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Abstract

Neutron contamination in radiation therapy is of concern in treatment with high-energy pho-
tons (> 10 MV). With the development of new radiotherapy modalities such as spatially frac-
tionated grid radiation therapy (SFGRT) or briefly grid radiotherapy, more studies are
required to evaluate the risks associated with neutron contamination. In 15 MV SFGRT, high-
Z materials such as lead and cerrobend are used as the block on the tray of linear accelerator
(linac) which can probably increase the photoneutron production. On the other hand, the
high-dose fractions (10—20 Gy) used in SFGRT can induce high neutron contamination. The
current study was devoted to addressing these concerns via compression of neutron fluence
(®,) and ambient dose equivalent (H; (10)) at the patient table and inside the maze between
SFGRT and conventional fractionated radiation therapy (CFRT). The main components of
the 15 MV Siemens Primus equipped with different grids and located inside a typical radio-
therapy bunker were simulated by the MCNPX® Monte Carlo code. Evidence showed that
the material used for grid construction does not significantly increase neutron contamination
inside the maze. However, at the end of the maze, neutron contamination in SFGRT is signifi-
cantly higher than in CFRT. In this regard, a delay time of 15 minutes after SFGRT is recom-
mended for all radiotherapy staff before entering the maze. It can be also concluded that

H: (10) at the patient table is at least 10 times more pronounced than inside the maze. There-
fore, the patient is more at risk of neutrons compared to the staff. The H; (10) at the isocenter
in SFGRT with grids made of lead and cerrobend was nearly equal to CFRT. Nevertheless, it
was dramatically lower than in CFRT by 30% if the brass grid is used. Accordingly, SFGRT
with the brass grid is recommended, from radiation protection aspects.
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1. Introduction

Nowadays, radiotherapy of deeply-seated tumors using high-energy photons is known as an
efficient technique for the treatment of cancer patients. High-energy photons are generated
through medical linac in most of the radiation therapy clinics. Neutron contamination is of
concern in the safe usage of high-energy photons [1-3]. The linac head is mainly composed of
high atomic number elements such as lead, tungsten (shielding and collimators), and gold (tar-
get), which leads to a significant portion of photoneutron production, through (y, n) reaction
[4]. Based on the evidence, an 18 MV Varian 2100 C/D can produce 1.38 x 10'* neutrons per 1
Gy photon dose delivered to the isocenter (IC) [5]. Since the threshold energy for (y, n) reac-
tion is at least 8 MeV [6], neutron contamination in radiation therapy is of concerns in treat-
ment with high-energy photons (> 10 MV). Recently, many researchers in the field of
radiation protection have addressed the role and consequences of unwanted doses to the
patient caused by photoneutrons [7-9]. Some efforts focused on reducing neutron production
in the linac head through optimization of the Bremsstrahlung target [10]. Considering that the
neutron is an uncharged particle that is difficult to detect, it is important to determine the neu-
tron spectrum (®,(E)) and the ambient dose equivalent (H; (10)) to estimate the effective dose
received by radiotherapy patients and staff.

Evidence shows that the average energy of the photoneutrons at the patient table is approxi-
mately 1 MeV [9]. The radiation weighting factor for such neutrons was estimated to be about
20 based on the international commission on radiological protection (ICRP) formula in report
103 [11]. It means that such photoneutrons can deliver a dose nearly 20 times larger than diag-
nostic photons. The contribution of contaminant neutrons in out-of-field dose is sometimes
more pronounced than scattered photons. For example, the unwanted dose to the breasts of a
patient undergoing 18 MV pelvic radiotherapy originates from photoneutrons by 67% [12].
Additionally, it has been shown that for glioma and hepatocellular patients undergoing 18 MV
radiotherapy, secondary fatal cancer risk due to neutron contamination can reach 281 and 844
persons per one million persons, respectively [7, 9]. For prostate patients undergoing 18 MV
radiotherapy, it was reported that the total risk of secondary cancer in eye lenses, thyroid, and
chiasma is 870 persons per one million persons [8]. Considering the risks of neutron contami-
nation in radiotherapy, further studies are required to evaluate the level of neutron contamina-
tion in new radiotherapy modalities (such as SFGRT).

SEGRT has been recently suggested as a new modality for the treatment of large tumors
(>8 cm in diameter) not responding well to conventional doses (2 Gy/session) [13]. The most
important achievement at the therapeutic level is the ability to deliver a single high-dose frac-
tion (10-20 Gy) without significant complications to the normal tissue surrounding the tumor
[14, 15]. In SFGRT, the therapeutic beam is divided into several small circular fields by install-
ing a block called the grid on the linac tray. Contrary to the common belief, cell death still
occurs in the blocked regions. The main mechanism of cell death in the blocked regions is con-
sidered to be the bystander effect [16]. Clinical achievements of high-energy SFGRT have been
discussed in detail in the literature [17-19].

In SFGRT, high-Z materials such as lead and cerrobend are used as the grid on the linac
tray which have the potential to increase the photoneutron production [9]. On the other hand,
the high-dose fractions (10-20 Gy) used in SFGRT can induce high neutron contamination.
Nevertheless, Wang et al. [20] demonstrated that for a constant monitor unit (MU), neutron
equivalent dose to the patient in 18 MV SFGRT is, on average, 35% less noticeable than CFRT.
From radiation protection aspects it was recommended that comparisons of neutron contami-
nation between SFGRT and CFRT should be performed based on 1 Gy photon dose delivered
to the depth of maximum dose (d,ax) [9]. Accordingly, Karimi et al. [9] showed that the @,
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inside the large field sizes for SFGRT with lead block is, on average, 23% higher than in CFRT.
A similar analysis on neutron contamination inside the maze of radiotherapy room showed
that neutron ambient dose equivalent, H' (10), was up to 50% higher than in CFRT [21].

From the perspective of radiation protection, SFGRT with 15 MV photons was proposed
recently as an alternative [9]. However, it is still doubtful since there is no information in the
literature to reflect the severity of neutron contamination in 15 MV SEGRT compared to
CFRT. Accordingly, the authors were encouraged to address this concern with the evaluation
of neutron spectrum, H’(10), and ®,, inside a typical radiotherapy room. For this aim, Monte
Carlo (MC) simulation was employed as a precise tool for neutron spectrometry.

2. Materials and methods
2.1 Ethics statement

The authors declare that this study does not involve human participants and only reports data
obtained via in-vitro dosimetry. Therefore, participant consent was not requested in the research.

2.2 Monte Carlo simulation

The main challenge for neutron dosimetry in the mixed fields, i.e. the fields containing a sig-
nificant proportion of photon flux, is the detector saturation [22]. Due to the inherent sensitiv-
ity of the most neutron detectors to photons, the separation and detection of neutrons is a
tough process, especially when the neutron flux is low. It often leads to at least 10% uncertainty
in measurements [23]. In addition, measurement of the neutron dose without knowledge of
the neutron spectrum leads to up to 20% measurement uncertainty [24]. Thus, MC simulation
was recommended as an accurate and efficient tool to estimate neutron contamination in radi-
ation therapy [24]. To this end, simulation geometry and cross-section libraries for physical
interactions need a strong benchmark.

In this study, the main components of the 15 MV Siemens Primus head, including the tar-
get, absorbers, flattening filters, primary collimator, ionizing chamber, jaws, bending magnet,
and shield, were simulated by the MCNPX® code (2.7.0 extensions) [25]. This model had
been previously benchmarked by Mohammadi et al. [26] through comparing the percent
depth doses (PDDs) and dose profiles obtained from the measurements with those extracted
from MC calculations. They found that the geometry and the cross-section libraries complied
well with the requirements. By optimizing the energy distribution of electrons (13.76 MeV)
impinging on the Bremsstrahlung target of the linac, the difference is below 2% between the
measured and the MC results. In this study, the EL03, MCPLIB04, and ENDFB-VII cross-sec-
tion libraries were used to simulate electron, photons, and neutron interactions with matter,
respectively. Photoneutron production was simulated by LA150u, KAREIO1u, and CNDCO0lu
cross-section libraries [25].

The grids were modeled based on the commercial pattern which belongs to dot Decimal ®
company (Sanford, FL 32771, USA). The grid consists of 127 holes arranged hexagonally and
divergent the photon beam. The holes project circular fields with a diameter of 1 cm and a cen-
ter-to-center distance of 2 cm at 100 cm far away from the Bremsstrahlung target. Using this
pattern, a maximum field size of 25 x 25 cm” at IC can be irradiated with the grid. Neverthe-
less, all calculations in this study were performed under the 10 x 10 cm? field size as a common
treatment field in both CFRT and SFGRT. Cerrobend, lead and brass were used to model the
grids. Fig 1 presents the geometry simulated by MCNPX™.

To compare the spectrum of neutron contamination between two photon beams (15 MV
vs. 18 MV) under a similar condition, the bunker used by Karimi and Vega-Carrillo [21] was
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Fig 1. Siemens Primus in 15 MV mode simulated by MCNPX".
https://doi.org/10.1371/journal.pone.0280433.9001

modeled as is shown in Fig 2. The density of 2.35 g/cm® was considered for the concrete walls
composed by O (49.83%), Si (31.58%), Ca (8.26%), Al (4.56%), K (1.92%), Na (1.71%), Fe
(1.22%), and H (0.92%).

International commission on radiation units and measurements (ICRU) defines the
H’(10) as the neutron dose equivalent delivered by the corresponding expanded and aligned
field in the ICRU sphere to the depth of 10 mm, on the radius opposing the direction of the
field [27]. To evaluate the H’ (10) and the neutron spectra, inside the maze and at the patient
table, 5 and 10 cm radius point-detectors (tally f5) were employed, respectively. Finally, using
the neutron fluence-to-dose conversion coefficients from report 74 of the ICRP [28], the
H’(10) was calculated for the indicated locations enumerated in Fig 2. The detectors have the
potential to calculate neutron spectra (¥,(E)), as well. Accordingly, ®,,(E) at the IC and at the
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Fig 2. Scheme of a typical radiotherapy room simulated by MCNPX®. The thicknesses of the floor and ceiling were 1.0 m and 1.7 m,
respectively.

https://doi.org/10.1371/journal.pone.0280433.9002

end of the maze (detector 5) were estimated from 107 to 10 MeV in 100 logarithmic bins. It is
worthwhile to be mentioned that the MCNPX™ results are normalized to the initial particle
(in this case is per electron or per history). Therefore, to report the results based on the 1 Gy
photon dose delivered to d,.y, the photon dose absorbed at d,,,, was also calculated in terms
of Gy/electron history using mesh tally type 1 (energy deposition). To compare photon dose
distribution between SFGRT and CFRT, the two-dimensional dose profile in both open and
grid fields was calculated using mesh tally type 1 inside the water phantom at a depth of 5 cm.
To keep the relative errors of MC calculations within 3% (in most cases), up to 3 x 10 electron
histories were traced in the simulations. For more information about the relative errors, the
readers are referred to the S1-S5 Files.

3. Results

The comparison of the @, at the IC and at 80 cm far away from the IC between open and grid
fields was illustrated in Fig 3. These comparisons were made based on two scenarios as follows:
scenario A in which data is reported based on 1 electron history impinging on the Bremsstrah-
lung target. This procedure leads to a conclusion similar to the circumstances in which a con-
stant MU is used for the dose delivery both for open and grid fields; scenario B in which the
data is reported based on 1 Gy photon dose delivered to d,ax-
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https://doi.org/10.1371/journal.pone.0280433.9004

The photon dose absorbed at d,,,, in the open field was 5.34 x 10™'° Gy/electron history. In
the case of fields blocked by grids made of brass, cerrobend, and lead, it decreased to
3.96 x 107'%,3.79 x 107'%, and 3.73 x 107"° (all in terms of Gy/electron history), respectively.
Fig 4 shows the two-dimensional profile of the dose at a depth of 5 cm for the open field and
the field blocked by the brass grid as well.

In Fig 5, neutron fluence under open and grid fields was analyzed inside the maze based on
1 electron-history impinging on the Bremsstrahlung target and 1 Gy photon dose delivered to
dnax as well.

In Fig 6, the comparison of the neutron energy spectra at the IC and also at the end of the
maze (detector 1) was shown for both the open and the grid fields.
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https://doi.org/10.1371/journal.pone.0280433.9006
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Table 1. Neutron fluence (®,) and neutron ambient dose equivalent (H;, (10)) inside the maze in 15 MV radiotherapy.

Detector

W N |-

Conventional radiotherapy

6.3
3.8
1.7
1.0
0.7

https://doi.org/10.1371/journal.pone.0280433.t001

®,, [10°/cm*/Gy] H:(10) [uSv/Gy]
Grid radiotherapy Conventional Grid radiotherapy

Brass Cerrobend Lead radiotherapy Brass Cerrobend Lead
8.6 9.0 9.2 51.1 69.2 73.3 74.8
5.2 5.5 5.6 17.9 24.2 25.7 26.2
2.3 2.4 2.4 5.7 7.7 8.2 8.4
1.3 1.4 1.4 2.9 3.9 4.1 4.2
1.0 1.1 1.1 1.9 2.6 2.7 2.7

Table 1 reports the @, and H’ (10) inside the maze for the open and grid fields under 15
MYV radiotherapy.

Table 2 quantifies the H?(10) at the patient table under open field and different grid fields
when the 15 MV photon beam is used for dose delivery.

4. Discussion

Two scenarios can potentially increase neutron contamination in SFGRT compared to
CFRT. First, interaction of the grid with high-energy photons as a new source for photoneu-
tron production. Second, more MUs which are probably used to deliver 1 Gy of photon dose
t0 dpmax-

4.1 Grid as a barrier for contaminant neutrons

Fig 3A reveals that for a constant MU, the ®,, at the IC in 15 MV SFGRT with brass, cerrobend,
and lead grids, is respectively 38%, 22%, and 20% lower than in the open field (CFRT), which
is comparable with 55%, 31%, and 31% reported for 18 MV SFGRT [9]. In this regard, Chegeni
et al. reported that in 18 MV SFGRT, a brass grid can reduce ®,, at the IC by a factor of 48% in
comparison with CFRT [29]. Fig 3A confirms that the grid acts as a barrier and, as a result,
weakens the photoneutrons produced by the upper parts of the linac head. This effect is only
visible at the IC since it is directly under the grid. So, at a distance of 80 cm far away from the
IC, there was no significant difference in the @, between open and grid fields. Accordingly,
the first hypothesis is rejected in which the grid cannot be considered a new source of photo-
neutron production despite the high-Z materials used for its construction. This finding con-
firms the study conducted by Karimi et al. on 18 MV SFGRT [9]. Although this approach is
helpful in specifying the role of the grid as a barrier or a new source for photoneutron produc-
tion in the linac head, it is not beneficial from the radiation protection point of view.

Table 2. Neutron ambient dose equivalent, H,, (10), at the patient table in 15 MV radiotherapy.

Detector

N-JNE-CREIN B )Y

10

H; (10) [mSv/Gy]

Conventional radiotherapy Grid radiotherapy
Brass Cerrobend Lead
1.06 0.71 1.09 1.18
0.79 0.91 1.15 1.21
0.67 0.91 1.04 1.08
0.73 1.00 1.08 1.11
0.71 0.97 1.04 1.06

https://doi.org/10.1371/journal.pone.0280433.1002
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4.2 Monitor units required for delivery of 1 Gy photon dose to d,,.x

The photon dose absorbed at d,y,,, in the open field was 5.34 x 10™'® Gy/electron history while
for the blocked fields by brass, cerrobend, and lead grids, it decreased to 3.96 x 107"°,

3.79 x 107'°, and 3.73 x 107'° (all in terms of Gy/electron history), respectively. It means that
in comparison with open field, more MUs (roughly 1.5x) are required to deliver 1 Gy photon
dose to d,,,x because the grids block the photon beam with a fraction of 50%. This finding
introduces Scenario 2 as the main reason for more neutron contamination in SFGRT com-
pared to CFRT. This finding also can be confirmed via a 2-D graphical view of the dose distri-
bution. In the regions blocked by a brass grid (Fig 4B), the dose distribution is almost uniform.
Nevertheless, it is still lower than in the open field (Fig 4A). As to the circular small fields
arranged hexagonally, the dose decreases gradually with increasing distance from the center.
The reason is scattering in the edge of the field which leads to electron imbalance. If the resolu-
tion of mesh tallies (5 x 5 x 1 mm?) in dose calculation were smaller than the current value,
dose modulation in the grid fields could be observed more clearly compared to the open field.

4.3 Intensifying contaminant neutrons in the grid fields

As mentioned in the previous section, in SFGRT more MUs are required to deliver 1 Gy of
photon dose to d,,,x which may result in producing more contaminant photoneutrons com-
pared to CFRT (Scenario 2). Therefore, it is more meaningful to make comparisons in terms
of delivery of 1 Gy photon dose to d,,. in each modality (Fig 3B). Based on the evidence illus-
trated in Fig 3B, the @, at the IC in SFGRT with the brass grid was estimated to be 15% lower
than in CFRT. Additionally, it was approximately 10% higher than CFRT when cerrobend or
lead grids were used as the block in the simulations. A similar analysis was done at a distance
of 80 cm far away from the IC, which showed that the @, with the grid is, on average, 40%
higher than in CFRT. Consequently, evaluation of the out-of-field dose caused by photoneu-
trons in 15 MV SFGRT should be of interest in future studies.

As it was shown in Fig 3B, the @, at the IC for the fields blocked by cerrobend or lead grids
is almost 30% more than in the brass grid. The reason is both a higher cross-section of Pb com-
pared to Cu and Sn for (y, n) interaction [30] and more MUs needed for delivering 1 Gy pho-
ton dose to dax.

4.4 Neutron spectrometry inside the maze

Evaluation of neutron contamination inside the maze is important to protect radiotherapy
staff entering the maze. Fig 5A showed that @, inside the maze is independent of both treat-
ment modality (SFGRT vs. CFRT) and the type of grid. In other words, for a constant MU or
electron history impinging on the Bremsstrahlung target, the ®,, takes approximately the same
value for both SFGRT and CFRT. Though, by converting the data based on 1 Gy photon dose
delivered to d.x in each modality (Fig 5B), the ®,, at the end of the maze (detector 1) in
SFGRT was almost 40% more than in CFRT. The situation is different at the entrance of the
maze (detector 5), and no significant difference in the @, was found between SFGRT and
CFRT. This is due to the successive attenuation of the photoneutrons along the maze.

Fig 6A shows the neutron energy spectrum at the IC for the open and the grid fields. The
appearance of the spectrum is similar to the corresponding cases in Karimi and Vega-Carrillo’s
study on 18 MV photons [21]. It is noticeable that there are two peaks, one related to the fast
neutrons (the higher peak) and the other related to the thermal neutrons (the shorter peak).
The average energy extracted from these spectra was estimated to be 537 keV for the open field
and 430, 553, and 619 keV for the grid fields blocked by brass, cerrobend, and lead grids,
respectively. If these values are applied in the ICRP exponential formula [11], one can find the
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constant value of 19 + 1 for Wy of contaminant neutrons. It means there is no difference in
the destructive power of photoneutrons produced in SFGRT and CFRT. Given that more neu-
trons are produced in the grid fields (Fig 3A), evaluation of neutron equivalent dose, second-
ary cancer risk, and risk of genetic effects could be of interest for future studies.

Fig 6B shows that compared to the IC, the neutron spectrum at the end of the maze (detec-
tor 1) was greatly modulated. The height of the thermal peak has grown significantly, especially
in SFGRT; on the other hand, the fast peak tends to decrease. The average neutron energy
under these conditions was 166 + 1 keV for both open and grid fields. It can be concluded that
neutron average energy inside the maze is independent of the treatment modality (SFGRT vs.
CFRT). As a result, the authors suggest that in order to monitor neutron contamination inside
the maze, neutron detectors should be calibrated under the same conditions.

4.5 Ambient dose equivalent of contaminant neutrons

From Table 1, it can be observed that @, and H; (10) along the maze reduce nearly by a factor of
0.5 for both SEGRT and CFRT which is comparable well with the factor of 0.6 in Waller et al.’s
study on 18 MV photons [31]. This finding implies that the extreme attenuation of neutrons in
interaction with the concrete walls is the main reason for approximately unchanged value of @, at
detector 5 (Fig 5B). It is worthwhile to mention that ®,, and H? (10) in SFGRT with the lead or
cerrobend grid is only, on average, 7% higher than in SFGRT with the brass grid. This difference
is ignorable regarding the relative error of MC calculations (3%). Therefore, the material used for
grid construction does not significantly increase neutron contamination inside the maze. Never-
theless, independent of detector location, ®,, and H’ (10) at the end of the maze (detector 1) in
SEGRT is nearly 1.5 times that of CFRT. In comparison with data reported by Karimi and Vega-
Carrillo’s study on 18 MV photons [21], it can be found that independent of treatment modality
and detector location, ®, and H} (10) in SFGRT with 15 MV photons is almost 70% lower than
in 18 MV photons. Therefore, given the concerns about 18 MV SFGRT, 15 MV SEGRT can be
considered as an alternative from the radiation protection point of view. However, as Table 1
shows, neutron contamination at the end of the maze (detector 1) is nearly 1.5 times that of
CFRT. Given that in SFGRT, the dose fraction is up to 10 times that of CFRT (20 Gy vs. 2 Gy), it
is expected that for a single session of SFGRT, neutron contamination inside the maze will be 15
times more pronounced than in CFRT. Considering that **Al with a half-life of 2.3 minutes is one
the most critical radionuclides produced through *’Al(n, y)*®Al in routine CFRT [32], a delay
time of 15 minutes after SFGRT is recommended for all radiotherapy staff before entering the
maze. The authors suggest more studies in the future to benchmark this delay time.

Regarding to Tables 1 and 2, H; (10) at the patient table is at least 10 times more pronounced
than inside the maze. Therefore, the patient is at risk of neutrons more than staff entering the maze.
Table 2 explained that H' (10) at the IC in SFGRT with lead and cerrobend grids is nearly equal to
CFRT. Nevertheless, it is dramatically 30% lower than in CFRT if the brass grid is used. This is due
to the lower cross-section of (y, n) reaction for the brass compared to lead [30], fewer MUs required
to deliver 1 Gy photon dose to d,,.x, and finally the effective role of the brass in the attenuation of
photoneutrons (Fig 3A). For out-of-field distances, H' (10) in SFGRT with brass, cerrobend, and
lead grids is, on average, 30%, 49%, and 54%, respectively, more than in CFRT. Given that the grid
has no effective role in the neutron contamination inside the maze, SFGRT with the brass grid is rec-
ommended instead of lead or cerrobend grid, from radiation protection aspects.

5. Conclusion

We used Monte Carlo simulation to compare neutron spectra and H’ (10) at the patient table
and inside the maze in 15 MV radiotherapy between open and grid fields. Three types of grids

PLOS ONE | https://doi.org/10.1371/journal.pone.0280433 January 13, 2023 12/16


https://doi.org/10.1371/journal.pone.0280433

PLOS ONE

Photoneutron contamination in 15-MV grid therapy

made of brass, cerrobend, and lead were considered in the simulations. Evidence showed that
the material used for grid construction does not significantly affect increasing neutron con-
tamination inside the maze. In comparison with the literature, ®,, and H’(10) in SFGRT with
15 MV photons is significantly lower than in 18 MV photons. Therefore, considering the com-
mon concerns, SFGRT 15 MV can be considered as an alternative from a radiation safety per-
spective. However, at the end of the maze, neutron contamination in SFGRT is significantly
higher than in CFRT. In this regard, a delay time of 15 minutes after SFGRT is recommended
for all radiotherapy staff before entering the maze.

We can also conclude that H’ (10) at the patient table is at least 10 times that of the maze.
Therefore, the risk of neutrons for the patient is more pronounced than for the employees
entering the maze. Additionally, H?(10) at the IC in SFGRT with lead and cerrobend grids is
nearly equal to CFRT. However, when the brass grid was used, H (10) was dramatically lower
than CFRT by 30%. Therefore, a brass grid is recommended for SFGRT, rather than a lead or
cerrobend grid. For out-of-field distances, H' (10) in SFGRT was higher than in CFRT. There-
fore, evaluation of the out-of-field dose caused by photoneutrons in 15 MV SFGRT may be of
interest in future studies.

Supporting information

S1 File. Data set.
(XLSX)

S2 File. MCNPX " output file for evaluation of neutron contamination in conventional
radiotherapy.
O)

$3 File. MCNPX "™ output file for evaluation of neutron contamination in grid radiother-
apy using a brass block.
0)

$4 File. MCNPX" output file for evaluation of neutron contamination in grid radiother-
apy using a cerrobend block.

O)

S5 File. MCNPX "™ output file for evaluation of neutron contamination in grid radiother-
apy using a lead block.

0)

S6 File. Ethics code.
(PDF)

Author Contributions

Conceptualization: Farshid Mahmoudi.

Data curation: Amir Hossein Karimi.

Formal analysis: Farshid Mahmoudi, Najmeh Mohammadi.
Funding acquisition: Ghazale Geraily.

Investigation: Farshid Mahmoudi.

Methodology: Najmeh Mohammadi, Nahid Chegeni.

Project administration: Ghazale Geraily.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280433 January 13, 2023 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280433.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280433.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280433.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280433.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280433.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0280433.s006
https://doi.org/10.1371/journal.pone.0280433

PLOS ONE

Photoneutron contamination in 15-MV grid therapy

Resources: Meysam Haghighi, Ghazale Geraily.

Software: Farshid Mahmoudi, Najmeh Mohammadi, Iraj Jabbari.

Supervision: Nahid Chegeni.

Validation: Najmeh Mohammadi, Nahid Chegeni, Soheil Elmtalab.

Visualization: Amir Hossein Karimi.

Writing - original draft: Meysam Haghighi, Zahra Alirezaei.

Writing - review & editing: Zahra Alirezaei, Hector Rene Vega-Carrillo, Ali Kazemian, Amir

Hossein Karimi.

References

1.

10.

11.

McGinley PH, Wood M, Mills M, Rodriguez R. Dose levels due to neutrons in the vicinity of high-energy
medical accelerators. Med Phys [Internet]. 1976; 3(6):397—402. Available from: https://aapm.
onlinelibrary.wiley.com/doi/abs/10.1118/1.594256 PMID: 826776

Martinez-Ovalle SA, Barquero R, Gomez-Ros JM, Lallena AM. Neutron dose equivalent and neutron
spectra in tissue for clinical linacs operating at 15, 18 and 20 MV. Radiat Prot Dosim. 2011/01/15. 2011;
147(4):498-511. https://doi.org/10.1093/rpd/ncq501 PMID: 21233098

Khosravi M, Shahbazi-Gahrouei D, Jabbari K, Nasri-Nasrabadi M, Baradaran-Ghahfarokhi M, Siavash-
pour Z, et al. Photoneutron contamination from an 18 MV Saturne medical linear accelerator in the treat-
ment room. Radiat Prot Dosim. 2013; 156(3):356—63. https://doi.org/10.1093/rpd/nct078 PMID:
23538892

Mohammadi N, Miri-Hakimabad SH, Rafat-Motavalli L. A Monte Carlo Study for Photoneutron Dose
Estimations around the High-Energy Linacs. J Biomed Phys Eng [Internet]. 2014; 4(4):127—40. Avail-
able from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4289520/ PMID: 25599059

Karimi AH, Chegeni N, Jabbari |, Hassanvand M. The effect of neutron contamination on probability of
secondary cancer in radiotherapy of pelvic region with 18-MV photons. J Isfahan Med Sch [Internet].
2019; 37(519):222—7. Available from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85070210848&doi=10.22122%2Fjims.v37i519.11478&partnerlD=40&md5=
9d7c7b416c6980fd390f4454b0e4c3ce

Farhood B, Ghorbani M, Abdi Goushbolagh N, Najafi M, Geraily G. Different Methods of Measuring
Neutron Dose/Fluence Generated During Radiation Therapy with Megavoltage Beams. Health Phys
[Internet]. 2020; 118(1). Available from: https://journals.lww.com/health-physics/Fulltext/2020/01000/
Different_Methods_of_Measuring_Neutron.6.aspx https://doi.org/10.1097/HP.0000000000001130
PMID: 31764421

Elmtalab S, Abedi |, Alirezaei Z, Choopan Dastjerdi MH, Geraily G, Karimi AH. Semi-experimental
assessment of neutron equivalent dose and secondary cancer risk for off-field organs in glioma patients
undergoing 18-MV radiotherapy. PLoS One [Internet]. 2022 Jul 29; 17(7):e0271028. Available from:
https://doi.org/10.1371/journal.pone.0271028 PMID: 35905102

Shojaei M, Rashedi S, Chakoli AN, Karimi AH, Geraily G. Measurement of neutron equivalent dose in
the thyroid, chiasma, and lens for patients undergoing pelvic radiotherapy: A phantom study. Appl
Radiat Isot [Internet]. 2022; 184:110188. Available from: https://www.sciencedirect.com/science/article/
pii/lS0969804322000872 https://doi.org/10.1016/j.apradiso.2022.110188 PMID: 35358308

Karimi AH, Mirian SF, Mahmoudi F, Geraily G, Vega-Carrillo HR, Mohiuddin M. Feasibility of 18-MV
grid therapy from radiation protection aspects: unwanted dose and fatal cancer risk caused by photo-
neutrons and scattered photons. Comput Methods Programs Biomed [Internet]. 2022; 213:106524.
Available from: https://www.sciencedirect.com/science/article/pii/S0169260721005988 https://doi.org/
10.1016/j.cmpb.2021.106524 PMID: 34818621

Rojas-Arias N, Sajo-Bohus L, Tolosa-Cetina JO, Sandoval-Garzén MA, Martinez-Ovalle SA. New target
with low photoneutron yield for LINAC radiotherapy applications. Appl Radiat Isot [Internet]. 2020;
162:109142. Available from: https://www.sciencedirect.com/science/article/pii/S0969804319313004
https://doi.org/10.1016/j.apradiso.2020.109142 PMID: 32501224

ICRP. The 2007 Recommendations of the International Commission on Radiological Protection. Inter-
national Commission on Radiological Protection report 103. 2007.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280433 January 13, 2023 14/16


https://aapm.onlinelibrary.wiley.com/doi/abs/10.1118/1.594256
https://aapm.onlinelibrary.wiley.com/doi/abs/10.1118/1.594256
http://www.ncbi.nlm.nih.gov/pubmed/826776
https://doi.org/10.1093/rpd/ncq501
http://www.ncbi.nlm.nih.gov/pubmed/21233098
https://doi.org/10.1093/rpd/nct078
http://www.ncbi.nlm.nih.gov/pubmed/23538892
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4289520/
http://www.ncbi.nlm.nih.gov/pubmed/25599059
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85070210848&doi=10.22122%2Fjims.v37i519.11478&partnerID=40&md5=9d7c7b416c6980fd390f4454b0e4c3ce
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85070210848&doi=10.22122%2Fjims.v37i519.11478&partnerID=40&md5=9d7c7b416c6980fd390f4454b0e4c3ce
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85070210848&doi=10.22122%2Fjims.v37i519.11478&partnerID=40&md5=9d7c7b416c6980fd390f4454b0e4c3ce
https://journals.lww.com/health-physics/Fulltext/2020/01000/Different_Methods_of_Measuring_Neutron.6.aspx
https://journals.lww.com/health-physics/Fulltext/2020/01000/Different_Methods_of_Measuring_Neutron.6.aspx
https://doi.org/10.1097/HP.0000000000001130
http://www.ncbi.nlm.nih.gov/pubmed/31764421
https://doi.org/10.1371/journal.pone.0271028
http://www.ncbi.nlm.nih.gov/pubmed/35905102
https://www.sciencedirect.com/science/article/pii/S0969804322000872
https://www.sciencedirect.com/science/article/pii/S0969804322000872
https://doi.org/10.1016/j.apradiso.2022.110188
http://www.ncbi.nlm.nih.gov/pubmed/35358808
https://www.sciencedirect.com/science/article/pii/S0169260721005988
https://doi.org/10.1016/j.cmpb.2021.106524
https://doi.org/10.1016/j.cmpb.2021.106524
http://www.ncbi.nlm.nih.gov/pubmed/34818621
https://www.sciencedirect.com/science/article/pii/S0969804319313004
https://doi.org/10.1016/j.apradiso.2020.109142
http://www.ncbi.nlm.nih.gov/pubmed/32501224
https://doi.org/10.1371/journal.pone.0280433

PLOS ONE

Photoneutron contamination in 15-MV grid therapy

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Geralily G, EImtalab S, Mohammadi N, Alirezaei Z, Martinez-Ovalle SA, Jabbari |, et al. Monte Carlo
evaluation of out-of-field dose in 18 MV pelvic radiotherapy using a simplified female MIRD phantom.
Biomed Phys Eng Express [Internet]. 2022; 8(1):015004. Available from: http://dx.doi.org/10.1088/
2057-1976/ac35a1

Mahmoudi F, Shahbazi-Gahrouei D, Chegeni N. The role of the spatially fractionated radiation therapy
in the management of advanced bulky tumors. Polish J Med Phys Eng [Internet]. 2021; 27(2):123-35.
Available from: https://doi.org/10.2478/pjmpe-2021-0015

Liberson F. The Value of a Multi-perforated Screen in Deep X-ray Therapy: A Preliminary Report on a
New Method of Delivering Multiple Erythema Doses without Permanent Injury to the Skin. Radiology.
1933; 20(3):186-95.

Marks H. Clinical experience with irradiation through a GRID. Radiology. 1952; 58(3):338—42. https://
doi.org/10.1148/58.3.338 PMID: 14900413

Asur RS, Sharma S, Chang CW, Penagaricano J, Kommuru IM, Moros EG, et al. Spatially Fractionated
Radiation Induces Cytotoxicity and Changes in Gene Expression in Bystander and Radiation Adjacent
Murine Carcinoma Cells. Radiat Res [Internet]. 2012; 177(6):751-65. Available from: http://www.jstor.
org/stable/41545131 https://doi.org/10.1667/rr2780.1 PMID: 22559204

Mohiuddin M, Fujita M, Regine WF, Megooni AS, Ibbott GS, Ahmed MM. High-dose spatially-fraction-
ated radiation (GRID): a new paradigm in the management of advanced cancers. Int J Radiat Oncol
Biol Phys. 1999; 45(3):721-7. https://doi.org/10.1016/s0360-3016(99)00170-4 PMID: 10524428

Mohiuddin M, Curtis DL, Grizos WT, Komarnicky L. Palliative treatment of advanced cancer using multi-
ple nonconfluent pencil beam radiation: a pilot study. Cancer. 1990; 66(1):114-8.

Mohiuddin M, Stevens JH, Reiff JE, Hug MS, Suntharalingam N. Spatially fractionated (GRID) radiation
for palliative treatment of advanced cancer. Radiat Oncol Investig Clin Basic Res. 1996; 4(1):41-7.

Wang X, Charlton MA, Esquivel C, Eng TY, Li Y, Papanikolaou N. Measurement of neutron dose equiv-
alent outside and inside of the treatment vault of GRID therapy. Med Phys. 2013; 40(9). https://doi.org/
10.1118/1.4816653 PMID: 24007186

Karimi AH, Vega-Carrillo HR. Grid therapy vs. conventional radiotherapy— 18 MV treatments: Photoneu-
tron contamination along the maze of a linac bunker. Appl Radiat Isot [Internet]. 2020; 158:109064.
Available from: https://www.sciencedirect.com/science/article/pii/S0969804319311273

Brki¢ H, Ivkovi¢ A, Kasabasi¢ M, Poje Sovilj M, Jurkovi¢ S, Stimac D, et al. The influence of field size
and off-axis distance on photoneutron spectra of the 18 MV Siemens Oncor linear accelerator beam.
Radiat Meas [Internet]. 2016; 93:28—34. Available from: http://www.sciencedirect.com/science/article/
pii/S135044871630141X

Chibani O, Ma CC. Photonuclear dose calculations for high-energy photon beams from Siemens and
Varian linacs. Med Phys. 2003; 30(8):1990-2000. https://doi.org/10.1118/1.1590436 PMID: 12945965

Karimi AH, Brki¢ H, Shahbazi-Gahrouei D, Haghighi SB, Jabbari |. Essential considerations for accurate
evaluation of photoneutron contamination in Radiotherapy. Appl Radiat Isot [Internet]. 2019; 145:24—
31. Available from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-85058815922&doi=10.
1016%2Fj.apradis0.2018.12.007&partnerlD=40&md5=e868b7d3d14c911538f975812ad62590 PMID:
30572262

Pelowitz DB, Durkee JW, Elson JS, Fensin ML, Hendricks JS, James MR, et al. MCNPX 2.7 E exten-
sions. Los Alamos National Lab.(LANL), Los Alamos, NM (United States); 2011.

Mohammadi N, Miri-Hakimabad H, Rafat-Motavlli L, Akbari F, Abdollahi S. Neutron spectrometry and
determination of neutron contamination around the 15 MV Siemens Primus LINAC. J Radioanal Nucl
Chem. 2015; 304(3):1001-8.

ICRU. Conversion Coefficients for use in Radiological Protection Against External Radiation. Interna-
tional Commission on Radiation Units and Measurements report 57. 1998.

ICRP. Conversion coefficients for use in radiological protection against external radiation. Vol. 26, Inter-
national Commission on Radiological Protection report 74. 1996.

Chegeni N, Karimi AH, Jabbari |, Arvandi S. Photoneutron dose estimation in GRID therapy using an
anthropomorphic phantom: A Monte Carlo study. J Med Signals Sens [Internet]. 2018; 8(3):175-83.
Available from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-85052710616&doi=10.4103%
2Fjmss.JMSS-13-18&partnerlD=40&md5=76e063489bbd0ce85799f9dbb62a7582 PMID: 30181966

Chadwick MB, Oblozinsky P, Blokhin Al. Handbook on Photonuclear Data for Applications Cross Sec-
tions and Spectra, Final Report of a Co-ordinated Research Project 1996—1999, IAEA-TECDOC-1178.
2000.

Waller E J., Jamieson T J., Cole D, Cousins T, B. Jammal R. Experimental and computational determi-
nation of neutron dose equivalent around radiotherapy accelerators. Radiat Prot Dosimetry [Internet].

PLOS ONE | https://doi.org/10.1371/journal.pone.0280433 January 13, 2023 15/16


http://dx.doi.org/10.1088/2057-1976/ac35a1
http://dx.doi.org/10.1088/2057-1976/ac35a1
https://doi.org/10.2478/pjmpe-2021-0015
https://doi.org/10.1148/58.3.338
https://doi.org/10.1148/58.3.338
http://www.ncbi.nlm.nih.gov/pubmed/14900413
http://www.jstor.org/stable/41545131
http://www.jstor.org/stable/41545131
https://doi.org/10.1667/rr2780.1
http://www.ncbi.nlm.nih.gov/pubmed/22559204
https://doi.org/10.1016/s0360-3016%2899%2900170-4
http://www.ncbi.nlm.nih.gov/pubmed/10524428
https://doi.org/10.1118/1.4816653
https://doi.org/10.1118/1.4816653
http://www.ncbi.nlm.nih.gov/pubmed/24007186
https://www.sciencedirect.com/science/article/pii/S0969804319311273
http://www.sciencedirect.com/science/article/pii/S135044871630141X
http://www.sciencedirect.com/science/article/pii/S135044871630141X
https://doi.org/10.1118/1.1590436
http://www.ncbi.nlm.nih.gov/pubmed/12945965
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85058815922&doi=10.1016%2Fj.apradiso.2018.12.007&partnerID=40&md5=e868b7d3d14c911538f975812ad62590
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85058815922&doi=10.1016%2Fj.apradiso.2018.12.007&partnerID=40&md5=e868b7d3d14c911538f975812ad62590
http://www.ncbi.nlm.nih.gov/pubmed/30572262
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85052710616&doi=10.4103%2Fjmss.JMSS-13-18&partnerID=40&md5=76e063489bbd0ce85799f9dbb62a7582
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85052710616&doi=10.4103%2Fjmss.JMSS-13-18&partnerID=40&md5=76e063489bbd0ce85799f9dbb62a7582
http://www.ncbi.nlm.nih.gov/pubmed/30181966
https://doi.org/10.1371/journal.pone.0280433

PLOS ONE

Photoneutron contamination in 15-MV grid therapy

2003 Dec 1; 107(4):225-32. Available from: https://doi.org/10.1093/oxfordjournals.rpd.a006394 PMID:
14756178

32. AteiaE, Ciraj-Bjelac O, Kovacevi¢ M, Beli¢ev P, Cvetkovi¢ B, Ani¢in | V. Additional dose assessment

from the activation of high-energy linear accelerators used in radiation therapy. Nucl Technol Radiat
Prot. 2008; 23(2):58—64.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280433 January 13, 2023 16/16


https://doi.org/10.1093/oxfordjournals.rpd.a006394
http://www.ncbi.nlm.nih.gov/pubmed/14756178
https://doi.org/10.1371/journal.pone.0280433

