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Photoneutron Dose Estimation in GRID Therapy Using an

Anthropomorphic Phantom: A Monte Carlo Study

Abstract

Background: In the past, GRID therapy was used as a treatment modality for the treatment of bulky
and deeply seated tumors with orthovoltage beams. Now and with the introduction of megavoltage
beams to radiotherapy, some of the radiotherapy institutes use GRID therapy with megavoltage
photons for the palliative treatment of bulky tumors. Since GRID can be a barrier for weakening the
photoneutrons produced in the head of medical linear accelerators (LINAC), as well as a secondary
source for producing photoneutrons, therefore, in terms of radiation protection, it is important to
evaluate the GRID effect on photoneutron dose to the patients. Methods: In this study, using the
Monte Carlo code MCNPX, a full model of a LINAC was simulated and verified. The neutron source
strength of the LINAC (Q), the distributions of flux (¢), and ambient dose equivalent (H*[10]) of
neutrons were calculated on the treatment table in both cases of with/without the GRID. Finally,
absorbed dose and dose equivalent of neutrons in some of the tissues/organs of MIRD phantom
were computed with/without the GRID. Results: Our results indicate that the GRID increases the
production of the photoneutrons in the LINAC head only by 0.3%. The calculations in the MIRD
phantom show that neutron dose in the organs/tissues covered by the GRID is on average by 48%
lower than conventional radiotherapy. In addition, in the uncovered organs (by the GRID), this
amount is reduced to 25%. Conclusion: Based on the findings of this study, in GRID therapy
technique compared to conventional radiotherapy, the neutron dose in the tissues/organs of the body
is dramatically reduced. Therefore, there will be no concern about the GRID effect on the increase of
unwanted neutron dose, and consequently the risk of secondary cancer.

Keywords: GRID therapy, linear accelerator, MIRD phantom, Monte Carlo simulation,
photoneutron contamination

Introduction uniform spatial dose distribution,® the use
of orthovoltage beams and subsequently
GRID therapy were stopped. However,
studies have recently been conducted
to suggest that GRID therapy with
megavoltage photons can be useful in
palliative treatments of bulky tumors or in

treating tumors that do not respond well to

GRID therapy or spatially fractionated
radiotherapy is a treatment modality, in
which a high dose of radiation (15-20 Gy)
in a single fraction is given to the tumor.
This technique previously was used to
treat bulky and deeply seated tumors with
orthovoltage beams.!'? These tumors

should be irradiated under large field sizes
that cause significant damage to the skin
and normal tissue surrounding the tumor.34
Using GRID therapy allowed to reduce
the amount of damage by shielding a part
of the field and turning it into a large
number of small fields.”™ By introducing
linear accelerators (LINACs) in the field
of radiotherapy that enables to produce
megavoltage beams with advantages such
as good skin sparing, less scattering,
sharp field edges, small penumbra and
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conventional radiotherapy.l’-1%

Despite the advantages mentioned for
megavoltage therapies, there has always
been concern about the unwanted
production of photoneutrons by LINAC
head in treating with energies above
10 MeV. The dominant mechanism in
the production of photoneutrons by the
LINAC head component is the giant dipole
resonance process (Y, 7). In other words,
when the energy of the photon is greater
than the energy necessary to separate the
last of the nucleus neutron, the photon is
able to divide its energy between nucleons
and separate a neutron from it, which
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is less bounded to the nucleus than other neutrons. Such
neutrons are called evaporation neutrons. In addition, the
incoming photon can directly give its energy to a neutron
and cause its separation from the nucleus. Such neutrons
will be called knock-on neutrons.['!2!

Some parts of the LINAC head such as target, primary
collimator, secondary collimator, and jaws are made up of
elements with high atomic numbers, such as tungsten and
lead. The average threshold energy of these elements for
the occurrence of the (y, n) interactions is low, respectively,
7.45 and 7.40 MeV,!3! which results in the production
of a significant amount of photoneutrons in the LINAC
head. Since the energies of these photoneutrons lie in the
fast neutron region and also the fast neutrons have higher
radiation-weighting factors, they can raise the secondary
cancer risk in the patients, endangering their health in the
long run.l'*! This problem is more worrying in modern
radiotherapy techniques, in which more monitor units (MU)
are used to treat'*!”! such as intensity-modulated
radiotherapy and GRID therapy. In GRID therapy, GRID
can be both a source for photoneutrons production and an
obstacle to weakening them.

So far, several studies have been carried out on the effect of
various components of the LINAC head, including multileaf
collimators, flattening filter, wedge and compensator, on
photoneutron contamination.'>?? However, the effect of
the GRID on photoneutron contamination has not been
completely studied. Although, by measuring, Wang et al.*)
showed that in GRID therapy with 18-MV photon beams,
neutron dose equivalent received by the patient is on
average 35.3% lower conventional radiotherapy (when the
same MU and treatment field size are used). So far the
effects of GRID on the neutron source strength of LINAC
and the distribution of neutron dose on the treatment table
have not been studied. In addition, one of the limitations of
neutron dosimeters is that even with the most precise tools,
one cannot achieve uncertainty <10% in measurements.?*
While by Monte Carlo (MC) simulations, these limitations
can be removed very much and a more accurate estimate of
neutron dose can be provided. Therefore, in this study, using
the MC method, the absorbed dose and dose equivalent
of neutrons in some of the organs/tissues of the MIRD
phantom were evaluated during irradiation of an abdominal
bulky tumor with/without the GRID. Finally, neutron dose in
GRID therapy was compared to conventional radiotherapy
in order to consider its radiation protection aspects.

Materials and Methods
Geometry and libraries for Monte Carlo simulation

In this study, the MC code MCNPX, Version 2.6,*! was
used to evaluate the effect of GRID on the photoneutrons
produced during GRID therapy with 18-MV photon beams.
For this purpose, the main components of the Varian Clinac
2100 C/D (California, Varian Medical Systems, USA),

including the target, primary collimator, flattening filter,
ion chamber, mirror, secondary collimator, jaws, and upper
circle, were simulated. Figure 1 shows a two-dimensional
view of simulated geometry. In this figure, besides the
main parts of the LINAC head, the MIRD phantom and the
GRID under study are also simulated.

The simulated GRID is made by the .decimal company.
(.decimal Inc., Sanford, FL, USA) and its profile was
extracted from the Wang et al.’s study.”™ The genus of
the GRID is brass (63% copper and 37% zinc) and has
a thickness of 7.62 cm. The conical holes of this GRID
follow direction of radiation divergence. Each hole creates
a circular field at the isocenter (IC) with a diameter of
1 cm. The centers of holes are 2 cm apart. The distance
from the floor of the GRID to the IC is 30.78 cm.

In the simulations, cross-section libraries of ENDF/B-V2.0,
MCPLIB04, and EL03 were used to consider neutron,
photon, and electron interactions with matter, respectively.
These interactions include absorption, dispersion and
capture for neutrons, Rayleigh and Compton scattering,
pair production and the photoelectric effect for photons and
ultimately elastic, inelastic collision, and Bremsstrahlung
for electrons. It is worth mentioning that the LA150u,
KAERIOIu, and CNDCOlu cross-section libraries were
used to consider the production of photoneutrons.

Percentage depth doses and profiles benchmarking

Before the transmission of photoneutrons, the calculated
dose distributions should be validated by those obtained
from the measurements. For this purpose, the percentage
depth dose (PDD) and profile curves were measured by
an ionization chamber (CC13, Scanditronix Wellhofer,
Germany) with a sensitive volume of 0.13 cm’® in the
Scanditronix blue phantom. The uncertainty in the position
accuracy of the phantom scan system was +0.1 mm.

For MC calculations, the electron beams, which both their
energy distribution and spatial distribution were Gaussian,

Flattening filter

= ]

= Secondary collimator

Female MIRD
phantom

Figure 1: The YZ view of the simulated geometry consisting of the main
parts of the linear accelerator head, GRID, and MIRD phantom (in this
figure, a cylinder of water with 4 cm- height and 5 cm- radius was placed
at the source to surface distance of 100 cm as a typical abdominal tumor)

Upper jaws

XY view of GRID
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were simulated as the electron source impinging to the target.
While the full width at half maximum (FWHM) of energy
distribution for the electron beams were fixed at 1.2 MeV,
the average energy and FWHM of spatial distribution were
adjusted so that for each of the 4 cm x 4 cm, 10 cm x 10 cm,
and 20 cm X 20 cm field sizes, the calculated and measured
curves can be consistent with together. For this purpose, the
criteria of 2 mm and 2% for Gamma index function were
applied, then calculated and experimental dose distributions
were compared together. Gamma index >1 means no
agreement and Gamma index <1 means the existence of an
acceptable agreement between the results of the simulation
and measurement under the 2 mm and 2% criteria.?® Gamma
index values were calculated based on its mathematical
definition using MATLAB software. The use of MATLAB
code for calculating Gamma index has already been reported
in the Sadoughi et al.’s study.*”

To calculate PDD and profile curves, a 50 cm X 50 cm x
50 cm water phantom was simulated at the source to
surface distance (SSD) of 100 cm. Using *F8 tally, PDDs
were calculated in the central axis voxels to a depth of
30 cm. Dose profiles were also calculated at the 10 cm
depth in the cross-line direction. In these calculations, the
electron and photon energy Cut-offs were considered to be
0.7 and 0.01 MeV, respectively. In calculating the PDD and
profile curves, 2 x 10° electron histories were recorded to
obtain relative statistical uncertainties <1%. All computer
calculations in this study were carried out by a 64-core
CPU paralleled at the University of Isfahan, Isfahan, Iran.

As a point at the end of this section, since the MCNP code
normalizes the results of the calculations for photoneutrons
to an electron exiting from the source, therefore, it is
better for comparison purposes that these quantities are
reported in terms of 1 Gy of photon dose in the water
phantom d_ . For this reason, the number of electrons
needed to deliver 1 Gy of photon dose to d__ was
calculated in the standard conditions (SSD = 100 cm, field
size = 10 ecm %X 10 cm). This factor is then multiplied by
the calculated quantities for photoneutrons to be reported
according to 1 Gy of photon dose delivered to d__ .

The effect of the GRID on photoneutron contamination

After the correct tuning of the electron beams, the neutron
mode was added to the programs. Furthermore, the fourth
input parameter in the PHYS: P card was set in a bias state
to reduce the relative statistical uncertainty in calculations in
addition to allowing photoneutrons production interactions.
Besides, in order to expedite the calculation process, the
electron and photon energy Cut-offs were placed to be
6 MeV. This amount is lower than the average threshold
energy of photoneutrons production for lead (7.40 MeV). In
these calculations, the number of 2 x 10° electron histories
was traced so that the relative statistical uncertainties would
be less than 1%. All calculations performed in this section
are limited to the 10 cm X 10 cm treatment field size.

To evaluate the GRID effect on the photoneutrons
production, the neutron source strength of the LINAC in
both cases, without/with the GRID, was calculated by the
method provided by McGinley and Landry.?® Accordingly,
using F1 tally, the neutron flux on a sphere with the center
of the LINAC target and with a radius of 100 cm was
calculated for 1 Gy of photon dose delivered to d__ .

Using F5 tally and En card, the neutron energy spectra at
the IC was calculated in two modes: with/without the walls
of the treatment room. Figure 2 shows the geometry of the
simulated treatment room, which is related to the Golestan
Hospital, Ahvaz, Iran. The walls of this room are made
up of ordinary concrete with a density of 2.35 g/cm®. The
weight percentages of constituent elements of this concrete
have been extracted from the National Council on Radiation
Protection and Measurements, Report No. 49.1 Afterward,
with considering the walls of the treatment room, the
photoneutrons spectra was calculated at the IC in two
modes: With/without the GRID. In these calculations, the
energy bin (107, 10 MeV) was divided into 100 intervals
logarithmically. It should be noted that in calculating the
spectra, the mean relative statistical uncertainty of neutron
flux was <1.3% on all of 100 energy intervals.

Using F5 tallyy, DF card and the flux-to-dose rate
conversion factors of the International Commission on
Radiological Protection (ICRP), Report No. 74,5 the flux
and equivalent dose of neutrons were calculated at the IC
and at a number of points located on the treatment table in
two modes: With/without the GRID.

The MC simulation has the power to provide an acceptable
dose estimate in cases where it is not possible to measure,
or measurements have high uncertainty. For example, in
the study of photoneutron dose which the patients receive
during radiotherapy. Therefore, to more accurately assess
the GRID effect on neutron dose in the sensitive tissues/
organs, the revised female MIRD phantom was included
in the simulation. In addition, a 4 cm thick, water-filled

Figure 2: Treatment Room Geometry of Golestan Hospital, Ahvaz, Iran
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cylinder with a 5 cm radius (as a typical bulky tumor) was
added on the phantom abdomen. This tumor was placed at
SSD = 100 cm [Figure 1].

Using F4 tally and the flux-to-dose rate conversion factors
of ICRP, Report No. 74,5 the neutron dose equivalent, in
two conditions: With/without the GRID, was calculated in
a number of MIRD phantom organs/tissues. In addition,
using Fo6 tally, the absorbed dose of neutrons in the same
organs/tissues was calculated (with/without GRID). In
these calculations, 2 x 10'" electron histories were used
to achieve an acceptable relative statistical uncertainty. It
is worth noting that to take into account the interaction of
the thermal neutrons with water in the MIRD phantom,
cross-section library of Iwtr.01t was used.

Results

To benchmark the simulated model, different average
energies and spatial FWHM were used for the electron
beams. In each case, calculated PDD and profile curves
were compared with related experimental curves
(by Gamma index function) to choose from among them
the optimum average energy and spatial distribution of
electron beams. This optimum mode was found in an
average energy of 18.3 MeV and a 1.4 mm spatial FWHM.

Figure 3a shows the calculated and measured PDDs for
each of the 4 cm x 4 ¢cm, 10 cm X 10 cm, and 20 cm X
20 cm field sizes. From this figure, we can also see that
calculated and measured curves fit well into each other.

In Figure 3b, the calculated Gamma index values were
given for PDDs. In this figure, the Gamma index values at
all points (except the buildup region) are <l which means
that calculated and measured PDDs are agreed under the
2 mm and 2% criteria. In the buildup region, for a small
number of points, the Gamma index values have not been

passed (>1), which is expected due to a sharp increase in
the collected charges and thus insensitivity of the ionization
chamber. In some studies, similar reasons were mentioned
for the existence of small differences between calculated
and measured curves.!3?

Figure 4a shows the profile curves calculated and measured
for 4 cm X 4 cm, 10 cm x 10 cm, and 20 cm X 20 cm
field sizes at the 10 cm depth in the water phantom (in the
cross-line direction). The calculated Gamma index values
for them are given in Figure 4b which shows Gamma index
values have been passed for 4 cm x 4 cm and 10 cm X
10 cm field sizes at all points. In the 20 x 20 field size, the
Gamma index value is not passed only for a single point,
which can be ignored.

The sum of the above findings confirms that our model is
valid under the optimum conditions selected for electron
beams. For this model, the number of electrons needed to
deliver 1 Gy of photon dose to ¢ was estimated to be
1.26 x 10" electrons per Gy, which is comparable with the
value obtained by Martinez-Ovalle et al.P¥ (1.52 x 10"
electron per Gy).

Table 1 summarizes the flux and ambient dose equivalent
of neutrons for a number of points located on the treatment
table. It is noticeable, these values related to the non-GRID
mode.

The neutron source strength of the LINAC in both modes
of without/with the GRID was 1.378 x 102 n/Gy and
1.382 x 10" n/Gy, respectively. In fact, the GRID increases
the neutron source strength by only 0.3%.

Figure 5 presents the photoneutrons spectra at the IC, by
including the treatment room in the simulation and without
it. Both of these spectra are obtained in the open-field
state (i.e., without the GRID). As shown in this figure,
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Figure 3: (a) The PDD curves calculated and measured in 4 cm x4 cm, 10 cm x 10 cm, and 20 cm % 20 cm field sizes (to avoid overlapping them, PDD values
for4cm x4 cm, 10 cm x 10 cm, and 20 cm x 20 cm field sizes have been multiplied by 0.8, 1, and 1.2, respectively). (b) Gamma index values for evaluating
the agreement between calculated and measured PDDs in 4 cm % 4 cm, 10 cm % 10 cm, and 20 cm x 20 cm field sizes. PDD: Percentage depth dose
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Figure 4: (a) The profile curves calculated and measured in 4 cm x 4 cm, 10 cm x 10 cm, and 20 cm x 20 cm field sizes at the 10 cm depth in the water
phantom (in the cross-line direction). (b) Gamma index values for evaluating the agreement between calculated and measured profiles in 4 cm x 4 cm,

10 cm x 10 cm, and 20 cm x 20 cm field sizes

Table 1: Comparison between the results of this study and literature in calculating the flux and the ambient dose
equivalent of neutrons on the treatment table

Distance ¢ (107 n/cm?/Gy) Relative (H*(10)) (mSv/Gy) Relative
from IC (cm)  This study Literature differences (%)  This study Literature differences (%)
0 1.684+0.002 1.58 6.6 3.936+0.004 3.70 6.4
Howell et al.") Mohammadi et al.?¥
10 1.218+0.002 - 2.329+0.003 2.05 13.6
d’Errico et al.®)
20 1.100£0.001 - 1.994+0.003 1.75 13.9
d’Errico et al P
50 0.900+0.001 0.979 1.483+0.002 1.212 22.4
Kralik et al.3% -8.1 Kralik et al.P%
100 0.694+0.001 0.59 17.6 0.938+0.001 0.65° 443

Alem-Bezoubiri et al.?7

Alem-Bezoubiri ef al.37)

2Alem-Bezoubiri ef al. reported 0.62 directly in their results table, but in the same study, they showed that without considering the MLCs, this
value would be increased to 0.65. IC — Isocenter; MLCs — Multileaf collimators

with considering the walls of the treatment room in the
simulations, two long and short peaks are seen in the
spectrum, respectively, in the region of fast and thermal
neutrons. In contrast, with the removal of walls from the
simulations, while the peak of the fast neutrons remains
nearly unchanged, the peak of the thermal neutron
disappears from the spectrum.

The effect of the GRID on the shape of the photoneutrons
spectrum (at the IC) is shown in Figure 6. From this
figure, we can observe that the GRID reduces only the
flux of the fast neutrons and does not change in the other
areas of the spectrum. Using these spectra, the mean
energy of neutrons at the IC was calculated in two modes:
Without/with the GRID, which was 0.72 and 0.66 MeV,
respectively.

In Figure 7a and b, respectively, the flux and the ambient
dose equivalent of neutrons on the treatment table are
compared for two conditions: with/without the GRID.
From these figures, it can see that the GRID reduces the

Journal of Medical Signals & Sensors | Volume 8 | Issue 3 | July - September 2018

flux and the ambient dose equivalent of neutrons at the IC,
respectively, 41.0% and 48.9%. Furthermore, the average
reduction in the flux and the ambient dose equivalent
of neutrons at the intervals of <30 cm from the IC are,
respectively, 29.5% and 38.5%, while at the intervals
30 cm far away from the IC, the GRID increases the flux
and the ambient dose equivalent of neutrons, respectively,
1.7% and 3.8%.

Table 2 estimates the absorbed dose and dose equivalent
of neutrons calculated in a number of organs/tissues of
the MIRD phantom. In each case and for each organ/
tissue, the relative differences between the GRID mode
and the non-GRID mode have been reported. In these
calculations, the mean relative statistical uncertainties for
the absorbed and equivalent dose of neutrons, were 3.1%
and 2.4%, respectively. It should be noted that for a very
small number of the organs/tissues, the relative statistical
uncertainties were large, which their maximum belonged to
the adrenals (11.4% and 8.8%, respectively).
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Discussion

The neutron source strength of the LINAC in the non-GRID
mode was 1.378 x 10" n/Gy, which is acceptably different
from the value of 1.3 x 10" n/Gy calculated by Mesbahi
et al.;B¥ in addition, the value of 1.2 x 10" n/Gy calculated
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Figure 5: The photoneutrons spectra at the isocenter (in the air) with
considering the walls of the treatment room and without them

by Mao et al.*” (respectively, 6.0% and 14.8%). Since in
these studies, the energy of electron beams, the type of MC
tools, cross-section libraries for photoneutrons production,
and the amount of available details from the LINAC head
were different.

10°  10* 10”7 10° 10° 10" 10° 10* 10" 10° 10
. uud ul ul ud ul uul i uad
14 - 14
1.2 1.2
">\
)
o 1.0 -1.0
£
S
€
e 08 Neutron spectra at the Isocenter Y
X ——Open
= GRID
S 06 06
&
>
o
z
0.4 04
02 ri i Loz
L B S ——E————————t R
10°  10° 107 10° 10° 10* 10° 10 10" 10°  10'
Energy (MeV)

Figure 6: The photoneutrons spectra at the isocenter (in the air) with/
without the GRID

Table 2: The absorbed dose and equivalent dose of neutrons calculated in different organs/tissues of the MIRD
phantom in two modes: With and without the GRID

Tissue/organ Neutron absorbed dose (mGy/Gy) Relative Neutron equivalent dose (mSv/Gy) Relative
Open GRID differences (%) Open GRID differences (%)

Adrenals 0.0058+0.0006 0.0035+0.0004 -39.7 0.121+0.010 0.080+0.007 -33.9
Brain 0.0129+0.0002 0.0133+0.0002 3.1 0.254+0.003 0.261+0.003 2.8
Breast 0.0795+0.0007 0.0680+0.0007 —14.5 1.281+0.010 1.090+0.010 —-14.9
Colon 0.0234+0.0003 0.0134+0.0003 —42.7 0.478+0.005 0.275+0.004 —42.5
Cranium 0.0146:0.0002 0.0150+0.0002 2.7 0.364+0.004 0.373+0.004 2.5
Eyes 0.0531+0.0019 0.0563+0.0020 6.0 0.983+0.033 1.038+0.034 5.6
Gall bladder 0.0290+0.0010 0.0132+0.0007 —54.5 0.560+0.015 0.261+0.010 —53.4
Heart 0.0288+0.0004 0.0212+0.0004 —26.4 0.571+0.007 0.417+0.006 -27.0
Intestine 0.0207+0.0003 0.0112+0.0002 —45.9 0.419+0.004 0.230+0.003 —45.1
Kidneys 0.0064+0.0002 0.0040+0.0002 -37.5 0.128+0.003 0.088+0.003 -313
Liver 0.0293+0.0003 0.0166+0.0002 —43.3 0.576+0.005 0.331+0.003 —42.5
Lungs 0.0189+0.0002 0.0154+0.0002 —-18.5 0.376+0.003 0.306+0.003 —18.6
Mandible and teeth ~ 0.0294+0.0005 0.0308+0.0005 4.8 0.725+0.010 0.756+0.011 43
Ovaries 0.0114+0.0010 0.0078+0.0008 -31.6 0.248+0.015 0.164+0.012 -33.9
Pancreas 0.0152+0.0005 0.0079+0.0004 —48.0 0.309+0.008 0.166+0.006 —46.3
Pelvis 0.0062+0.0001 0.0049+0.0001 -21.0 0.174+0.002 0.139+0.002 —20.1
Rectum 0.0099+0.0006 0.0082+0.0005 -17.2 0.214+0.009 0.184+0.008 —-14.0
Ribs 0.0288+0.0001 0.0228+0.0001 —20.8 0.705+0.003 0.561+0.003 -20.4
Skin 0.0468+0.0001 0.0418+0.0001 -10.7 0.836+0.001 0.747+0.001 —-10.6
Spine 0.0046+0.0001 0.0035+0.0001 -23.9 0.125+0.002 0.101+0.002 —19.2
Spleen 0.0082+0.0004 0.0057+0.0003 -30.5 0.173+0.006 0.123+0.005 —28.9
Stomach 0.0416+0.0006 0.0223+0.0004 —46.4 0.805+0.009 0.436:+0.007 —45.8
Thymus 0.0563+0.0016 0.0531+0.0016 =57 1.041+0.026 0.965+0.025 =73
Thyroid 0.0206+0.0010 0.0209+0.0010 1.5 0.408+0.016 0.414+0.016 1.5
Tumor 0.1867+0.0014 0.0789+0.0009 -57.7 2.985+0.021 1.274+0.014 -57.3
Urinary bladder 0.0358+0.0007 0.0279+0.0006 —22.1 0.700+0.011 0.545+0.010 —22.1
Uterus 0.0172+0.0008 0.0112+0.0007 -34.9 0.358+0.013 0.235+0.010 -34.4
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Figure 7: (a) The distribution of the neutron flux on the treatment table (in terms of distance from the isocenter). (b) The distribution of the neutron ambient
dose equivalent on the treatment table (in terms of distance from the isocenter)

In the presence of the GRID, the neutron source strength
of the LINAC reached to 1.382 x 10'> n/Gy and increased
only 0.3%, which is negligible in comparison to the
contribution of other components of the LINAC head in
photoneutrons production.’ Therefore, the GRID does
not significantly increase the production of photoneutrons,
and consequently, there is no concern about the increase
of neutron dose in patients treated with the GRID therapy
technique. However, the GRID effect on the scattering of
neutrons toward the treatment table should be evaluated.

From Table 1, one can note a good agreement achieved
between the obtained results and the related values in
the literature.l'”3*371 It can also see, the average relative
difference of our results with literature is 5.4% and 20.1%
for the flux and the ambient dose equivalent of neutrons,
respectively. These differences are reasonable, because
the type of study (measurement/simulation), cross-section
libraries for photoneutrons production, as well as the
treatment room geometries differed. These comparisons
indicate that our model is reliable for transmission of the
photoneutrons on the treatment table.

As Figure 5 shows, if the walls of the treatment room are
removed from the simulations, thermal neutrons do not
appear in the spectrum which is in agreement with the
study conducted by Mohammadi et al.'¥ (i.e., the origin
of thermal neutrons in the spectrum is the walls of the
treatment room, not the LINAC head components). For
this reason, the presence of GRID does not change the
flux and subsequently the dose of neutrons in the thermal
region [Figure 6]. This seems in contrast with Wang
et al.’s results,”! who showed that the GRID reduced the
dose equivalent of thermal neutrons 39.3% (at the IC).
The reason for this disagreement could be this point that
our calculations were done in the air while their dosimeter

was attached to the left buccal side of the RANDO®
phantom.

The GRID decreases the average energy of neutrons at the
IC from 0.72 to 0.66 MeV and also lowers the neutron flux
by 41.0%. For this reason, the ambient dose equivalent of
neutrons at the IC is reduced by 48.9%.

In Figure 7a and b, one can see that GRID decreases the
flux and ambient dose equivalent of neutrons on average
29.5% and 38.5%, respectively, which are evident only
at intervals of <30 cm, from the IC. While the effect of
GRID in the variations of flux or dose is negligible at
distances >30 cm from the IC. For example, in a 40 cm
distance from the IC, the GRID increases the ambient
dose equivalent of neutrons approximately 4.5%, from
1.606 + 0.002 to 1.678 + 0.003 mSv/Gy. For this reason,
as Table 2 shows, the GRID increases the neutron dose
only <8% in the organs/tissues located far away from the
IC (such as the eyes, thymus, mandible and teeth, brain,
cranium, and thyroid), which is ignorable in comparing
with the reduction of 48.9% neutron dose at the IC.

From Figure 7b, it can be seen that in the without GRID
mode, the ambient dose equivalent of neutrons at the IC is
more than the other points on the treatment table. Therefore,
the tumor located in the IC receives the most neutron dose.
The presence of the GRID causes a high reduction about
60% [Table 2] in neutron dose at the tumor, which reduces
the risk of secondary cancer in the treatment volume.

According to Table 2, in the organs/tissues covered by the
GRID, including tumor, gallbladder, pancreas, stomach,
intestine, liver, and colon, the neutron dose is on average
48% less than conventional radiotherapy, which is
comparable with 35.3% reported by Wang et al.**! Also in
the organs/tissues which were not covered by the GRID
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such as adrenals, kidneys, uterus, ovaries, spleen, heart,
spine, urinary bladder, pelvis, ribs, lungs, rectum, and
breast, the neutron dose is on average 25% less than the
non-GRID mode.

Conclusion

Based on the findings of this study, in GRID therapy
technique compared to conventional radiotherapy,
the neutron dose in the tissues/organs of the body is
dramatically reduced. Therefore, there will be no concern
about the GRID effect on the increase of unwanted
neutron dose, and consequently, the risk of secondary
cancer.
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