
Radioprotection 2018, 53(3), 207–217
© EDP Sciences 2018
https://doi.org/10.1051/radiopro/2018024

Available online at:
www.radioprotection.org
ARTICLE
Monte Carlo study of dose distribution improvement by
skin-shielding layer design in boron neutron capture
therapy for non-small-cell lung cancer

X. Tang1,2,*, H. Yu1, D. Shu1, C. Gong1, C. Geng1,2, Y. Ai1 and D. Chen1,2

1 Department of Nuclear Science and Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, P.R. China.
2 Collaborative Innovation Center of Radiation Medicine of Jiangsu Higher Education Institutions, Nanjing 210016, P.R. China.
Received: 19 April 2017 / Accepted: 25 May 2018
*Correspon
Abstract – The skin dose exceeds its dose limitation
 easily in using an accelerator-based neutron source for
non-small-cell lung cancer (NSCLC) with boron neutron capture therapy (BNCT). To solve this problem,
design analyses in materials and thicknesses of skin-shielding schemes were investigated through Monte
Carlo method. Two skin-shielding schemes were better and could reduce the healthy organ dose: scheme A
(0.1 cm-thick thermoplastic with 96%-enriched 6LiF), and scheme B (0.6 cm-thick lithium carbonate).
Scheme B with shorter irradiation time was the optimized schemes to improve the dose distribution of
BNCT for NSCLC.
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1 Introduction

Local non-small-cell lung cancer (NSCLC) is a common
tumor, with its tumor locations mostly near the trachea and
which have diffused into the lungs but not into the whole body,
and it requires timely treatment. Boron neutron capture therapy
(BNCT), which combines the advantages of molecular
targeting and heavy ion therapy, is considered an alternative
therapeutic approach for the limb osteosarcoma attributed to its
high Linear Energy Transfer (LET) and higher Relative
Biological Effectiveness (RBE), for the reaction 10B (n, alpha)
7Li generates an alpha particle and a 7Li nucleus with ranges
comparable to cell diameters (Fujimoto et al., 2015). Scholars
have proposed BNCT of NSCLC (Kiger, 2006), for this
therapy can avoid the inaccurate treatment caused by the
motions of cancerous lung tissues during photon radiotherapy,
as the major dose deposition of BNCT depends on boron
localization. Moreover, the treatment may be delivered in a
single-fraction through BNCT with less time.

Clinical studies on BNCT indicate that the neutron source
and distribution of boron concentration are key factors
affecting the curative effect of this therapy (Sutlief, 2015).
The energy spectrum of the neutron sources and the boron
distribution in human play important roles in the dose
deposition (Sakurai and Ono, 2007) in cancer patients. Dose
delivery to healthy organs increases with increasing boron
ding author: tanxiaobin@nuaa.edu.cn
concentration in healthy tissues, and this phenomenon leads to
increased cancer risk (Ryynanen and Kortesniemi, 2000). Thus,
adjustable neutron source and boron drug with high concentra-
tion in cancer cell need tobe continuouslydeveloped.At present,
the study of BNCT for NSCLC mainly includes clinical
experiments (Trivillin et al., 2004; Bortolussi et al., 2011) and
theoretical research (Farias et al., 2014; Krstic et al., 2014) in
different country. In 2012, Suzuki studied the re-irradiation for
lung cancer in clinic with BNCT in Japan (Suzuki et al., 2012).
However, the treatment effect was not very good for
unsatisfactory dose distribution. Since 2014, we have been
studying theBNCTofNSCLCwithMonteCarlomethod,which
aims to provide references for the clinic treatment of BNCT of
NSCLC. We have explored the impacts of boron concentration
and neutron source on different types of tumors (Haiyan et al.,
2017a) and multi-field neutron source irradiation during the
BNCT of NSCLC (Haiyan et al., 2017b).

Until now, nuclear reactors are used commonly in BNCT
treatment, and accelerator-based neutron source used for
treatment has not been reported yet. Indeed, due to the
advantage of compact with less cost, the accelerator-based
neutron source have a trend to be widely used in hospital.
However, in the case of accelerator-based neutron source
irradiation, as the lung cancer reaches the prescription doses,
the skin dose often exceeds its dose limitation (Krstic et al.,
2014). In conventional radiotherapy of electron and photon
beams, some researchers have put forward a protective layer
on the skin surface to decrease skin dose (Norbash et al., 1996;
Liu et al., 2013). Nevertheless, for BNCT of NSCLC, an
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Table 1. BNCT in-air parameters of IAEA recommended and Neuboron source.

Configuration ɸ e p i

(�109 cm–2 s–1)
ɸ t h / ɸ e p i Df / ɸ e p i

(�10–13 Gy cm2)
Dg / ɸ e p i

(�10–13 Gy cm2)

IAEA Limits ≥ 1 ∼0.05 � 2 � 2

Neuboron source 1.3 0.04 2.05 1.24

The epi/th represent the flux ratio of epithermal neutron to the thermal neutron.

(a) (b)

Fig. 1. (a) Neutron and (b) photon fluence rate per unit of lethargy as a function of energy for the Neuboron source (Lee et al., 2014).
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in-depth study on the reduction of skin dose has not been
conducted. Thus, to improve the dose distribution and
feasibility of BNCT for NSCLC, various skin-shielding
schemes were designed. The general-purpose Monte Carlo
particle transport code MCNP5 was employed to simulate the
dose calculations in this study. Through the comparisons of the
irradiation time and dose distribution of different schemes, an
ideal design scheme was chosen to improve the dose
distribution in BNCT.

2 Materials and methods

2.1 Neutron source

Aneutron beam called “Neuboron neutron source” is under
construction by Neuboron Medtech Ltd. (Neuboron, China),
and the proton accelerator is provided by Budker Institute of
Nuclear Physics (BINP, Russia) (Bayanov et al., 2015). The
accelerated based neutron is produced from the reactions of
protons and lithium target 7Li (p, n) 7Be. After the beam
shaping assembly designed by Lee and Liu (Lee et al., 2014),
the characteristics of the Neuboron source are in accordance
with the criteria recommended by the International Atomic
Energy Agency (IAEA) (IAEA, 2001) as shown in Table 1,
and its neutron and photon energy spectra are shown in
Figure 1.

The Neuboron source was set as a disc non-point source.
The diameter of the source was 20 cm. It could completely
encompass the tumor volume. The larger the source skin
distance (SSD) is, the larger the radiation field will be. Thus, in
order to reduce the dose to healthy tissue as far as possible, the
SSDwas chosen to be 3 cm. In addition, the angular distribution
of the neutron emitted from source/BSA is approximate
considered as cosine law distribution (cosine = 0.67) in the
MCNP input configuration, for the real angular distribution is
complicated and is difficult to acquire. The epithermal
neutron fluence of the beam was 1.3� 109 cm�2· s�1.
2.2 CHRP-M30 Phantom implementation

A dose calculation model was established based on a 30-
year-old male of Chinese hybrid radiation phantom (CHRP-
Male 30) (Geng et al., 2014) (Fig. 2). The high-precision male
phantomwas built in Rhinoceros 5.0 (Guitton et al., 2013), and
voxelizer series tools were employed to transform the phantom
into a voxel-based model. In considering the precision of the
geometry construction and the calculation speed in the Monte
Carlo calculation, the phantom was voxelized with a resolution
of 0.4� 0.4� 0.4 cm3. Tissue and organ compositions were
taken from the data in ICRU-46 (ICRU 46, 1992) and ICRP-89
(ICRP 89, 2002). Details of the construction procedure for the
phantom geometry and materials have been described in a
previous publication (Geng et al., 2014). Based on the CHRP-
Male 30 phantom, the tumor (depth of 7 cm) was established
(Fig. 2) according to the common NSCLC. The gross tumor
volume (GTV) was approximately 7� 4� 3 cm3, and the
cancerous lung was divided into healthy lungs (black) and the
GTV (purple). This tumor-prescribed dose was set as 32Gy-Eq
(Farias et al., 2014).



Fig. 2. Implementation and three views of the NSCLC model defined in the CHRP-Male 30 phantom.

Fig. 3. Neutron irradiation planning and skin shielding design: (a) lateral view; (b) vertical view; and (c) cross section of lung cancer irradiation.
In this case, healthy lungs (blue) and the tumor area GTV (red) were marked.
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The 10B concentrations in tumor and in skin were assumed
as 48 ppm and 9 ppm, which could guarantee that treatment
time is around 30min. The ratio of 10B concentration in the
skin to that in other healthy tissues was 1.5:1. In this case, the
10B concentration was considered as a constant.

2.3 Skin-shielding layer design

Skin-shielding layer design was proposed to reduce the
skin dose and improve the dose distribution (Lee et al., 2014).
The skin-shielding layer was added between the neutron
source and the skin surface. The skin-shielding layer covered
the whole chest of phantom, and their length-width of skin
shield was 100 cm� 80 cm. The thicknesses were 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.8 and 1 cm, which represented the distance
between the skin surface and the upper surface of shielding
material on the center shaft of the neutron beam. Three kinds of
layer materials were considered in this work, i.e. Equivalent
Tissue material (ETM), thermoplastic with 96%-enriched 6LiF
(6LiF-TP, the quality ratio of 6LiF to thermoplastic is 4:6)
(Sakurai and Ono, 2007), and lithium carbonate (Li2CO3, the
quality ratio of 6Li2CO3 to

7Li2CO3 is 1:3). The three materials
were placed on the surface of the chest (Fig. 3).

2.4 Dose calculations and treatment assessments

The dose of BNCT includes boron dose (DB), thermal
neutron dose (Dth), fast neutron dose (Df), and gamma dose



Fig. 4. Dose distribution in tumor and OARs.

Table 2. RBE and CBE factors used to convert the absorbed dose
(Gy) into biological dose (Gy-Eq) (Ishiyama, 2014).

BNCT dose component Normal tissues Tumor Skin

10B(n,a)7Li (CBE) 1.4 3.8 2.5
Thermal neutron (RBE) 3.2 3.2 3.2
Fast neutron (RBE) 3.2 3.2 3.2
Photon 1 1 1

Table 3. Maximum dose to OARs and their dose limitation of NCCN
guidelines.

Organs at risk Maximum
dose (Gy-Eq)

Limited
dose (Gy-Eq)

Difference (%)

Breast 26.00 30.00 �13.30

Heart 17.50 22.00 �20.40
Esophagus 4.50 15.40 �68.80
Tracheal 7.00 20.20 �62.80
Skin 42.00 26.00 þ61.50
Rib 17.30 30.00 �42.30
Spinal cord 3.40 14.00 �75.70
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(Dg). The boron dose stems from the interaction of thermal
neutrons with 10B atoms in the tissue and goes through the
10B (n, alpha) 7Li reaction. The thermal neutron dose arises
primarily from the thermal neutron capture reaction of 14N
(n, p) 14C. The fast neutron dose comes from fast neutrons
with energies above 10 keV delivering the dose through
elastic collisions with hydrogen nuclei in the tissue. The
gamma dose is generated from an unavoidable gamma
contamination of the beam and the induced gamma dose in
the tissues.

Biological dose of BNCT was computed by multiplying
each absorbed dose component by the relative biological
effectiveness (RBE) or the compound biological effectiveness
(CBE) factors listed in Table 2. It was calculated as follows:

HT¼ vB � DB þ vth � Dth þ vf � Df þ Dg : ð1Þ

Different skin-shielding schemes were evaluated through
dose to organs at risk (OARs). The doses to OARs (including
skin, right healthy lung, esophagus, heart, liver, breast, and
trachea) were selected to characterize dose distribution and
estimate the efficacy of BNCT treatment, according to their
average dose, maximum dose, and treatment time. In addition,
in comparing the dose distribution of tumor or OARs, the dose
volume curves (DVCs) and second cancer risks of the OARs
were depicted.

The dose to OARs should meet two limitations, according
to the National Comprehensive Cancer Network (NCCN)
(Ettinger et al., 2013), as follows. First, more than 1000 cm3 of
the volume of the healthy lung should receive less than 7.5Gy-
Eq to prevent pneumonia. Second, the maximum dose to the
heart, spinal cord, skin, esophagus, trachea, ribs, and breast
should be less than 22, 14, 26, 15.4, 20.2, 30 and 30Gy-Eq,
respectively.

2.5 Monte Carlo configurations

The MCNP5 version of MCNP5_RSICC, 1.14 was used to
perform the dose calculations in this study. The universe/lattice
card was employed in constructing the human voxel phantom.
The SDEF card defined the disc non-point sources for
Neuboron neutron, and different concentrations of 10B were
added in Material Cards of tumor and OARs. The MTcard was
used to fix the thermal reaction cross section.

The doses to the tumor and OAR were calculated through
the tally F4 combined DE/DF cards. For the dose conversion,
pointwise kerma factors and energy mass absorption coef-
ficients from the reference (Goorley et al., 2002) were input
with DE and DF cards directly. To obtain the neutron spectrum,
tally F4 was used to estimate the neutron fluence.

The parallel calculation with 64 cores in one computer is
used to calculate the dose. The number of simulated source
particles was set as 1�109 in all simulations to keep the
statistical uncertainty below 2% for the dose results in all the
organs of interest.

3 Results

3.1 Tumor and OAR dose without skin-shielding layer

The doses to OARs were calculated without a skin-
shielding layer. The tumor dose reached a prescribed dose of
32Gy-Eq (Farias et al., 2014) (Fig. 4) after 26.1min
irradiation, and the maximum doses to chest organs or tissues
were within their limits (Tab. 3). The maximum doses to the
left and right lung were 3Gy-Eq and 6Gy-Eq, respectively,
which fully conformed to the NCCN guideline (Ettinger et al.,
2013).

However, the skin dose obviously exceeded its dose
limit. The maximum dose to the skin was 42 Gy-Eq, and
30% of the volume of the skin received more than its dose



 
(a)  (b) 

 
(c) 

Fig. 5. Average dose rates to tumor and healthy organs with three materials used as the skin-shielding layer: (a) ETM, (b) 6LiF-TP, and (c)
lithium carbonate (Li2CO3).
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limit of 26 Gy-Eq (Ettinger et al., 2013) (Fig. 4). Thus, the
skin dose must be reduced by adding a skin-shielding layer
in treatment.
3.2 Influence of skin-shielding layer on dose and
neutron flux

When ETM was used as a skin-shielding layer, the healthy
tissue dose rate was reduced slightly, but the tumor dose
exhibited a large attenuation (Fig. 5a). When 6LiF was used,
tumor average dose rates decreased obviously (Fig. 5b). In
addition, when Li2CO3 was used, the average dose rate to the
tumor was higher than that when 6LiF was used, and the OAR
dose was slightly affected by Li2CO3 (Fig. 5c). In the actual
treatment, doses to tumor and skin and treatment time need
further consideration to choose the optimal scheme.
Moreover, the neutron spectra after passing through
different thicknesses of shields were calculated in Figure 6.
The neutron fluxes after the shields of ETM, 6LiF-TP and
Li2CO3 were presented in Figure 6a, b and c. Their epithermal
neutron fluxes were also calculated, which were presented in
Figure 6d. With the skin shields added, the fast neutron flux
decreased, and the thermal neutron increased. As the shields
became thicker, the changes were more evident. Especially in
the ETM, when ETM shield reached 1 cm-thick, the thermal
neutron flux reached 2.5� 108 cm–2·s–1. In addition, with the
increasing thickness of all shields, the epithermal neutron
fluxes all have the trend to get its maximum, and then turned
down (Fig. 6d). The reason is that fast neutrons were
converted to more epithermal neutrons with the moderation of
thin shields; as shields became thicker, the attenuations of
epithermal neutrons were more obvious than the increase of
epithermal neutrons.



(a) (b)

(c) (d)

Fig 6. The neutron flux after passing through different shields of (a) ETM, (b) 6LiF-TP, (c) Li2CO3, and (d) is their epithermal neutron fluxes at
different thicknesses.
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Furthermore, the influence of the thickness of different
materials on the treatment time and skin dose was studied,
when the tumor reached the prescription dose of 32Gy-Eq.
The following factors were considered:

–
 the skin dose must be within its dose limitation of
26Gy-Eq;
–
 the irradiation time should be within the appropriate range,
preferably half an hour or less;
–
 the thickness should be as small as possible.
As shown in Table 4, when ETM was used as a skin-
shielding layer, themaximumdose to the skin exceeded the dose
limit of 26Gy. Thus, ETM was not suitable as a skin-shielding
layer. For 6LiF-TP and lithium carbonate, the two best schemes
were selected. Scheme A involved 0.1 cm-thick 6LiF-TP, and
scheme B involved 0.6 cm-thick lithium carbonate.

In addition, the epithermal neutron fluxes of scheme A
(0.1 cm 6LiF-TP) and scheme B (0.6 cm Li2CO3) both meet the
recommended in-air criteria of 1.0� 109 cm–2·s�1, and their
other IAEA recommended in-air criteria also approached the
recommended value (Tab. 5).
3.3 Influence of shielding schemes on dose
composition

In studying the physical mechanism for skin dose reduction
under the conditions of scheme A and scheme B, the dose
compositions in the tumor and healthy organs (especially skin)
were compared under the two shielding schemes. For the
condition without a skin-shielding layer, the tumor and OAR
dose components are shown in Figure 7a. The dose in this
condition was considered as the original dose.

The dose rate to the tumor and healthy organs decreased
obviously in the condition of shielding by scheme A. For the
tumor dose, the average dose rate reduced to 52.5% of the
original; its fast neutron dose decreased, and the proportion of
the boron dose increased. For the skin dose, the average dose
rate reduced to 17.0% of the original (Fig. 7b). All dose
components of the skin decreased. In particular, the fast
neutron dose reduced to 10% of the original value.

Under shielding by scheme B, the reduction of tumor dose
was less than that by scheme A. In addition, its boron dose and
thermal neutron dose decreased. The average dose to the skin



Table 4. Treatment time and maximum dose to skin with different thicknesses of the three materials.

Materials

Thickness
(cm)

Equivalent Tissue material 6LiF-TP Lithium carbonate

Treatment
time (min)

Skin maximum dose
(Gy-Eq)

Treatment
time (min)

Skin maximum dose
(Gy-Eq)

Treatment
time (min)

Skin maximum dose
(Gy-Eq)

0.1 28.88 34.08 40.05 20.82 26.89 28.06

0.2 32.40 38.08 48.86 23.42 28.56 29.65
0.3 32.90 34.03 50.84 22.37 28.86 29.71
0.4 34.52 33.12 52.11 19.28 29.01 26.80
0.5 35.04 33.52 55.62 18.02 29.48 24.54
0.6 36.40 34.72 59.30 17.61 29.97 23.57
0.8 39.36 36.64 66.81 17.50 31.52 23.72
1 43.28 39.20 77.97 17.10 31.73 23.56

Table 5. The IAEA recommended in-air criteria of neutron flux after passing through scheme A and scheme B.

Configuration ɸ e p i

(�109 cm–2 s–1)
ɸ t h / ɸ e p i Df / ɸ e p i

(�10–13 Gy cm2)
Dg / ɸ e p i

(�10–13 Gy cm2)

IAEA Limits ≥ 1 ∼0.05 � 2 � 2

Scheme A 1.5 0.08 1.91 2.12
Scheme B 1.27 0.06 1.85 2.08

The epi/th represent the flux ratio of epithermal neutron to the thermal neutron.
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was reduced to 66.7% of the original value (Fig. 7c). Its fast
neutron dose had the greatest reduction to 25% of the original
value. In addition, the photon dose decreased to 50% of the
original value, and the thermal neutron dose decreased by
36.3%.

In determining the reason for the variation of dose
compositions under the two schemes, neutron energy spectra in
the tumor and the skin were studied. The original neutron
spectrum is referred to as the neutron spectrum without the
skin-shielding layer.

Compared with the original neutron spectrum, neutron flux
attenuation was larger in scheme A. In the tumor, the fast
neutron flux decreased, and the value of the thermal neutron
flux peak was reduced to a third of the original. Thus, the fast
neutron dose and boron dose to the tumor declined.
Meanwhile, the proportion of boron dose increased. In the
skin, the fast neutron flux declined, and the thermal neutron
flux peak decreased to one-tenth of the original. This
phenomenon led to the decrease in the fast and thermal
neutron dose to the skin (Fig. 8a).

Compared with the decrease of the neutron flux in scheme
A, that in scheme B was less. In the tumor, the attenuations of
thermal and fast neutron flux were smaller than those in
schemeA. Thus, the fast neutron dose and the boron dose to the
tumor were higher than those in scheme A.

In the skin, the fast and thermal neutrons were weakened
slightly, causing the decrease in fast neutron dose and boron
dose of the skin. Moreover, the doses were higher than those in
scheme A (Fig. 8b).
According to the preceding analysis, the skin dose
reduction of the two skin-shielding schemes was mainly
due to the reduction of the fast neutron dose. The process of
fast neutron attenuated to thermal neutrons caused the fast
neutron dose reduction. The material of scheme A is 6LiF-TP,
which could slow down fast neutrons effectively because it
contains hydrogen, and it reduces the skin dose apparently
even with the thickness of 0.1 cm.

3.4 Influence of shielding schemes on OARs dose
and second cancer risk

When the tumor achieved the prescribed dose of 32Gy-Eq,
the two shielding schemes could reduce the skin dose
effectively. The maximum dose to the skin reached 42Gy-
Eq without a shielding layer. In scheme A, the skin dose
decreased to 20.82Gy-Eq, and this reduction was more
obvious than that in scheme B. In scheme B, the maximum skin
dose decreased to 23.57Gy-Eq, which was also within the dose
limit of 26Gy-Eq (Fig. 9). However, the irradiation time of
scheme A was 40.05min, which was longer than that of
scheme B. In comparing these two schemes for the effects of
dose improvement, the OAR dose distribution needs to be
further verified.

The OAR doses under the two schemes were compared. As
the tumor achieved the prescribed dose of 32Gy-Eq, the
maximum dose to OARs conformed to the NCCN dose limits.
For scheme A, its effect on radiation protection was good, and
it reduced the OAR dose effectively. For scheme B, it could



(a) (b)

Fig. 8. Neutron spectra in the tumor and the skin: (a) scheme A and (b) scheme B.

(a) (b)

(c)

Fig. 7. Tumor and OARs dose under the different conditions: (a) without the skin-shielding layers; (b) scheme A; and (c) scheme B.
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reduce the OAR dose to a certain degree. For example, it
reduced breast and trachea dose sharply. However, the dose to
the left and right lungs increased under shielding by scheme B
(Fig. 10).

When the tumor achieved the prescribed dose of 32 Gy-
Eq, both schemes reduced the average dose to OARs to
Fig. 9. Dose distribution of the skin and irradiation time under the
two skin-shielding schemes.

(a)

(c) (d

Fig. 10. Dose distribution of the OARs under the two schemes including (
lung.
varying degrees (Fig. 11). The risk factor was indicated in
the National Council on Radiation Protection’s report
number 116 (NCRP 116, 1992), and the second cancer
risks were calculated to assess the two schemes. The second
cancer risks of all the healthy tissues and organs were
reduced by scheme A, especially the great reduction of the
risk of the breast, skin, and trachea. Scheme B reduced the
second cancer risks of the breast, whereas the second cancer
risks of some organs, including the lung, liver, adrenal
glands, and esophagus, exhibited slight increases (Tab. 6).
Thus, the radiation protection effect of scheme A is better
than that of scheme B.
4 Discussion

The reason for why skin dose exceed the dose limitation is
that fast neutron of Neuboron source is relative large. Thus, we
consider adding a skin shielding layer which could convert the
fast neutron to epithermal (or thermal) neutrons. We chose the
material containing 6Li and 1H (Equivalent Tissue material,
6LiF-TP, and lithium carbonate) as the shielding layer. Because
6Li and 1H have relative large cross section with neutrons (10–
104 keV), and they could effectively slow down the fast
neutrons (>10 keV) to epithermal neutrons (0.5 eV–10 keV).
For the ETM contains the most composition of H element in
these three material, it moderates the most of fast neutrons to
thermal neutrons.
(b)

) (e)

a) healthy right lung, (b) trachea, (c) breast, (d) esophagus, and (e) left



Table 6. Second cancer risks of OARs under the two skin-shielding schemes and the condition without skin-shielding layer.

OARs Risk factor
(10–2 Sv–1)

Second cancer risk (%)

Without shield Scheme A Scheme B

Right lung 0.85 3.56 1.93 3.89
Liver 0.15 0.20 0.21 0.32
Trachea 0.50 1.29 0.37 1.12
Breast 0.20 3.87 1.37 1.79
Adrenal 0.50 0.23 0.16 0.27
Esophagus 0.30 0.26 0.12 0.43
Heart 0.50 1.14 0.89 1.34
Left lung 0.85 1.46 1.17 1.47
Skin 0.02 0.56 0.07 0.26

Fig. 11. Total dose to OARs under the two schemes and the condition
without skin-shielding layer.
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Comparing 6LiF-TP with Li2CO3, the
6LiF-TP contains the

more H element than Li2CO3, thus, it reduces more epithermal
neutrons than that of Li2CO3, and it causes the obvious
reduction of neutron flux and the longer irradiation time. Thus,
Li2CO3 could be considered as an appropriate choice in future
skin-shielding design.

There are some other approaches to reduce the skin dose,
including design of adjustable beam shaping assembly, and
developments of suitable neutron source and boron drug.
However, currently, the method of skin-shielding design is
more practical than the other approaches.

Indeed, it is worth considering that our skin-shielding
design was built on an ideal irradiation condition. Certain
factors, including different type of lung tumor, neutron source
with different beam entry angles, and 10B concentration
dynamics, could affect the dose distribution in clinical
application and caused diverse skin-shielding layer designs.
Skin-shielding design for future practical applications should
notice as follows, first, noting that lung cancers are various
(including the depth and size of tumor) is important, especially
a cancer that are more centrally located lesion inside the lung.
Second, actual neutron source irradiation (especially its
angular distribution) should be considered. Third, the
pharmacokinetic model for 10B concentration is worth
studying to approach the actual condition. However, although
based on the ideal model, the study of skin-shielding design is
also meaningful to improve the dose distribution, and it
provides a feasible method for solving skin overdose problem.
In the future, the skin-shielding design will be verified in
clinic, however, at present, the BNCT performance in China is
restricted by current medical conditions, thus, our study is
theoretical based on Monte Carlo methods, it is expected to
provide reference for the future BNCT performance.
5 Conclusions

The common NSCLC (depth of 7 cm) was treated with
BNCT using the Neuboron source. It found that the skin dose
exceeds its dose limitation. Thus, the skin-shielding layer was
proposed to reduce the skin dose and improve the dose
distribution of BNCT for lung cancer. The shielding layer was
added between the skin surface and neutron source. Three
kinds of materials (Equivalent Tissue material, 6LiF-TP, and
lithium carbonate) were used as the skin-shielding layer.

According to the skin dose limit and irradiation time, two
skin-shielding schemes were selected as the optimized
schemes. Scheme A involved 0.1 cm-thick 6LiF-TP, and
scheme B involved 0.6 cm-thick lithium carbonate. The two
shielding schemes reduced the skin dose effectively but
extended the irradiation time in different degrees. Compared
with scheme B, scheme A had a better dose optimization effect,
which reduced all OAR doses. However, it required longer
irradiation time (40.05min) than that of scheme B (29.97min).

In this paper, scheme B reduced the skin and breast doses
but increased the second cancer risk of the lungs, liver, adrenal
glands, and esophagus. Fortunately, the doses to these OARs
remained within the prescribed limits. For BNCT lung cancer,
when the irradiation time is longer, more uncontrollable factors
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will appear, causing a decline in treatment effect. For example,
the offset of irradiation position (Takada et al., 2016) and the
change of boron concentration (Heber et al., 2004) affect the
dose distribution. Thus, scheme B (0.6 cm-thick lithium
carbonate) was chosen as the final optimization scheme
because of its short irradiation time. The method of skin-
shielding design could help to meet the treatable requirement
of BNCT, which could also provide a reference for other
neutron sources.
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