rel. error)

maximum mean median maximum mean median

Body 100% 2.2% 1.4% 100% 5.6% 3.8%

PTV 1.8% 0.7% 0.7% 5.5% 0.8% 0.7%

Subm. gland 0.8% 0.7% 0.7% 0.8% 0.7% 0.7%

Brainstem 5.3% 1.1% 1.1% 13.3% 4.3% 4.4%

Laryxn 98.3% 2.8% 1.2% 100% 2.7% 1.1%

Mandibula 2.9% 1.2% 1.1% 19.1% 1.8% 1.0%

Myelon 2.4% 1.1% 1.1% 27.2% 2.8% 2.4%

Brain 15.4% 1.6% 1.5% 60.9% 5.9% 5.8%

Bone 36.6% 3.0% 1.5% 80.0% 4.9% 3.6%
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4.Discussion

4.1. CTprocessing and segmentation
Within the standard deviation, the calculated
mean densities ρst,mean = (1.007 ± 0.115) g cm−3,
ρsk,mean = (1.014 ± 0.260) g cm−3, and ρb,mean =
(1.555 ± 0.348) g cm−3 agree with the reference values
ρst,NIST = 1.000 g cm−3, ρsk,NIST = 1.100 g cm−3, and
ρb,NIST = 1.850 g cm−3 provided by NIST NIST (2022).
Here, the difference between themeandensity calculated
for soft tissue and the reference value is below 1% and
therefore negligible. For skin and bone, calculated
densities are about 8% respectively 16% lower than the
reference values.

Given the large standard deviations especially for
bone and skin tissue, further advancement of the con-
version of HU to density and the whole segmentation
process is advisable. This could be realized by adopt-
ing the method suggested by Schneider et al (2000).
For the segmentation, the HU scale is there divided
into 24 bins and used as input for Monte Carlo simu-
lations. Also, Schneider et al (2000) used densities cal-
culated for each voxel individually.

4.2. Retrospective dose calculation
As expected, good agreement with the prescribed
maximum dose in the PTV for one fraction was
achieved with the predefined field approach for the
retrospective dose calculation. As shown in figure 3,
the dose deposition from the mixed neutron gamma

radiation field in bone tissue is significantly reduced.
This is due to the low hydrogen content in bone in
comparison to soft tissue.

With the performance evaluation of the Monte
Carlo dose calculation approach in water in a preced-
ing work (Sommer et al 2024) using the same geo-
metry of the MEDAPP beam tube, good confidence
exists in the predefined field approach. This holds true
even though the designs of the MLC used in Sommer
et al (2024) and the one used for the retrospective calc-
ulation differ. Nevertheless, a verification in hetero-
geneous media is pending. Unfortunately, this was
not possible due to an ongoing shutdown of FRM II
since 2020.

For retrospective evaluation of FNT treatments
with fast fission neutrons at MEDAPP, the presented
dose calculation approach can be used for the inspec-
tion of the dose distribution including the evaluation
using DVHs. Running two simulations for the respec-
tive beam components offers the benefit to separate
between dose deposition from primary neutron and
gamma radiation. While only available for retro-
spective evaluation, the results from the dose calcul-
ation will be valuable to correlate the outcome of the
followupwith the reported dose.

4.3. BNCTdose calculation
As reported in figure 5 and the DVH in figure 6, the
general benefits of BNCT regarding selective dose

Figure 5.Result of total dose calculation usingMCNP for a BNCTfield. The submandibular gland is redefinedwith a B-10
concentration of 30 μg g−1. The optimizationwas performedwith the objective of ameanPTVdose of 6Gy.
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deposition is shown. Nevertheless, the restriction of
B-10 into the tumor volume is an oversimplification.

Here, the BNCT example only gives an impression
of the dose calculation options now introduced for
BNCT with matRad and the chosen bixel approach
using a mono-directional neutron beam is not a rea-
listic scenario. It should be noted that at this point
only the total dose from MCNP is available within
matRad while for an accurate BNCT dose calculation,
the separation of the dose into contributions from
B-10 neutron capture, secondary gammas, fast neu-
trons, and thermal neutron capture reactions by
nitrogen is crucial (IAEA 2023).

4.4. Relative computational errors
Since the simulation volume is separated into a large
number of voxels that are partly located outside the
irradiation site, the criterion for relative errors below
10% cannot be matched for all voxels in a reasonable
computation time. Nevertheless, maximum, mean,
and median values as reported in matRad given in
tables 3 and 4 allow an insight into the precision and
partly also into the accuracy of the dose calculations.

For some volumes of interest like the larynx and
for the whole body maximum relative errors up to

100% are reported. The main reason for that are una-
voidable large uncertainties in voxels outside the irra-
diation field.

To gain confidence about the simulation outcome
in terms of the relative error, it should be sufficient to
run simulations with a large enough number of start-
ing particles to achieve mean and median errors of
around 10% as recommended for MCNP. For both
examples the number of starting particles was set high
enough to reach relative errors around 5%. For the
retrospective FNT example 1.1× 107 starting particles
were set and for the BNCT example 2× 108.

In all cases the maximum error should be exam-
ined carefully with regard to the location of the con-
sidered volume. In case a large maximum error is
reported for a structure located directly within the
irradiation field, the simulation input should be revis-
ited. In such cases, the sampling of regions of interest
inside the radiation field is likely to be inaccurate.

In addition to the MC statistics, the accuracy of
the dose calculation is influenced by the input spec-
trum, the velocity vector distribution written to the
RSSA file, and the approximations made with the
bixel approach.

4.5. Customization andpotential for research
The open source approach of matRad and the already
introduced options for customization of the machine
file give a good starting point for the use in BNCT
research with a homogeneous B-10 concentration in
the PTV. To allow dose calculation with heteroge-
neous B-10 concentrations, a user could modify the
list of predefined materials and the segmentation
function to recognize additional contours with pre-
definedB-10 concentrations and specific names.

Treatment planning for research purposes with
matRad is easy to use and the neutron spectra inclu-
ded in the machine files are easy to adopt without
required knowledge of MCNP. For advanced users,

Table 4.Maximum,mean, andmedian relative error
information calculated fromMCNP tally-output for selected
contours.

Neutron statistics (rel. error)

maximum mean median

Body 100% 4.8% 4.1%

PTV/Subm. gland 0.5% 0.4% 0.4%

Brainstem 5.3% 4.3% 4.3%

Laryxn 100% 3.7% 3.4%

Mandibula 7.3% 3.1% 3.3%

Myelon 5.5% 3.5% 3.3%

Brain 10.4% 5.2% 5.0%

Figure 6.DVHcalculated fromBNCTdose calculation usingMCNP.
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the option to include predefined source files provides
high flexibility for customization.

matRad also supports dose calculation for differ-
ent radiation modalities including photons and
charged particles. Results from treatment planning
can be saved from the GUI to the matRad-specific
MATLAB variables. The dose calculation results
including RBE weighted dose where available for dif-
ferent radiation modalities can then be inspected
directly in the GUI or processed further in MATLAB.
To generate multi-modal treatment plans, summa-
tion of the matRad-specific MATLAB variables con-
taining results for different modalities is possible with
basic MATLAB knowledge and results can be inspec-
ted in thematRadGUI.

5. Conclusion

With the presented MC neutron dose engine for
matRad, a general purpose implementation for dose
calculation for FNT andBNCT is introduced based on
the well established particle transport code MCNP.
Here, the DoseEngine infrastructure of matRad
allowed the addition of the newneutronmodality.

The discussed technical requirements to run dose
calculations with acceptableMC statistics in a reason-
able runtime of less then 24 h for one field should pose
no significant obstacle in terms of hardware costs.

The dose calculation is limited to the total physical
dose. In order to allow the separation of different dose
components important for neutron therapy, the
advancements of theMCdose engine to include parti-
cle specific tallies for individual inspection and RBE
modeling is pursued.

In addition, the verification of the dose calcul-
ation approach in heterogeneousmedia is planned for
the future.
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