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a b s t r a c t

There has been increasing interest in combining Boron Neutron Capture Therapy (BNCT) with standard

radiotherapy, either concomitantly or as a BNCT treatment of a recurrent tumor that was previously

irradiated with a medical electron linear accelerator (LINAC). In this work we report the simulated

dosimetry of treatments combining X-rays and BNCT

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Radiotherapy is one of the standard treatments for many
malignancies. According to the United States National Cancer
Institute 50% of cancer patients are treated with radiation therapy
in some stage of their treatment, either alone, or in combination
with other types of cancer treatment.

It is also known that some of these malignancies will recur, and,
if standard radiation therapy is intended to be used again, the dose
to the tumor may be limited by the dose already delivered to normal
tissues. BNCT appears to be a good alternative to treat this kind of
cases, as the differential boron uptake in tumor cells makes it
possible to prescribe high doses to the tumor, while keeping the
doses in normal tissues well below tolerance values (Kato et al.,
2009; Kimura et al., 2009; Kankaanranta et al., 2007). Some authors
have also shown that combined BNCT and standard fractionated
radiation therapy could lead to a therapeutic gain in some highly
malignant tumors (Barth et al., 2004; Matusumura et al., 2009).
There are new ongoing clinical trials combining BNCT with standard
fractionated radiotherapy and chemotherapy (Yamamoto et al.,
2010, Kawabata et al., 2010) to treat newly diagnosed malignant
glioblastoma

In order to calculate the combined dosimetry of a patient, who
has to undergo different radiation regimes, and evaluate normal
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tissue complication probabilities, dose–volume histograms (DVHs)
that combine the results of the different phases of the treatment are
useful.

This work describes the generation of an accelerator model
that can be included in the tools currently used to evaluate
treatment planning in the Argentine BNCT protocols. The results
of a simulated combined standard fractionated radiation therapy
and BNCT treatment for a clinical case are also shown.
2. Materials and methods

2.1. Monte Carlo Modeling of a LINAC and generation of the X-ray

source

In a first step, a model of a Siemens Primus Linear Accelerator
was developed and adjusted with experimental data. This LINAC
is installed at the Radiation Therapy Department of Instituto de
Oncologı́a ‘‘Ángel H. Roffo’’.

The detailed geometry and composition of all components in the
beamline were provided by the manufacturer – Siemens Healthcare,
USA – and was modeled in the MCNP5 (LANL, 2003) code. Accord-
ing to the work by several authors (Mohan and Chui, 1985;
Sheik-Bagheri and Rogers, 2002), the parameters of the electron
beam impinging on the target were adjusted with experimental data
available at the hospital, namely depth–dose curves and lateral dose
profiles measured in a Scanditronix–Wellhoffer water phantom with
a 0.3 cc PTW ionization chamber. The energy and spatial distribution
of the electron beam were assumed to be Gaussian. The initial
parameters for the 6 MV X-Ray beam, namely, full width at half
maximum (FWHM) and mean of the electron energy distribution,
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and its spatial FWHM were also provided by the manufacturer.
These parameters were then corrected to match experimental data:
the mean energy of the beam was adjusted according measured
depth–dose curves and the spatial width was adjusted to match the
lateral dose profiles at 10 cm depth, beyond the range of the
contaminant secondary electrons produced in the collimator jaws.
Adjustments in the FWHM and mean value of the electron energy
distribution were made iteratively until the differences between
measured and calculated values were within the tolerances recom-
mended by international protocols (IAEA, 2004). The MCNP simula-
tion was performed, 5�107 source electron histories were run, and
the ITS electron transport algorithm was used. In order to minimize
calculation times, a photon cut-off energy of 10 keV was chosen for
all cells. The electron cut-off energy was selected cell by cell:
100 keV in critical cells such as target and water phantom and
1.5 MeV in collimators.

The resulting accelerator model was used to generate a planar
track-by-track surface source in a plane located between the
accelerator monitor chambers and the secondary collimators that
define the beam size (see Fig. 1); in this way, the patient dependent
elements such as secondary collimators, blocks, or wedges can be
adjusted to provide the desired configuration, without performing
the transport in the whole geometry. No variance reduction meth-
ods were used to generate the surface source, and both photon and
electron cut-off energies were 10 keV. Calculations in a water
phantom were performed once more with this source, and com-
pared with experimental data. The LINAC calibration factor in
reference conditions was used to calculate a normalization factor
for the photon source, in terms of the LINAC’s monitor units.

The generated surface source, fully compatible with NCTPlan
(González et al., 2002a; González et al., 2005) treatment planning
system (TPS) was ultimately used to perform the calculations in
the patient geometry.

2.2. Neutron source

An accelerator-based BNCT (AB-BNCT) source, currently under
development at the CNEA, was chosen to provide the neutron
beam. Based on the 7Li(p,n)7Be reaction at 2.6 MeV and 30 mA
(Lee and Zhou, 1999) theoretical neutron yield for this reac-
tion was considered for a lithium fluoride target. An optimized
beam shaping assembly (Minsky et al., 2010) was employed to
obtain an epithermal neutron beam centered at approximately
10 keV.
Fig. 1. Main LINAC components in the accelerator beamline: target (a), primary

collimator (b), flattening filter (c), monitor chambers (d), and secondary collimators (e).
2.3. Patient geometry, treatment planning, and dose evaluation

As an example to test the implementation of the accelerator
X-Ray source and the combination of a standard X-Ray treatment
and a BNCT treatment, a CT study of a patient with a central nervous
system tumor was used. The CT stack was voxelized using NCTPlan,
following the same procedure used for treatment planning in the
Argentine metastatic cutaneous melanoma clinical trial. This voxel
model was used to perform the calculations for both the X-Ray and
the mixed neutron–gamma BNCT beam. NCTPlan was also used to
position the radiation beams and prepare the input file for the
MCNP code for both treatments. The variable secondary collimator
was considered part of the modeled geometry. In this way, only one
planar source is needed, and the aperture of the collimator jaws can
be adjusted to fit each individual case. Although the secondary
collimator geometry is fairly simple, the selected strategy was to fix
the planar source and the secondary collimator, and rotate the
patient geometry around them.

Once the output files for each beam have been calculated, they
were used as input in NCTPlan to display the isodose curves. The
DVHs were calculated with DVHTool system (González et al.,
2002b) for two regions of interest, brain and tumor.
3. Results and discussion

3.1. LINAC model

The dose was calculated tallying the photon flux (F4:P in
MCNP), multiplied by the absorption coefficients in water, as is
the standard procedure in BNCT gamma dose calculations.

To establish the agreement between the calculated and the
measured data for the LINAC model, depth–dose curves and
lateral beam profiles for beam sizes of 5�5, 10�10, 20�20,
and 40�40 cm2, were used.

The first evaluated magnitude was the beam quality index, D10
20 as

defined in IAEA TRS 398 (IAEA, 2000). This is calculated as the
quotient of the dose at 20 and 10 cm depths, and is used in standard
radiotherapy beams as an indicator of the photon spectrum. The
calculated D10,calc

20 is 0.575 and the measured D10,meas
20 0.580.

The indicator suggested in international protocols (IAEA, 2004)
to quantify deviations between the results of calculations and
measurements in depth–dose curves and lateral profiles is the
percent relative difference, d.

According to the work of Venselaar et al. (2001) and interna-
tional protocols, d values are calculated separating depth–dose
curves and lateral beam profiles in different regions: d1 measures
the relative difference in depth–dose curves in the central beam
axis for the high dose–low gradient region; d2 measures relative
differences in high dose–high gradient regions (build-up region in
depth–dose curves and penumbra in lateral profiles); d3 takes into
account relative differences in high dose–low gradient regions in
lateral profiles; d4 measures the dose differences in points outside
the radiation beam.

Table 1 shows the results of the evaluation and the corre-
sponding tolerance values for the above mentioned regions As can
be observed in the table, all evaluated quantities are within the
recommendations of IAEA TRS-430,except for the build-up region.
Although the product of photon flux and the absorption coeffi-
cient in water is considered a reasonable and conservative
quantity to represent the dose in BNCT, it highly overestimates
the actual dose in the build-up region for the case of megavoltage
X-rays. In order to improve the dose estimation in the build-up
region, a second try was to calculate the average electron flux
modified by the energy-dependent response function given by the
collision stopping power taken from NIST. This strategy provides a
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much better agreement in the build-up zone, with d2¼4.4%
(2 mm), and was chosen instead of an energy deposition tally
such as nF8, because results with both methods are coincident
within statistical errors, and the track length estimator F4 allows
the use of the FMESH tool, making calculations much faster. It
should be noted that results computed in this manner have a
higher statistical error than those obtained with the photon flux
for the same number of source particles (3.5% vs. 0.7%).

3.2. Treatment planning and dose evaluation

The selected beam arrangement consisted in one BNCT poster-
ior field (beam aperture 25�25 cm2) and two lateral opposed,
5�5 cm2, 6 MV photon fields. Although this is not a beam confi-
guration normally chosen in a 3D X-ray conformal treatment, the
Fig. 2. Isodose curves for normal tissue, calculated using (a) photon flux and

(b) electron flux. The CT slice in each case corresponds to the location of the global

maximum for normal tissue (cross), chosen as normalization value. 90% isodose

reaches the skin in case (a), while it closes deeper in tissue in case (b).

Table 1

Relative differences ‘‘d’’ between measured and calculated doses in different

regions of interest as defined by Venselaar (2001) and recommended by interna-

tional protocols (IAEA, 2004); d1 defined in high dose–low gradient region in PDD

curve, d2 in high dose–high gradient region, d3 calculated in high dose–low

gradient region in lateral profiles, and d4 outside the radiation field.

Region d based on F4:P d Recommended (TRS-430)

d1 1% 2%

d2 (build-up) 21% 5 mm 10% or 2 mm

d2 (penumbra) 10% 1 mm

d3 2% 3%

d4 25% 30%
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Fig.3. DVHs generated by DVHTool for: (a) normal bra
isodose curves for this simple arrangement are well known and
thus allow visualizing the contribution of each type of treatment
to the total isodoses, and make noticeable any problem in the
beam location. The X-ray dose was 50 Gy in 25 fractions; the
BNCT dose was chosen so the maximum dose in normal brain due
to both treatments was 16 Gy-Eq. Single fraction equivalent dose
for the X-treatment was calculated using the standard linear
quadratic model.

Fig. 2(a) and (b) shows the dose distribution in normal tissue
for a simulated X-ray–BNCT combined treatment, calculated
using photon and electron flux, respectively. The displayed iso-
dose curves are normalized to the normal tissue maximum dose
and were calculated using the kerma factors for skin. It can be
observed that the main contribution for the dose in normal brain
is due to the X-Ray fields, and the difference in the skin dose is
noticeable, depending on the tally used to evaluate the dose.

In Fig. 3 the DVHs for the simulated treatment are shown. They
were calculated with DVHTool, using the MCNP output and a
Region Of Interest (ROI) file generated with NCTPlan. The dose
files were calculated with the F4:E tally (Fig. 3(a) and (b)).
4. Conclusions

The LINAC model provided an easily handled planar surface
source that could be used in treatment planning systems cur-
rently employed in the Argentine clinical trials to generate the
MCNP input and perform the treatment planning calculations.
The resulting dose matrix was compatible with NCTPlan, without
needing any modification, and the dose distributions could be
displayed and DVHs calculated in DVHTool. The generated LINAC
model is then ready to be used to perform calculations for a
combined treatment.

When using average photon flux to calculate the dose due to
the LINAC source, the overestimation of the dose in the build-up
region leads to a false maximum dose on the skin in the simulated
clinical case. This may be an important aspect of dose evaluation,
especially in cases where skin is considered an organ at risk, and
thus it can limit the dose administered to the target. This
miscalculation can be avoided using the electron flux to estimate
the dose; however, in order to obtain similar statistical errors, the
number of histories (and consequently, the computation time)
needs to be increased, compared with the time needed when
calculating photon flux. For this case, variance reduction techni-
ques should be used to minimize the computation time and to
attain acceptable statistical errors. The use of such techniques in
our calculations is being implemented.
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in and (b) tumor. Dose calculated with F4:E tally.
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González, S.J., Carando, D.G.., Santa Cruz, G..A., Zamenhof, R.G., 2005. Voxel model
in BNCT treatment planning: performance analysis and improvements. Phys.
Med. Biol. 50, 441–458.
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