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INFLUENCE OF NEUTRON SOURCES AND 10B CONCENTRATION ON BORON
NEUTRON CAPTURE THERAPY FOR SHALLOWAND DEEPER NON-SMALL

CELL LUNG CANCER

Haiyan Yu,* Xiaobin Tang,*† Diyun Shu,* Yuanhao Liu,* Changran Geng,*‡ Chunhui Gong,*
Shuang Hang,* and Da Chen*†

Abstract—Boron Neutron Capture Therapy (BNCT) is a radio-
therapy that combines biological targeting and high Linear En-
ergy Transfer (LET). It is considered a potential therapeutic
approach for non-small cell lung cancer (NSCLC). It could avoid
the inaccurate treatment caused by the lung motion during radio-
therapy, because the dose depositionmainly depends on the boron
localization and neutron source. Thus, 10B concentration and neu-
tron sources are both principal factors of BNCT, and they play
significant roles in the curative effect of BNCT for different
cases. The purpose was to explore the feasibility of BNCT treat-
ment for NSCLC with either of two neutron sources (the
epithermal reactor at the Massachusetts Institute of Technology
named “MIT source” and the accelerator neutron source de-
signed in Argentina named “MEC source”) and various boron
concentrations. Shallow and deeper lung tumors were defined in
the Chinese hybrid radiation phantom, and the Monte Carlo
method was used to calculate the dose to tumors and healthy or-
gans. The MEC source was more appropriate to treat the shallow
tumor (depth of 6 cm) with a shorter treatment time. However, the
MIT source was more suitable for deep lung tumor (depth of
9 cm) treatment, as the MEC source is more likely to exceed the
skin dose limit. Thus, a neutron source consisting of more fast
neutrons is not necessarily suitable for deep treatment of lung tu-
mors. Theoretical distribution of 10B in tumors and organs at risk
(especially skin) was obtained to meet the treatable requirement
of BNCT, which may provide the references to identify the feasi-
bility of BNCT for the treatment of lung cancer using these two
neutron sources in future clinical applications.
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INTRODUCTION

LOCAL NON-SMALL cell lung cancer (NSCLC), a common
cause of cancer deaths worldwide, presents with limited
therapeutic options because of tumor locations, which are
mostly near the trachea. Cancer cells in this region require
timely treatment since they may have diffused into the right
lung but not to the whole body. Scholars have proposed bo-
ron neutron capture therapy (BNCT) for the treatment of
NSCLC (Farias et al. 2014). BNCT combines biological
targeting and high linear energy transfer (LET) radiation.
As the exploited reaction 10B (n, alpha) 7Li is the neutron
capture in 10B, which has a cross section of 3,837 b at ther-
mal energies, the neutron capture gives rise to high LET ra-
diation, generating an alpha particle and a 7Li nucleus with
ranges in tissues comparable to a cell diameter. The energy
deposition is spatially confined in the cells where neutrons
are captured. Therefore, dose delivery in BNCT is selective
at the cellular level. This therapy can avoid the inaccurate
treatment caused by the motion of cancerous lung tissues
during radiotherapy, as the major effect depends on boron
localization. Moreover, the treatment may be delivered in
a single-fraction through BNCTwith less time and cost.

Clinical studies on BNCT indicate that the neutron
source and distribution of boron concentration are key fac-
tors affecting the curative effect of this therapy (Sutlief
2015). The energy spectrum of the neutron sources plays
an important role in the dose deposition (Sakurai and Ono
2007) in cancer patients. Dose delivery to healthy organs in-
creases with increasing boron concentration in healthy tis-
sues, and this phenomenon leads to increased cancer risk
(Ryynanen et al. 2000). At present, the feasibility of apply-
ing BNCT to local lung cancer has been explored to ensure
the efficacy and safety of this treatment (Matsumoto 2007;
Krstic et al. 2014). Nevertheless, an in-depth study on the
relationship of the curative effect of the neutron source
and the distribution of boron concentration has not been
conducted. Moreover, researchers used idealized phantoms
[for instance, the ORNL phantom (Krstic et al. 2014)],
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which exhibit morphological differences from actual human
tissues and organs.

This study aims to determine theoretical boron‐10 dis-
tribution under different neutron source irradiations in
BNCT for local lung cancer treatment. Dose rates and com-
ponents for cancerous lung tissues and healthy organs were
calculated based on the third generation of the male Chinese
hybrid radiation phantom (CHRP-Male) (Geng et al. 2014)
by using the Monte Carlo method under various boron dis-
tributions and neutron sources.

MATERIALS AND METHODS

CHRP-Male phantom implementation
The CHRP-Male 30 phantom, representing a Chinese

hybrid radiation phantom of a 30‐y-old male (Fig. 1a), was
used in this study for the Monte Carlo dose calculations.

The phantomwas built using Rhinoceros 5.0 (Guitton et al.
2013), and voxelizer series tools were employed to trans-
form the phantom into a voxel-based model. Considering
the geometry construction precision and the calculation
speed in the Monte Carlo code used in this study, the phan-
tomwas voxelizedwith a resolution of 0.4! 0.4! 0.4 cm3.
Tissue or organ compositions were from the data in ICRU
46 and ICRP 89 (ICRU 1992; ICRP 2002). Details of the
construction procedure for the phantom geometry and
materials have been described in a previous publication
(Geng et al. 2014). Two cases were established: Case 1,
shallow tumor (depth of 6 cm), and Case 2, deeper tumor
(depth of 9 cm) models (Fig. 1b). The shape and size of
tumors in the above two cases were both the same (vol-
ume: 7! 4! 3 cm3), so the cancerous lungs were divided
into healthy lungs (grey) and the gross tumor volume
(GTV) (black).

Fig. 1. The CHRP-Male phantom coded into MCNP5 and the emergent particles of the neutron source: (a) The longitudinal section of the
CHRP-Male phantom; (b) the location of the case 1-shallow, and case 2-deeper tumor and neutron sources.
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Boron distribution models
As the distribution of boron in tissues differs among

various patients, the boron‐10 concentration in cancerous
lung tissues is between 25 ppm and 65 ppm (Coderre and
Morris 1999). Meanwhile, boron‐10 concentration in skin
is between 6 ppm and 18 ppm (Table 1), and the ratios of bo-
ron in other organs at risk (OARs) to that in skin are consid-
ered as 1:1.5 (Mirzaei et al. 2014).

Neutron sources
Two realistic neutron spectra from existing or projected

BNCT facilities were selected from the literature and evalu-
ated. The first, namedMIT-SPECT (abbreviated as MIT), is
based on the published energy spectrum of the MIT-II
epithermal reactor beam developed for BNCT (Riley et al.
2008). The second, named CNEA-MEC (abbreviated as
MEC), is based on the energy spectrum published by
Capoulat et al. (2014) for an accelerator-based epithermal
neutron beam designed in Argentina for the treatment of
deep-seated GBM tumors through BNCT. The spectra of
these neutron beams are presented in Fig. 2. Source particles
were sampled uniformly in a plane, and their particle direc-
tion was set mono-directionally, normal to that plane. Sim-
ulations of the beams were conducted by normalizing the
corresponding thermal neutron flux peaks of the beams in
water to 109 n cm−2 s−1. Particle transport was performed
without explicitly considering the unavoidable gamma con-
tamination of the beam, and the dose induced by unavoid-
able gamma (contribution of radiation components) to the
total dose was considered as equivalent to 50% of induced
gamma dose due to the neutron reactions with 1H and 10B
(Farias et al. 2014) in tissues.

The diameter of the sourcewas 20 cm to encompass the
tumor volume completely, and the neutron source emitted
from the front of the tumor and the Source Skin Distance
(SSD) was 3 cm (Fig. 1b).When the boron‐10 concentration
in tumor/skin was 65/18 ppm, the fast neutron dose on the
surface induced by the MEC spectrum was higher than that
irradiated by the MIT sources, and dose rates to areas of
shallow and deeper tumor irradiated by the MEC was also
higher than that induced by the MIT source (Fig. 3).

Dose evaluations
The dose of BNCT includes boron dose (DB), thermal

and fast neutron doses (Dth and Df), and gamma dose
(Dg). The dose stems from the interaction of thermal neu-
trons with 10B atoms in tissue through the 10B (n, alpha)
7Li reaction called DB. The dose arises primarily from the

14N (n, p) 14C thermal neutron capture reaction called Dth.
Fast neutrons with energies above 10 keV deliver the dose
through elastic collisions with hydrogen nuclei in tissue
via the 1H (n, n0)

1H reaction, called Df. The dose compo-
nent is related to photons that can be generated from un-
avoidable gamma contamination of the beam and induced
gamma dose in tissues called Dg.

Photon-equivalent dose Htotal (Gy) is the photon equiv-
alent dose of BNCT dose. It was computed by multiplying
each absorbed dose component by the relative biological ef-
fectiveness (RBE) and compound biological effectiveness
(CBE) factors listed in Table 2 (Ishiyama 2014). It was
calculated as follows:

Table 1. The boron concentration in cancerous lung tissues and skin
varied from 25–65 ppm and 6–18 ppm, respectively.

Tumor (ppm) 65 60 55 50 45 40 35 30 25

Skin (ppm) 18 16 14 12 10 9 8 7 6

Fig. 2. Relative neutron flux per unit of lethargy as a function of en-
ergy for theMIT-SPECT beam based on the epithermal reactor and the
CNEA-MEC beam based on the accelerator neutron source.

Fig. 3. The depth-dose distributions along the central axis of phan-
tom for the MEC and the MIT sources, and the depths for the shallow
tumor and the deeper tumor were marked with black dotted line with a
65/18 ppm 10B concentration in tumor/skin.
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Htotal ¼ vB ! DB þ vth ! Dth þ vf ! Df þ Dg ð1Þ

where vi is the radiation weighting factor of dose compo-
nents (DB, Dth, Df, and Dg) in a particular tissue (Table 2),
which is used to convert physical dose (Gy) into photon-
equivalent doses (Gy).

MONTE CARLO CONFIGURATIONS

The general purpose Monte Carlo particle transport
code MCNP5 was used to perform the dose calculations
in this study. The universe/lattice card, which is a way to
simplify the geometry input of repeated structures in
MCNP5, was employed in the construction of the human
voxel phantom. Each combination of neutron source and
10B distribution was modeled separately to calculate the
dose values. The spherical sources for thermal neutrons
were defined by the SDEF card, and different concentra-
tions of 10B were add inMaterial Cards of tumor and OARs.

The doses in the tumor and organs at risk were calcu-
lated using MCNP5 tally F4 combined DE/DF cards. For
the dose conversion, point wise KERMA factors and energy
mass absorption coefficients from ICRU 46 were directly
input with DE and DF cards. Tally FM4 card was adopted
to convert the normalized dose (Gy s−1) to photon-
equivalent dose (Gy min−1). The number of simulated
source particles was set to 1 ! 109 in all simulations to
make the statistical uncertainty below 2% for the dose
results in all the organs of interest.

Treatment assessment
The doses to OARs including skin and thoracic tissues

(right healthy lung, esophagus, heart, liver, breast, and

trachea) are relatively higher than any other tissues and or-
gans; thus, they were selected to characterize dose distribu-
tion and estimate the efficacy of BNCT treatment according
to their maximum dose, minimum dose, average dose and
treatment time. In addition, to compare the uniformity of
dose in different situations, dose volume curves (DVCs)
were depicted.

The minimum dose of GTV should be at least 60 Gy
(Suzuki et al. 2012). In addition, the homogeneity index
(HI) (Sutlief 2015) of the tumor is defined as:

HI ¼ H1% −H99%ð Þ=H50% ð2Þ

where Ha% is the photon-equivalent dose (Htotal) that is re-
ceived by a percentage of the structure. A smaller HI value
indicates a better dose uniformity. When the dose delivered
to the tumor is uniform, the HI is 0.

The dose to OARs should meet the following two lim-
itations according to the National Comprehensive Cancer
Network (NCCN) (Ettinger et al. 2013). First, more than
1,000 cm3 of healthy lung should receive less than 7 Gy
to prevent pneumonia. Secondly, the maximum dose to
heart, spinal cord, skin, esophagus, trachea and bronchi,
ribs, and breast should be less than 22 Gy, 14 Gy, 26.0 Gy,
15.4 Gy, 20.2 Gy, 30 Gy, and 50 Gy, respectively.

RESULTS AND DISCUSSION

Case 1: Shallow tumor
Tumor and OARs dose. When a shallow tumor (dis-

tance from the body surface of 6 cm depth) was treated with
the MEC and the MIT sources, considering 65 ppm and
18 ppm of 10B concentration in tumor and skin (65/
18 ppm in tumor/skin), the dose to OARs met the NCCN
dose limitation (Table 3). The dose to skin and breast irradi-
ated by the MIT source were 33.3% and 18.2% lower than
dose induced by the MEC, while the other OARs’ dose in-
duced by the MEC were similar to that induced by the
MIT source (Fig. 4a).

Compared with the MIT neutron source, the dose rates
to the tumor and OARs are higher and the proportion of fast

Table 2. RBE and CF factors (radiation weighting factor wi) used to
convert the absorbed dose (Gy) into photon-equivalent dose (Gy).

BNCT dose component Normal tissues Tumor Skin
10B(n, alpha)7Li 1.4 3.8 2.5

Thermal neutron 3.2 3.2 3.2

Fast neutron 3.2 3.2 3.2

Photon 1 1 1

Table 3. The maximum dose to OARs irradiated with the MEC and the MIT sources when the boron concentration in the tumor is 65/18 ppm.

Healthy tissues/organs

Maximum dose (Gy)

Limited dose (Gy)

Differences (%)

MEC MIT MEC MIT

Breast 22 18 50 –56% –64%

Heart 8.3 8.4 22 –61.8% –61.8%

Esophagus 3.0 2.8 20.2 –85.1% –86.1%

Trachea 3.7 3.5 20.2 –81.6% –82.7%

Skin 24 16 26 –7.6% –38.5%

Rib 8.2 8.7 30 –72.6% –71.0%

Spinal cord 1.6 1.7 14 –88.5% –87.5%

Cartilage 29.4 26.75 — — —
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neutron dose rates is larger when irradiated with the MEC
neutron source. The treatment time (the time required to de-
liver the prescribed dose to the tumor) is shorter.

Using these two neutron sources, the main ingredient
of dose to skin are boron dose and fast neutron dose, and
the proportion of fast neutron dose to skin is the largest
(Fig. 4b). Besides, the fast neutron dose to skin induced
by the MEC is larger than that induced by the MIT source.

The dose to the healthy lung was evaluated to assess
physiological impact on the lung. The maximum doses to
the right healthy lung were 14 Gy and 12 Gy when irradi-
ated by the MEC and the MIT sources. The maximum dose
to the left lung was 10 Gy (Fig. 5) for both sources. In this
paper, the volume of the lung is 3,177 cm3, only 14.8% of
the volume (331.95 cm3) of the right healthy lung received
more than 7 Gy, and 1.5 % of the volume (23.16 cm3) of the
left lung receivedmore than 7 Gy. Thus, only 355.11 cm3 of
the volume of the lung received more than 7 Gy, namely
2,821.89 cm3 of the volume of the lung received less than 7 Gy. It fully achieved the requirement of NCCN guidelines

of “more than 1,000 cm3 of healthy lung should receive less
than 7 Gy to prevent pneumonia” (Ettinger et al. 2013).
Therefore, with a 65/18 ppm ratio of boron concentrations
in the tumor/skin, the healthy lung will be safe for BNCT
when irradiated with these two neutron sources.

Boron-10 concentration influence on dose to skin
and tumor. Since the dose rate to skin is the largest dose
rate and the skin has the smallest limit of the OARs, if the
dose to skin is under the 26 Gy dose limitation, the dose
to other healthy organs will not exceed the NCCN dose lim-
itation. Here, the relationship between skin dose and boron
concentration was studied to explore conditions of boron
concentration for BNCT.

When the shallow tumor was treated, dose rates to the
tumor and skin increased with increased boron concentra-
tion in the tumor and skin, and treatment times declined.
At the same time, the value of HI increased, indicating de-
creased dose uniformity.

With 30 ppm of boron in the tumor, the treatment time
was 68 min when irradiated by the MEC. Under this sce-
nario, to maintain a 26 Gy skin dose limit, the dose rate to
skin should be lower than 0.38 Gy min−1. Therefore, the bo-
ron concentration in skin should be less than 8 ppm
(Fig. 6b). Under the above condition, BNCT could be per-
formed when the ratio of boron concentration in tumor to
that in skin was higher than 3.75.

With an 18-ppm boron concentration in skin, using the
MIT source, the maximum dose rate to the skin was
0.41 Gy min−1 (Fig. 6b). In this case, the irradiation time
should be less than 63 min to maintain the 26 Gy dose lim-
itation to skin. When the irradiation time is 63 min, the bo-
ron concentration in the tumor should reach 37 ppm as
shown inFig. 6a.While thedose rate to skinwas0.51Gymin−1

Fig. 5. The dose to tumor, left lung and right healthy lung irradiated
by the MEC and the MIT sources with a 65/18 ppm ration of 10B con-
centration in tumor/skin.

Fig. 4. At a 65/18 ppm of 10B concentration in tumor/skin: (a) The
dose to tumor, skin and breast, and (b) the absorbed-dose rate compo-
nents to tumor andOARs irradiated with theMEC and theMIT sources.
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when irradiated by the MEC (Fig. 6b), the irradiation time
would be limited to 50.9 min. Therefore, the boron concen-
tration in the tumor should reach 44 ppm (Fig. 6a).

It can be concluded that the shallow tumor could be
treated with BNCTwith an appropriate boron concentration
with either the MEC or the MIT source. The boron concen-
tration in the tumor treated with the MEC source will be
higher than treated with the MIT source.

Case 2: Deeper tumor
Tumor and OARs dose. When a deeper tumor (9 cm

from the body surface) was treated with the MIT and the
MEC neutron sources, the prescribed dose of 60 Gywas de-
livered in 81.56 min and 76.25 min, respectively (Fig. 7),
which was nearly double the treatment time for the shallow
tumor. Here, the 10B concentration was considered a con-
stant; the boron concentration changes less than 3 ppm
(Farias et al. 2014) within 82 min. In addition, compared
with the shallow tumor, dose uniformity of the deeper tumor
was lower with both neutron sources.

The deeper tumor was treated when the 10B concentra-
tion for tumor/skin was 65/18 ppm. With the MIT source,
the skin dose was much less than with the MEC source
(Fig. 8) and neither met the NCCN skin dose limitation
(Table 4). Moreover, the doses to the most OARs by the
MIT source were almost equal to that induced by the
MEC source.

When irradiated by the MEC and the MIT sources, the
maximum dose to right healthy lung tissue was 25 Gy and
23 Gy, respectively; and the maximum dose to left lung
was 16 Gy and 14 Gy (Fig. 9), respectively. Only 40% of
the volume of right healthy lung and 4% of the volume of
left lung was more than 7 Gy, which fully conformed to
the guideline of NCCN. Therefore, treatment would pre-
serve the normal function of lung and will not cause pneu-
monia when the boron concentration ratio in the tumor/
skin is 65/18 ppm.

Boron-10 concentration influence on dose to skin
and tumor. When the deeper tumor was treated, the dose
to skin exceeded the NCCN limit. Therefore, the appropri-
ate 10B concentration in skin must be determined to reduce
the skin dose. From the above analysis, the dose rates re-
duced as 10B concentration decreases, so the 10B concentra-
tion in skin was decreased to determine the 10B concentration
that would allow the BNCT to be performed.

At a 10B concentration in the tumor of 65 ppm, the
treatment time was 81.3 min when irradiated with the MIT
source. Thus, the dose rate to skin needs to be lower than
0.32 Gy min−1 to maintain the 26 Gy dose limitation
(Fig. 10a). Therefore, the 10B concentration in skin should
be less than 10.5 ppm, as shown in Fig. 10b. While irradi-
ated with the MEC source, the treatment time was
71.8 min. The 10B concentration in skin should be less than

Fig. 7. The dose to the shallow and the deeper tumor irradiated by the
MEC and the MIT sources with a 65/18 ppm ratio of 10B concentra-
tion in tumor/skin.

Fig. 6. For the shallow tumor: (a) The HI and treatment time changes
as a function of the boron concentration in tumor, (b) The maximum
dose rates of skin changes with the boron concentration in skin when
irradiated by the MIT and the MEC sources.
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6 ppm, so that the dose rate to skin is below 0.36 Gy min−1

as shown in Fig. 10b.
It can be concluded that the deeper tumor could be

treated with BNCT at the appropriate boron concentration
conditionwith either theMEC or theMIT source. The ratios
of the boron concentrations in tumors to OARs treated with
the MEC source need to be higher than that treated with the
MIT source.

CONCLUSION

Provided that the OARs’ dose is within the limitation
dose, for the shallow tumor treatment (tumor depth of
6 cm), the MEC source, as compared with the MIT source,
is more appropriate for treating and has a shorter treatment
time. However, for the deeper tumor treatment (tumor depth
of 9 cm), the MIT source is more suitable as the MEC
source is more likely to exceed the skin dose limit of
26 Gy. Meanwhile, the deep tumor treatment time was al-
most double that of the time of the shallow tumor, and the
ratio of the boron concentration in tumor to that in OARs
is required to be higher than that of the shallow tumor. It

could be concluded that a neutron source with more compo-
sition of fast neutrons is not necessarily suitable for treating
deeper lung tumor directly unless radiation protection mea-
sures were taken to reduce the skin dose.

When deep and shallow tumors were treated with the
MIT and the MEC sources, attention needs to be paid to
the dose to the skin, breast and cartilage as their doses are
much higher than any other OARs. As the boron concentra-
tion in the tumor and OARs increases, treatment time de-
creased and dose uniformity of tumors trended downward.
Theoretical boron concentration conditions in either the
shallow or deep tumor and OARs were obtained, which
could help researchers to scale dose to varying assumptions
of 10B concentration and deduce potential dosimetric gains
from BNCTwhen lung tumor was treated withMIT-SPECT
or CNEA-MEC.

Admittedly, some factors (for example, beam collima-
tion, beam attenuator and different beam entry angle) could
affect the dose distribution in clinical applications. The two
case studies presented in the paper were built on ideal irra-
diations. The dose research in this paper may be of refer-
ence value to future projects looking at non-small cell

Fig. 8. The dose to tumor, skin and breast irradiated by the MEC and
the MIT sources with a 65/18 ppm ratio of 10B concentration in
tumor/skin.

Table 4. The maximum dose to OARs irradiated with the MEC and the MIT sources when the boron concentration in the tumor is 65/18 ppm.

Healthy tissues/organs

Maximum dose (Gy)

Limited dose (Gy)

Differences (%)

MEC MIT MEC MIT

Breast 48 41 50 –4.0 % –18.0 %

Heart 17.5 18.48 22 –20.4 % –16 %

Esophagus 6.3 6.4 20.2 –71.3 % –68.31%

Trachea 7.8 7.9 20.2 –61.4 % –61.8%

Skin 40 29 26 +53.8 % 11.5 %

Rib 17.3 19.1 30 –42.3 % –36.3 %

Spinal cord 3.4 3.7 14 –75.7 % –73.5 %

Cartilage 62 58.85 — — —

Fig. 9. The dose to tumor, left lung and right healthy lung irradiated
by the MEC and the MIT sources with a 65/18 ppm ratio of 10B con-
centration in tumor/skin.

264 Health Physics March 2017, Volume 112, Number 3

www.health-physics.com

Copyright © 2017 Health Physics Society. Unauthorized reproduction of this article is prohibited.



lung cancer with BNCT. The feasibility of BNCT for this
type of cancer has been validated, and the theoretical distri-
bution of 10B in tumor and organs at risk (especially skin)
were obtained to meet the treatable requirement of BNCT,
which may provide references for BNCT lung cancer treat-
ment using these two neutron sources.
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■■

Fig. 10. For the deeper tumor: (a) The HI and treatment time changes
as a function of the boron concentration in tumor; (b) The maximum
dose rates of skin changes with the boron concentration in skin when
irradiated by the MIT and the MEC sources.
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