
Analysis of influencing factors on the method for determining
boron concentration and dose through dual prompt gamma
detection

Feng Tian1 • Chang-Ran Geng1,2 • Xiao-Bin Tang1,2 • Di-Yun Shu1 •

Huang-Feng Ye1 • Silva Bortolussi3 • Chun-Hui Gong1

Received: 24 November 2020 / Revised: 18 January 2021 / Accepted: 19 January 2021 / Published online: 10 April 2021

� China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the Chinese Academy of Sciences, Chinese

Nuclear Society 2021

Abstract A method based on the cross-sectional relation-

ship between 10B(n, a)7Li and 1H(n, c)2H was proposed to

detect and reconstruct the three-dimensional boron con-

centration/dose distribution in vivo during boron neutron

capture therapy (BNCT). Factors such as the neutron

energy, fluence rate, and degree of non-uniform distribu-

tion of the boron concentration in a voxel may affect the

results of this method. A theoretical analysis of the accu-

racy of the method using a Monte Carlo simulation shows

that the determining error is generally less than 1% under

different tumor locations and neutron source configura-

tions. When the voxel size is larger than 0.4 cm, the

determining error might be higher for a non-uniformly

distributed boron concentration in the voxel because of the

changes in the neutron energy and fluence rate. In con-

clusion, the proposed method enables an accurate three-

dimensional boron determination in vivo during BNCT.

Keywords BNCT � Boron concentration � Prompt gamma �
Capture cross section

1 Introduction

Boron neutron capture therapy (BNCT) is a binary

radiotherapy based on the 10B(n, a)7Li capture reaction,

which releases two charged particles (i.e., a and 7Li) with

high linear energy transfer [1, 2]. The ranges of these

particles (a\ 10 and 7Li\ 5 lm) are smaller than the cell

size (* 10 lm), and as a result, the energy is deposited

only in the tumor cells where the boron-drug accumulates

[3–5]. Therefore, in clinical situations, acquiring the pre-

cise distribution of 10B is key to predicting the therapeutic

effects [6]. However, the blood-boron concentration mea-

surement method used in current clinical trials is limited by

its use of universal pharmacokinetics, which cannot accu-

rately describe the three-dimensional distribution of boron

drugs in individualized patients during treatment [7, 8].

To address the boron concentration detection problem, a

variety of in vivo boron concentration measurement

methods have been proposed, and some key technical

problems have been studied. Among the in vivo boron

concentration measurement methods reported, positron

emission tomography (PET) and single-photon emission

computed tomography (SPECT) are considered to be

applicable clinically. The principle of PET is the detection

of annihilation photons emitted from a region of interest

(ROI). In clinical studies, patients are injected with tumor-

targeted drugs labeled with a positron decay nuclide prior

to treatment (i.e., 18F-BPA in BNCT). The drugs emit

positrons through the decay of radionuclides. The range of

positrons is short, and they will quickly annihilate with the
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surrounding electrons to produce a pair of annihilation

photons with the same energy (i.e., 511 keV) and opposite

motion directions. Thus, the distribution of annihilation

photons is considered as the distribution of tumor-targeted

drugs. When the drug distribution is relatively stable after a

certain period of injection, a PET scanning device is used

to detect and reconstruct the distribution of annihilation

photons and thereby obtain the distribution of tumor-tar-

geted drugs in the ROI of the patient. PET scanning can be

used to assess whether the patient is suitable for BNCT,

and the reconstructed drug distribution can be used in

treatment planning. Shimosegawa et al. studied the changes

in the concentration of 18F-BPA in normal organs of six

healthy volunteers and demonstrated that the changes in the
10B concentrations of the normal organs are both time-

dependent and dynamic [9]. These results also illustrate

that it is necessary to monitor the boron concentration in

normal tissues exposed to irradiation during treatment.

Watabe et al. studied a method for estimating the absolute

boron concentrations in tissues and tumors using rat

xenograft models and determined that an underestimation

of the partial volume effect using PET to estimate the

boron concentration in the lungs, small intestine, and large

intestine will increase the adverse effects [10]. Aihara et al.

reported the first clinical case of BNCT for head and neck

malignancies using 18F-BPA PET in Kawasaki Medical

School, and the BPA-accumulating capacity of the tumor

by 18F-BPA PET was confirmed prior to BNCT [11].

However, with the current technology, PET imaging can

only measure the boron distribution before treatment.

Therefore, the therapeutic dose distribution calculated

using the boron-drug distribution measured using PET

imaging may be different from the dose delivered through

BNCT treatment.

As another boron dose monitoring method with signifi-

cant clinical application potential, the principle of SPECT

is to detect the distribution of prompt gamma (PG) rays

with an energy of 478 keV, which is different from PET

scanning. Approximately 94% of 7Li recoil nuclei pro-

duced by the boron neutron capture reaction will release

478 keV PG rays. A SPECT scanning system for detecting

this PG ray and reconstructing the primary gamma ray (i.e.,

prompt gamma rays) source distribution in the ROI of a

patient during treatment can be used to estimate the boron

dose [12], which is the major component of the total

therapeutic dose of BNCT. Theoretically, a method based

on SPECT scanning can be used during treatment. To

promote the clinical translation of this method, researchers

have carried out numerous studies on detectors, instru-

mentations, and other devices [13]. Semiconductor detec-

tors have attracted significant attention owing to their high

stopping power and good energy resolution [14]. Murata

et al. focused on the feasibility of using a CdTe detector to

detect this PG ray and optimized the design of the detection

system to achieve an effective resolution of both the ray

and the annihilation photons [13, 15]. Fatemi et al. pro-

posed the use of a CZT detector as a PG detector and

carried out a series of experimental feasibility and perfor-

mance optimization analyses based on the nuclear reactor

of the University of Pavia, Italy [12, 16]. In addition to the

research on semiconductor detectors, some scholars have

carried out studies on the design and performance of

SPECT systems based on scintillator detectors, and many

design schemes have been proposed [17–19]. In addition to

the selection and optimization of detector materials, the

optimization of the overall structure of the SPECT system

can also improve the detection results because the radiation

field of the BNCT environment is composed of neutrons

and gamma rays with different energies. Hales et al. pro-

posed a method using BGO as an anti-Compton suppres-

sion detector, the results of which indicate that the

detection performance was improved [20]. Gong et al. used

the Monte Carlo method to analyze the influence of boron

concentration in tumors on the reconstruction results using

the ML–EM algorithm [21]. BNCT-SPECT has a promis-

ing prospect for clinical application, but can only estimate

the boron dose during treatment, which means it cannot

predict the distribution of boron concentration and the total

therapeutic dose.

To more comprehensively use the information of PG

rays during BNCT, the boron concentration and dose

should be measured simultaneously using PG rays with

energies of 478 keV and 2.224 MeV, which are generated

through the reaction of 1H(n, c)2H. Further research on the

reaction mechanisms for this method should be conducted

to promote the clinical application of this detection method

in the future. In this study, a detection method is proposed

to detect and reconstruct the three-dimensional distribution

of boron concentration, and a detailed theoretical deriva-

tion of this detection method is discussed. The influencing

factors (i.e., neutron energy, anatomical structure, size, and

heterogeneity of the voxel) of the method for clinical

conditions are demonstrated using the Monte Carlo

method.

2 Materials and methods

2.1 Principles for detecting three-dimensional boron

concentration and dose in BNCT

In this study, a detection method for the three-dimen-

sional distribution of boron concentration is proposed

based on the reaction mechanism of neutrons captured by
1H and 10B isotopes. The detection method can be

expressed through Eq. (1), in which x10B (i.e., the 10B
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concentration in a voxel of interest) can be calculated as

follows:

x10B ¼ 1

K
�M10B

M1H

� �
� N0:478

N2:224
� x1H ; ð1Þ

where M1H is the molar mass of the 1H isotope (g/mol),

M10B is the molar mass of the 10B isotope (g/mol), N0:478 is

the yield of PG rays with an energy of 478 keV, N2:224 is

the yield of PG rays with an energy of 2.224 MeV, x1H is

the 1H isotope concentration in the voxel of interest, x10B is

the 10B isotope concentration in the voxel of interest, and

K is the ratio of the cross section of neutrons captured by
10B and 1H isotopes. In combination with the average

energy released in a boron neutron capture reaction (i.e.,

Eave of 2.3388 MeV) and the mass of voxel of interest (m),

the boron dose deposited in the voxel of interest (D10B ) can

be calculated using Eq. (2).

D10B ¼ N0:478 � Eave

m� 94%
: ð2Þ

The detailed derivation of the proposed three-dimen-

sional boron concentration detection method used in this

study is as follows. As shown in Fig. 1, when an epither-

mal/thermal neutron beam travels through the tissues of

interest, neutrons interact with different isotopes in the

tissues. Considering the content of different isotopes in the

tissues and the neutron capture cross section, with BNCT,

incident neutrons mainly interact with 1H and 10B isotopes.

These reactions emit PG rays with different energies (i.e.,

478 keV and 2.224 MeV).

To measure the three-dimensional distribution of the

boron concentration, we calculated the boron concentration

at the voxel level. For a voxel of interest, the distribution of
10B and 1H concentrations can be uniformly distributed.

Thus, the production rate of different PG rays in the voxel

of interest within the neutron irradiation can be described

as follows:

N2:224 ¼
ZE1

E0

x1H � m
M1H

� NA � r1HðEÞ � /ðEÞdE; ð3Þ

N0:478 ¼
ZE1

E0

x10B � m
M10B

� NA � r10BðEÞ � /ðEÞdE; ð4Þ

where r1HðEÞ is the capture cross section of the 1H isotope

(barn), r10BðEÞ is the capture cross section of the 10B iso-

tope (barn), /ðEÞ is the fluence rate of neutrons incident

into the voxel, E0 is the minimum value of the neutron

energy, E1 is the maximum energy (MeV), and NA is

Avogadro’s constant.

For a given voxel, the concentrations of different ele-

ments in a voxel can be considered as constants. Thus, the

ratio of PG ray production in a voxel can be described as

N0:478

N2:224
¼

RE1

E0

x10B
�m

M10B

� NA � r10BðEÞ � /ðEÞdE

RE1

E0

x1H
�m

M1H

� NA � r1HðEÞ � /ðEÞdE

¼ x10B

x1H

� M1H

M10B

�

RE1

E0

KðEÞ � r1HðEÞ � /ðEÞdE

RE1

E0

r1HðEÞ � /ðEÞdE
; ð5Þ

where K(E) is the ratio of the cross section of neutrons

captured by the 10B and 1H isotopes. The cross section of

the reaction between neutrons and elements is only related

to the energy of the neutron; thus, the physical quantity

K(E) can be considered to be related only to the neutron

energy.

For a BNCT epithermal/thermal neutron beam, as shown

in Fig. 2, the ratio of neutron cross sections that produce

the PG rays with 478 keV and 2.224 MeV is almost a

constant value over the epithermal/thermal neutron energy

Fig. 1 (Color online)

Schematic diagram of PG rays

emitted from neutron capture

reaction between 10B and 1H

isotopes
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range (i.e., less than 10 keV). In the clinical treatment of

BNCT, the neutron beam used is an epithermal/thermal

neutron beam. According to the IAEA regulations on

neutron beams, it is necessary to ensure that the ratio of

epithermal neutrons to fast neutrons in the neutron beam is

greater than 20. The influence of fast neutrons was ignored

when considering the negligible production of PG rays

from fast neutrons.

KðEÞ ¼ r10BðEÞ
r1HðEÞ

¼ constant: ð6Þ

With the above assumption, Eq. (5) can be simplified as

N0:478

N2:224
¼ x10B

x1H

� M1H

M10B

� K: ð7Þ

Equation (1) can be obtained by adjusting Eq. (7). In

Eq. (1), K, M1H , and M10B are all constants, and N0:478, and

N2:224 are the yields of different gamma rays that can be

theoretically detected by the three-dimensional PG ray

detection system (e.g., using SPECT or a Compton camera)

during BNCT. The last remaining parameter, x1H , is

another important aspect for the feasibility of this boron

concentration measurement method. According to previous

studies, the hydrogen concentration can be inferred through

spectral computed tomography (CT) and material decom-

position algorithms [22, 23], allowing the boron concen-

tration to be determined by detecting the PG yield of

478 keV and 2.224 meV PG rays when using the proposed

approach. With the development of radiation detection

technology [24–26], the boron concentration measurement

method has significant potential for clinical applications.

In practical applications, the yield distribution of dif-

ferent PG rays in all voxels should be analyzed to obtain

the three-dimensional distribution of the 10B concentration

in the patient.

2.2 Monte Carlo toolkit and configurations

The Monte Carlo simulation software TOPAS 3.1.2 [29]

was used to study the multiparticle transport in this study.

TOPAS is a particle therapy research-oriented Monte

Carlo platform based on Geant4 [30–32]. The physical mod-

els used in this research include ‘‘G4EMStan-

dardPhysics_option4,’’ ‘‘G4HadronPhysicsQGSP_BIC_

AllHP,’’ ‘‘G4DecayPhysics,’’ ‘‘G4IonBinaryCas-

cadePhysics,’’ ‘‘G4HadronElastic PhysicsHP,’’ ‘‘G4Stop-

pingPhysics,’’ and ‘‘G4EmExtraPhysics’’ [33, 34].

The component elements of the tumor and normal tissues

set in the simulation in this study were all based on the ICRU

report 46 [35]. The neutron energy spectrum simulated in

this work was obtained from the Massachusetts Institute of

Technology (MIT) reactor neutron source [33, 36]. The

number of simulated neutrons used during each simulation

was 5 9 108, and the calculations for each data were repe-

ated 10 times to determine the statistics of the results. In the

simulations, sensitive detectors and filtering scorers were set

to obtain the actual PG ray yield information of each voxel

under neutron irradiation. During the simulations, each

voxel was set as a sensitive detector to detect the number of

PG rays generated in each voxel. In addition, a certain energy

divergence is consideredwhen recording the PG rays; that is,

the yield of each PG ray recorded is the yield of the PG rays

within a certain energy range. For PG rays with an energy of

478 keV, the energy range was set as 477–479 keV, and the

energy range was set as 2.223–2.225 MeV for PG rays with

an energy of 2.224 MeV.

In this study, three geometric structures were set during

the simulations to analyze the different influencing factors

on the accuracy of the measured boron concentration, as

shown in Fig. 3. When analyzing the influence of different

neutron components in the incident neutron beam, the geo-

metric structure set during the simulation is as shown in

Fig. 3a. The mass concentration of hydrogen for all tumor

tissues set in this simulation was 0.107. The radius of the

tumor was 0.5 cm, and the distribution of the 1H and 10B B

isotope concentrations in the tumor voxel was uniform. The

boron concentration in the tumor tissue was increased from

10 to 100 ppm at 10 ppm intervals, and only one small tumor

tissue was set during each simulation. Figure 3b shows the

structure set used to analyze the influence of the tumor depth

and surrounding tissue on the accuracy of the measured

boron concentration. Two tumor layers were designed at

Fig. 2 (Color online) Relationship of neutron capture cross section

between 10B and 1H isotopes. The blue and black lines show the

capture cross section of 10B(n, a)7Li and 1H(n, c)2H, respectively. The
red line shows the ratio of 10B and 1H neutron capture reactions of the

cross section within the range of a thermal to epithermal neutron

[27, 28]
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different depths in the tissue. Each tumor layer was com-

posed of 10 tumor tissues with different boron concentra-

tions. The radius of the tumor tissue was set as 0.5 cm, and

the depths of the two layers were 3.5 and 5.5 cm from the

surface, respectively. At the same depth from top to bottom,

the 10B concentration in the tumor increased from 10 to

100 ppm at 10 ppm intervals. To consider a heterogeneous

situation, a bone tissue with a thickness of 1 cm was placed

in front of the first tumor layer and the high boron concen-

tration parts ([ 50 ppm) of the second tumor layer. Based on

the structure of the tumor depth and bone tissue set, the

neutron spectrum and fluence rate will be different for each

tumor voxel. Figure 3c shows the structure used to analyze

the influence of the size and heterogeneity of the tumor voxel

on the accuracy of the measured boron concentration. To

investigate the effect, a spherical geometry composed of two

regions (i.e., inner and outer layers) with different 10B con-

centrations was set during the simulations. The density of the

voxels with different boron concentrations set during this

simulation is considered to be unchanged, i.e., 1.04 g/cm3.

By adjusting the size of the inner and outer layers, the

average 10B concentration of different voxels was 50 ppm,

and only one small voxel was set during each simulation.

3 Results and discussion

3.1 Influence of neutron energy on the accuracy

of the measured boron concentration

In Eq. (1), it can be seen that N0:478=N2:224 should only

be related to x10B and x1H ; however, it can also be affected

by other factors. Therefore, this study focuses on analyzing

the influence of different factors on N0:478=N2:224, which

can also clarify the influence on the accuracy of this

method. For epithermal/thermal neutrons, a linear corre-

lation can be observed between N0:478=N2:224 and x10B

when x1H in a small voxel of interest is known through a

theoretical analysis. This finding indicates that K is a fixed

value within this energy range. However, the energy range

of neutron beams used in clinical BNCT is wide. In high-

energy neutrons, K is no longer a fixed value, and the linear

correlation may be affected by the high-energy neutrons in

the actual BNCT beam. The PG yields corresponding to

different neutron components (i.e., thermal neutrons,

E\ 1 eV; epithermal neutrons, 1 eV\E\ 10 keV; fast

neutrons, E[ 10 keV; and high-energy neutrons,

E[ 1 MeV) were analyzed to clarify whether K holds a

fixed value and determines the effect on the accuracy of the

boron concentration prediction.

Figure 4 shows the relationship between N0:478=N2:224

and x10B , where it can be seen that N0:478=N2:224 linearly

increases with x10B . Thus, the actual x10B can be calculated

using N0:478=N2:224 for the actual BNCT irradiation.

Table 1 shows the yields of PG rays corresponding to

neutrons with different energies (the values in parentheses are

counting errors). Under the simulation setting, the proportion

of PG rays generated by fast neutronswas only approximately

0.1% of the total PG yield. The proportion of PG rays gen-

erated by high-energy neutrons is less than 0.005%of the total

PG yield, and the K corresponding to this energy band is no

longer fixed. The results indicate that the PG rays produced by

fast neutrons will not affect the three-dimensional boron

concentration measurement method proposed in this study,

Fig. 3 (Color online) Geometric structure used to analyze the

influencing factors of boron concentration estimation for different

influence factors: a The structure used to analyze the influence of the

neutron energy on the accuracy of boron concentration measured,

b the structure applied to analyze the influence of the tumor depth and

surrounding tissue on the accuracy of boron concentration measured,

and c the structure used to analyze the influence of the size and

heterogeneity of the voxel on the accuracy of boron concentration

measured
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and even within this energy region, K is no longer a fixed

value assumed in the theoretical derivation.

Table 2 shows the relationships between N0:478=N2:224

and the boron concentrations from different neutron com-

ponents. These results indicate that the N0:478=N2:224

produced by thermal neutrons and epithermal neutrons are

almost equal to the average value produced by all incident

neutrons, and the relative deviations between them are

almost less than 1% at the same boron concentration in the

tumor tissue. Overall, the results indicate that the yield of

different PG rays is affected by the outcomes of the thermal

and epithermal neutrons. The simulation results prove that

although K is not a constant assumed in the theoretical

derivation for the actual BNCT neutron beams, the pro-

portion of PG rays and capture cross sections of different

elements with high-energy neutrons are sufficiently small.

Consequently, these factors did not have a significant

negative effect on N0:478=N2:224.

3.2 Influence of tumor depth and surrounding tissue

on the accuracy of the measured boron

concentration

In the actual BNCT treatment, the neutrons are scattered

when neutrons travel through human tissue, and the energy

and flux of neutrons reaching the tumor area will become

complicated. The yield of different PG rays and the energy

deposited in the tumor voxels by complex neutron beams

will be significantly different from the results produced by

Fig. 4 Relation between N0:478=N2:224 and x10B under uniform 10B

distribution

Table 1 Proportion of PGs produced by neutrons of different energies

x10B

(ppm)

0.478 MeV 2.224 MeV

Thermal

(\1 eV)

Epithermal (1 eV–

10 keV)

Fast ([10

keV)

High energy

([1 MeV)

Thermal

(\1 eV)

Epithermal (1 eV–

10 keV)

Fast ([10

keV)

High energy

([1 MeV)

10 43.878%

(0.411%)

56.006%

(0.383%)

0.116%

(0.024%)

0.006%

(0.004%)

43.473%

(0.079%)

56.425%

(0.149%)

0.102%

(0.006%)

0.001%

(0.001%)

20 43.885%

(0.275%)

56.011%

(0.142%)

0.105%

(0.011%)

0.002%

(0.002%)

43.477%

(0.104%)

56.421%

(0.117%)

0.102%

(0.004%)

0.002%

(0.001%)

30 43.977%

(0.188%)

55.923%

(0.180%)

0.100%

(0.006%)

0.003%

(0.003%)

43.452%

(0.092%)

56.448%

(0.114%)

0.100%

(0.004%)

0.002%

(0.001%)

40 43.827%

(0.216%)

56.068%

(0.266%)

0.106%

(0.012%)

0.002%

(0.002%)

43.451%

(0.076%)

56.449%

(0.080%)

0.100%

(0.004%)

0.002%

(0.000%)*

50 44.033%

(0.266%)

55.861%

(0.167%)

0.106%

(0.006%)

0.001%

(0.000%)*

43.380%

(0.054%)

56.518%

(0.147%)

0.102%

(0.004%)

0.002%

(0.001%)

60 43.967%

(0.151%)

55.928%

(0.209%)

0.105%

(0.006%)

0.002%

(0.001%)

43.458%

(0.064%)

56.440%

(0.106%)

0.102%

(0.003%)

0.002%

(0.001%)

70 44.036%

(0.156%)

55.857%

(0.120%)

0.107%

(0.007%)

0.001%

(0.001%)

43.473%

(0.081%)

56.422%

(0.096%)

0.104%

(0.004%)

0.001%

(0.000%)*

80 43.978%

(0.156%)

55.911%

(0.225%)

0.112%

(0.010%)

0.001%

(0.001%)

43.453%

(0.074%)

56.443%

(0.065%)

0.104%

(0.003%)

0.001%

(0.000%)*

90 43.909%

(0.153%)

55.984%

(0.132%)

0.107%

(0.007%)

0.001%

(0.000%)*

43.409%

(0.142%)

56.488%

(0.092%)

0.103%

(0.005%)

0.002%

(0.000%)*

100 43.905%

(0.170%)

55.992%

(0.231%)

0.103%

(0.006%)

0.001%

(0.001%)

43.453%

(0.080%)

56.445%

(0.054%)

0.102%

(0.005%)

0.001%

(0.000%)*

*A value of zero is the result of retaining three decimal places
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the ideal neutron beams. Thus, in this section, the influ-

ences of the tumor depth and surroundings on the accuracy

of the measured boron concentration are analyzed.

Based on the geometric structure shown in Fig. 3b, the

effect of tissue structure is studied by comparing the PG

ratios produced in different tumor layers, the results of

which are shown in Fig. 5. The generation of 2.224 MeV

PG is only related to the neutron fluence rate and 1H

concentration; therefore, the neutron fluence rate at the

middle position is high, and the two ends are low because

of the influence of neutron scattering from the N2:224 dis-

tribution. By contrast, the N0:478 distribution is completely

different from the N2:224 distribution. With the changes in

location and 10B concentration of the tumor, N0:478 grad-

ually changes. Based on the effect of the neutron fluence

rate and 10B concentration, N0:478 of the tumor with a 10B

concentration of 80 ppm is the highest. The results in the

second layer are similar to those in the first layer; however,

the yield of PGs with the same 10B concentration is sig-

nificantly reduced because of the overall decrease in the

Table 2 N0:478=N2:224 of

neutrons with different energies

at different 10B concentrations

x10B

(ppm)

Thermal

(\ 1 eV)

Epithermal

(1 eV–10 keV)

Fast

([ 10 keV)

High energy

([ 1 MeV)

Average

10 0.060

(0.059%)

0.059

(0.040%)

0.068

(1.737%)

0.250

(39.741%)

0.060

(0.010%)

20 0.120

(0.088%)

0.118

(0.030%)

0.122

(1.534%)

0.161

(41.680%)

0.118

(0.040%)

30 0.179

(0.089%)

0.176

(0.059%)

0.176

(1.256%)

0.355

(40.546%)

0.177

(0.070%)

40 0.239

(0.166%)

0.235

(0.152%)

0.250

(4.040%)

0.288

(39.613%)

0.237

(0.125%)

50 0.301

(0.209%)

0.293

(0.132%)

0.307

(2.931%)

0.065

(9.604%)

0.297

(0.102%)

60 0.359

(0.131%)

0.352

(0.088%)

0.366

(1.793%)

0.394

(63.998%)

0.355

(0.068%)

70 0.420

(0.178%)

0.410

(0.101%)

0.426

(3.433%)

0.308

(70.518%)

0.415

(0.109%)

80 0.480

(0.197%)

0.470

(0.176%)

0.510

(6.285%)

0.520

(63.364%)

0.474

(0.118%)

90 0.539

(0.239%)

0.528

(0.091%)

0.553

(5.463%)

0.270

(9.181%)

0.533

(0.122%)

100 0.600

(0.248%)

0.589

(0.242%)

0.599

(5.189%)

0.539

(59.030%)

0.593

(0.114%)

Fig. 5 (Color online) Influence of depth and tissue structure on

N0:478=N2:224: a PG yield under different configurations with boron

and hydrogen concentration ratios. The red and blue points in the

figure represent the PG yield of the first and second tumor layers,

respectively. The dot and square points represent N0:478 and N2:224,

respectively. b N0:478=N2:224 for different boron and hydrogen

concentration ratios and the deviation of different tumor layers. The

purple point represents N0:478=N2:224 from the first tumor layer. The

purple line represents N0:478=N2:224 from the second tumor layer. The

red line represents the relative deviation of these two values
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neutron fluence rate. The comparison results of

N0:478=N2:224 of the two layers (Fig. 5b) indicate that even

if tumors are in different neutron fields, N0:478=N2:224 of the

two layers are nearly the same, and the deviations are

nearly less than 1% when the values of x10B are the same.

This result shows that the changes in the depth of the tumor

and the tissue structure will only affect the yield of the PG

rays and not the ratio (N0:478=N2:224) for a voxel with a

uniform 10B. Therefore, the method of inferring the 10B

concentration based on the ratio of dual-energy PG yields

still applies for tumors at different depths in the human

body.

3.3 Influence of the size and heterogeneity

of the voxel on the accuracy of the measured

boron concentration

In the above study, the distribution of boron concen-

tration in the tumor tissue is even, and thus the influence of

boron concentration distribution was ignored. In this case,

the average boron concentration of the tumor tissue was

equal to the boron concentration of each tumor voxel. In

clinical studies, the distribution of boron drugs in patients

shows individual differences, and the absorption capacity

of boron drugs is also different inside the patient. These

factors lead to a non-uniform distribution of boron drugs in

the ROI. In this case, the average boron concentration of

tumor tissue is not equal to the boron concentration in each

tumor voxel, and the yields of different PG rays are dif-

ferent in different tumor voxels. Thus, the influence of

boron distribution in a voxel on the accuracy of boron

concentration measurements should be clarified.

Figure 6a shows N0:478=N2:224 with different voxel sizes

and different compositions of the 10B concentration. For a

uniform distribution of the boron concentration (i.e., where

the boron concentration of the inner and outer layers are

both 50 ppm), N0:478=N2:224 is nearly unchanged as the

voxel size increases. Therefore, the voxel size does not

affect N0:478=N2:224 when the boron concentration is evenly

distributed in the voxels. However, when the distribution of

boron concentration in a voxel is uneven, the greater the

unevenness of the boron concentration distribution is at the

same voxel size, the greater the difference in N0:478=N2:224.

For example, when the voxel size is 2.8 cm, the results of

10/90 ppm and 40/60 ppm are 0.3344 and 0.3089,

respectively. In addition, in the case of a non-uniform

distribution of boron concentration in the voxel, the voxel

size will also affect N0:478=N2:224. For example, when the

boron concentration in the voxel is composed of 10/

90 ppm, N0:478=N2:224 is increased from 0.2979 to 0.3344

when the voxel size is increased from 0.4 to 2.8 cm. These

changes in N0:478=N2:224 indicate that the deviations

between the boron concentration measured by this method

and the true boron concentration reached more than 10%

when the boron distribution in the voxel was non-uniform.

Moreover, when the voxel size is large and the degree of

non-uniformity of the 10B concentration distribution is

large (i.e., the voxel size is 0.8 cm and is composed of 40/

60 ppm), the deviation between the actual 10B concentra-

tion and the average 10B concentration obtained using the

PG yields of the entire voxel is considerable. Therefore,

Fig. 6 Influence of voxel sizes and boron concentration distribution

of tumor voxels on N0:478=N2:224: a N0:478=N2:224 under different boron

concentration compositions and voxel sizes and b deviations between

N0:478=N2:224 with non-uniform and uniform boron distribution of

tumor voxels
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when using this method in clinical applications, selecting a

reasonable voxel size is important to ensuring the accuracy

of the boron concentration obtained. Figure 6b shows the

deviations of N0:478=N2:224 of different voxels with different

concentrations, and uniform 10B distribution results were

selected as a reference. Considering the calculation error,

when the deviation is less than 2%, this result is considered

to be approximately equal to the reference. When the voxel

size is 0.4 cm, the deviations of the results for the four 10B

concentration compositions are all less than 2%. In some

cases, the deviations are greater than 2% when the voxel

size increases. For example, when the boron concentration

in the voxel is 10/90 ppm, the deviation of the N0:478=N2:224

is increased from 0.60 to 3.02% when the voxel size is

increased from 0.4 to 0.8 cm. In actual clinical practice,

selecting the optimal voxel size based on different treat-

ment plans is the key to obtaining an accurate boron

concentration.

4 Conclusion

In conclusion, a method based on the relationship

between x10B and N0:478=N2:224 was proposed to detect and

reconstruct the actual three-dimensional 10B concentra-

tion/dose distribution in the ROI during treatment. The

accuracy affected by the fast neutrons of the clinical

thermal neutron spectrum, voxel size, and heterogeneity

distribution of boron concentration in a single voxel was

discussed using Monte Carlo simulations. The effect

caused by fast neutrons in the clinical neutron spectrum

was almost less than 0.1%. The effects of the voxel size

and uneven distribution of the boron concentration in a

voxel were studied. The results show that the deviations of

N0:478=N2:224 between different non-uniform 10B distribu-

tions and a uniform distribution are less than 2% when the

voxel size is less than 0.4 cm. Therefore, a voxel size of

less than 0.4 cm is suggested in practical applications.

Based on the current technologies of radiation detection

and dual-energy CT, the boron concentration measurement

method has significant potential for clinical applications. It

should be noted that there are many technical challenges to

implementing the proposed method in clinical applications.

We are currently conducting in-depth research on the

clinical implementation of this method and the develop-

ment of relevant detection devices. Furthermore, the

method might not be limited solely to BNCT but might also

have the potential to measure the 10B concentration and

other types of elements in any related field of application.
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