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Results of Deliberation 

In its meeting held on February 19, 2020, the Committee on Medical Devices and In-vitro Diagnostics 

reached the following conclusion, and decided that this conclusion should be presented to the 

Pharmaceutical Affairs Department of the Pharmaceutical Affairs and Food Sanitation Council. 

 

The product is designated as a medical device subject to a use-results survey. The product should be 

approved with the following conditions. The product is not classified as a biological product or a 

specified biological product. 

 

The use-results survey period should be 8 years. 
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Approval Conditions 

1. The applicant is required to take necessary measures, such as disseminating the latest guidelines for 

proper use developed in cooperation with related academic societies, to ensure that physicians with 

adequate knowledge and experience in boron neutron capture therapy of unresectable, locally 

advanced or locally recurrent head and neck cancer, become fully familiar with the directions for use 

of NeuCure BNCT Dose Engine, adverse events associated with neutron irradiation, and other 

relevant issues, and to ensure that the physicians use NeuCure BNCT Dose Engine in accordance 

with the intended use and directions for use of NeuCure BNCT Dose Engine at medical institutions 

capable of providing boron neutron capture therapy. 

 

2. The applicant is required to take necessary measures, such as disseminating the latest guidelines for 

proper use developed in cooperation with related academic societies, to ensure that medical physics 

experts with adequate knowledge and experience in boron neutron capture therapy of unresectable, 

locally advanced or locally recurrent head and neck cancer, become fully familiar with the treatment 

plan for boron neutron capture therapy, quality control of NeuCure BNCT Dose Engine, and other 

relevant issues, and to ensure that the experts use NeuCure BNCT Dose Engine in accordance with 

the intended use and directions for use of NeuCure BNCT Dose Engine at medical institutions 

capable of providing boron neutron capture therapy. 

 

3. The applicant is required to conduct a use-results survey involving all patients treated with NeuCure 

BNCT Dose Engine after the market launch until data from a certain number of patients have been 

gathered and take appropriate measures as necessary based on the survey results. 
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Review Report 

 

February 10, 2020 

Pharmaceuticals and Medical Devices Agency 

 

The following are the results of the review of the following medical device submitted for marketing 

approval conducted by the Pharmaceuticals and Medical Devices Agency (PMDA). 

 

Classification 1. Medical X-ray equipment and X-ray tube for medical X-ray 

equipment 

2. Disease treatment program 

Term Name 1. Neutron irradiation system for boron neutron capture therapy 

2. Treatment planning program for boron neutron capture therapy 

Brand Name 1. NeuCure BNCT System 

2. NeuCure BNCT Dose Engine 

Applicant Sumitomo Heavy Industries, Ltd. 

Date of Application October 11, 2019 

Items Warranting Special Mention 

SAKIGAKE designation device (SAKIGAKE Device Designation No. 

2 of 2016 [28 ki]; PSEHB/MDED Notification No. 0228-6, dated 

February 28, 2017, by the Medical Device Evaluation Division, 

Pharmaceutical Safety and Environmental Health Bureau, Ministry of 

Health, Labour and Welfare) 

SAKIGAKE comprehensive assessment consultation was conducted. 

Reviewing Office Office of Medical Devices I 
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Review Results 

 

February 10, 2020 

 

Classification 1. Medical X-ray equipment and X-ray tube for medical X-ray 

equipment 

2. Disease treatment program 

Term Name 1. Neutron irradiation system for boron neutron capture therapy 

2. Treatment planning program for boron neutron capture therapy 

Brand Name 1. NeuCure BNCT System 

2. NeuCure BNCT Dose Engine 

Applicant Sumitomo Heavy Industries, Ltd. 

Date of Application October 11, 2019 

 

Results of Review 

NeuCure BNCT System (hereinafter referred to as ñNeuCure Systemò) is a neutron irradiation device 

intended to be used for boron neutron capture therapy (BNCT) to treat unresectable, locally advanced 

or locally recurrent head and neck cancer. NeuCure BNCT Dose Engine (hereinafter referred to as 

ñNeuCure Dose Engineò) is a medical device program intended to be used for calculation of dose 

distribution in BNCT using NeuCure System. NeuCure System is used in combination with L-4-

boronophenylalanine-[10B] (L-BPA) (brand name, Steboronine 9000 mg/300 mL for Infusion [Stella 

Pharma Corporation], hereinafter referred to as ñSteboronineò). A marketing application for Steboronine 

was submitted simultaneously with the marketing application for NeuCure System and NeuCure Dose 

Engine. (NeuCure System and NeuCure Dose Engine are hereinafter collectively referred to as 

ñNeuCure.ò) 

 

The applicant submitted non-clinical data supporting the electrical safety, electromagnetic compatibility, 

biological safety, radiation safety, mechanical safety, and performance of NeuCure System. The 

submitted data indicated no particular problem. The applicant also submitted non-clinical data 

supporting the safety and performance of NeuCure Dose Engine. The submitted data indicated no 

particular problem. 

 

Clinical data submitted were the results of a phase I clinical study (N = 9) and a phase II clinical study 

(N = 21) of NeuCure conducted in Japan. In the phase II clinical study, the response rate was determined 

by blinded independent central review (BICR) based on Response Evaluation Criteria in Solid Tumors 

(RECIST), Version 1.1. The response rate was 71.4% (90% confidence interval [CI], 51.3%, 86.8%). 

The lower limit of the 90% CI was above the predefined threshold response rate (20.0%). The safety of 

NeuCure was evaluated with a focus on serious adverse events and frequently reported Grade Ó3 adverse 

events as rated according to the Common Terminology Criteria for Adverse Events (CTCAE) in the 
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phase I and II studies. These adverse events did not lead to death or treatment discontinuation, but their 

causal relationship to BNCT with NeuCure and Steboronine could not be ruled out and they occurred 

with a certain incidence. These data should be communicated to healthcare professionals appropriately 

to raise cautions. Nevertheless, since the clinical studies demonstrated a certain level of response rate to 

BNCT with NeuCure and Steboronine in the treatment of unresectable, locally advanced or locally 

recurrent head and neck cancer, PMDA concluded that BNCT with NeuCure and Steboronine has an 

acceptable safety profile in view of its shown benefit. 

 

As a result of overall evaluation of the submitted data based on the conclusion of the Expert Discussion, 

PMDA concluded that there was no particular problem with the performance, efficacy, and safety of 

NeuCure. 

 

BNCT with NeuCure is a combination treatment with a boron drug and a neutron beam. This is a unique 

therapy because its effectiveness on tumors and the extent of unintended radiation exposure of normal 

tissues depend on the extent of boron accumulation in a tumor, unlike conventional radiotherapies such 

as X-ray and proton radiation. Special expertise is required for radiation safety management of NeuCure, 

including treatment planning, the quality control of devices, and the control of radioactivated devices. 

Considering these particularities of NeuCure, proper implementation of BNCT requires medical 

institutions equipped with a management system necessary for this therapy and healthcare professionals 

with sufficient relevant knowledge, techniques, and experience. 

 

Because only limited safety information is available from Japanese and non-Japanese patients treated 

with BNCT, safety and efficacy information of NeuCure should be collected through a use-results survey 

involving all patients treated with NeuCure after the market launch until data from a certain number of 

patients have been gathered. In addition, additional risk mitigation measures should also be taken as 

necessary. 

 

Since treatment with NeuCure System involves long-term neutron irradiation, which profoundly 

accelerates the radioactivation of devices, buildings, etc. compared with general radiotherapy equipment 

such as linear accelerators, necessary measures should be taken to reduce radiation exposure of medical 

professionals as much as practical. 

 

As a result of its review, PMDA has concluded that NeuCure may be approved for the intended use 

shown below, with the following approval conditions, and that the results should be presented to the 

Committee on Medical Devices and In-vitro Diagnostics for further deliberation. 

 

Intended Use 

NeuCure BNCT System 

NeuCure BNCT System is a neutron irradiation device intended to be used for boron neutron capture 

therapy to treat unresectable, locally advanced or locally recurrent head and neck cancer, and used in 

combination with the following drug: 

Non-proprietary Name: Borofalan (10B) 

Brand Name: Steboronine 9000 mg/300 mL for Infusion 
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NeuCure BNCT Dose Engine 

NeuCure BNCT Dose Engine is a program that calculates dose distribution achieved in boron neutron 

capture therapy based on contour information and irradiation conditions, to assist physicians in 

developing treatment plans with boron neutron capture therapy for patients with unresectable, locally 

advanced or locally recurrent head and neck cancer. NeuCure BNCT Dose Engine is used in combination 

with the following drug: 

 

Non-proprietary Name: Borofalan (10B) 

Brand Name: Steboronine 9000 mg/300 mL for Infusion 

 

Approval Conditions 

NeuCure BNCT System 

1. The applicant is required to take necessary measures, such as disseminating the latest guidelines for 

proper use developed in cooperation with related academic societies, to ensure that physicians with 

adequate knowledge and experience in boron neutron capture therapy of unresectable, locally 

advanced or locally recurrent head and neck cancer, become fully familiar with the directions for use 

of NeuCure BNCT System, adverse events associated with neutron irradiation, and other relevant 

issues, and to ensure that the physicians use NeuCure BNCT System in accordance with the intended 

use and directions for use of NeuCure BNCT System at medical institutions capable of providing 

boron neutron capture therapy. 

 

2. The applicant is required to take necessary measures, such as disseminating the latest guidelines for 

proper use developed in cooperation with related academic societies, to ensure that medical physics 

experts with adequate knowledge and experience in boron neutron capture therapy of unresectable, 

locally advanced or locally recurrent head and neck cancer, become fully familiar with the treatment 

plan for boron neutron capture therapy, quality control of NeuCure BNCT System, and other relevant 

issues, and to ensure that the experts use NeuCure BNCT System in accordance with the intended 

use and directions for use of NeuCure BNCT System at medical institutions capable of providing 

boron neutron capture therapy. 

 

3. The applicant is required to conduct a use-results survey involving all patients treated with NeuCure 

BNCT System after the market launch until data from a certain number of patients have been gathered 

and take appropriate measures as necessary based on the survey results. 

 

4. The applicant is required to take appropriate measures to minimize radiation exposure of healthcare 

professionals as much as practical during the use of NeuCure BNCT System. 

 

NeuCure BNCT Dose Engine 

1. The applicant is required to take necessary measures, such as disseminating the latest guidelines for 

proper use developed in cooperation with related academic societies, to ensure that physicians with 

adequate knowledge and experience in boron neutron capture therapy of unresectable, locally 

advanced or locally recurrent head and neck cancer, become fully familiar with the directions for use 
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of NeuCure BNCT Dose Engine, adverse events associated with neutron irradiation, and other 

relevant issues, and to ensure that the physicians use NeuCure BNCT Dose Engine in accordance 

with the intended use and directions for use of NeuCure BNCT Dose Engine at medical institutions 

capable of providing boron neutron capture therapy. 

 

2. The applicant is required to take necessary measures, such as disseminating the latest guidelines for 

proper use developed in cooperation with related academic societies, to ensure that medical physics 

experts with adequate knowledge and experience in boron neutron capture therapy of unresectable, 

locally advanced or locally recurrent head and neck cancer, become fully familiar with the treatment 

plan for boron neutron capture therapy, quality control of NeuCure BNCT Dose Engine, and other 

relevant issues, and to ensure that the experts use NeuCure BNCT Dose Engine in accordance with 

the intended use and directions for use of NeuCure BNCT Dose Engine at medical institutions 

capable of providing boron neutron capture therapy. 

 

3. The applicant is required to conduct a use-results survey involving all patients treated with NeuCure 

BNCT Dose Engine after the market launch until data from a certain number of patients have been 

gathered and take appropriate measures as necessary based on the survey results. 
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Review Report 

 

February 10, 2020 

 

Product for Review 

Classification 1. Medical X-ray equipment and X-ray tube for medical X-ray 

equipment 

2. Disease treatment program 

Term Name 1. Neutron irradiation system for boron neutron capture therapy 

2. Treatment planning program for boron neutron capture therapy 

Brand Name 1. NeuCure BNCT System 

2. NeuCure BNCT Dose Engine 

Applicant Sumitomo Heavy Industries, Ltd. 

Date of Application October 11, 2019 

Proposed Intended Use 1. Treatment of unresectable locally recurrent head and neck cancer 

Treatment of unresectable advanced head and neck non-squamous 

cell carcinoma 

2. The product calculates dose distributions achieved in boron neutron 

capture therapy based on contour information (body contour, organ 

shape, bone region, shape/components of treatment area, and 

biological parameters) and irradiation conditions (irradiation 

equipment, number of irradiation ports, shape of collimator, 

isocenter, irradiation angle, and blood drug concentration) to assist 

physicians in developing treatment plans with boron neutron capture 

therapy. 

Items Warranting Special Mention 

SAKIGAKE designation device (SAKIGAKE Device Designation No. 

2 of 2016 [28 ki]; PSEHB/MDED Notification No. 0228-6, dated 

February 28, 2017, by the Medical Device Evaluation Division, 

Pharmaceutical Safety and Environmental Health Bureau, Ministry of 

Health, Labour and Welfare) 

SAKIGAKE comprehensive assessment consultation was conducted. 
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List of Abbreviations 

BICR blinded independent central review 

BNCT boron neutron capture therapy 

BNCT30 Investigational device code of NeuCure BNCT System 

BPA 4-boronophenylalanine 

CBE Compound Biological Effectiveness 

CheckMate 141 study Study ONO-4538-11/CA209141 

CHO cells Chinese hamster ovary cells 

CI confidence interval 

Cmax maximum concentration 

CR complete response 

CRT chemoradiotherapy 

DCCT Direct Current -Current Transformer 

DICOM Digital Imaging and Communications in Medicine 

DICOM-RT Digital Imaging and Communications in Medicine-Radiation Therapy 

DLT dose-limiting toxicity 

DNA Deoxyribonucleic acid 

DVH Dose Volume Histogram 

EXTREME study Study EMR62202-002 

FBPA 4-borono-2-[18F]fluoro-L-phenylalanine 

FBPA-PET 4-borono-2-[18F]fluoro-L-phenylalanine-positron emission 

tomography 

GPSP Good Post-marketing Study Practice 

Gy-Eq gray equivalent 

IAEA-TECDOC-1223 International Atomic Energy Agency Technical Documents 1223 

ICRP International Commission on Radiological Protection 

ICRU International Commission on Radiation Units and Measurements 

JENDL Japanese Evaluated Nuclear Data Library 

L-BPA L-4-boronophenylalanine 

LET Linear energy transfer 

MCNP A General Monte Carlo N-Particle Transport Code 

MedDRA Medical Dictionary for Regulatory Activities 

MRI Magnetic Resonance Imaging 

MU Monitor Unit 

NCT neutron capture therapy 

NE not evaluable 

OECD Organization for Economic Co-operation and Development 

PC Personal computer 

PD progressive disease 

PET Positron Emission Tomography 

PHITS Particle and Heavy Ion Transport code System 

PK pharmacokinetics 

PMMA Polymethylmethacrylate 

PR partial response 

RADA Radiation Application Development Association 

RBE Relative Biological Effectiveness 

RECIST Response Evaluation Criteria in Solid Tumors 

ROI Region of Interest 

RT radiotherapy 

SD stable disease 

SERA Simulation Environment for Radiotherapy Application 

SOC system organ class 

Study 001 Study WW2P2040E001/SPM-011-JHN001 

Study 002 Study WW2P2040E004/SPM-011-JHN002 
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T/B ratio Tumor/Blood ratio 

T/N ratio Tumor/Normal Tissue ratio 

t1/2 elimination half-life 

TLD Thermoluminescent Dosimeter 

X-CT X-ray-Computed Tomography 
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I. Product Overview 

I.(1) NeuCure BNCT System 

NeuCure BNCT System (hereinafter referred to as ñNeuCure Systemò) is a neutron irradiation device 

intended to be used for boron neutron capture therapy (BNCT). 

 

Figure 1 shows the principle of BNCT. First, a boron drug with high tumor accumulation is administered 

to a patient, followed by neutroni radiation. This causes a nuclear reaction between boron atoms (10B) 

and thermal neutrons ([reaction formula, 10B (n,Ŭ) 7Li ] [Figure 2]), yielding heavy charged particles 

(ionizing radiation), i.e., alpha particlesii (helium [4He] atomic nucleus, kinetic energy 1.47 MeV, range 

9 ɛm) and recoiling lithium (7Li) nucleiii (kinetic energy 0.84 MeV, range 4 ɛm). These heavy charged 

particles directly ionizeiii,iv,v,1,2,3 molecules (e.g., deoxyribonucleic acid [DNA]) constituting tumor cells 

that have incorporated boron. Ionization of the molecules causes DNA damage (single-strand break and 

double-strand break), inducing cell death (apoptosis and necrosis). 

 

NeuCure System is intended to be used for the treatment of unresectable, locally advanced or locally 

recurrent head and neck cancer. 

 

NeuCure System is used in combination with L-4-boronophenylalanine-[10B] (L-BPA) (non-proprietary 

name, borofalan [10B] [Figure 3]; brand name, Steboronine 9000 mg/300 mL for Infusion [Stella Pharma 

Corporation], hereinafter referred to as ñSteboronineò). A marketing application for Steboronine was 

submitted simultaneously with the marketing application for NeuCure System. 
 

 

Figure 1. Principle of BNCT 

 

                                                      
i Neutrons entering the body are scattered, etc. by atomic nuclei constituting the human body and then slow down to thermal neutrons. 
ii High-linear energy transfer (LET) radiation 
iii  First ionization potential 

Examples: H (13.6 eV), C (11.3 eV), N (14.5 eV), O (13.6 eV), Na (5.14 eV), Mg (7.65 eV), P (10.5 eV), S (10.4 eV), Cl (13.0 eV), K 
(4.34 eV), Ca (6.11 eV), Fe (7.9 eV), I (10.5 eV) 

iv Ionization potential of nucleobase 

Examples: Cytosine (8.90 eV), adenine (8.91 eV), thymine (9.43 eV), uracil (9.82 eV) 
v Energy required to cause DNA damage (single-strand break, double-strand break): Single-strand break, 30 to 60 eV/strand; double-strand 

break, approximately 10 times the energy required to cause single-strand break 
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neutron 

Thermal 
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Figure 2. Reaction formula for 10B (n,Ŭ) 7Li reaction 

 

 

Figure 3. Chemical structure of borofalan (10B) 

 

NeuCure System consists of a proton accelerator, a proton beam transport system(s), a neutron 

irradiation device(s), and other relevant devices. Neutrons can be irradiated in multiple treatment rooms 

by installing multiple proton beam transport systems according to the facility layout, and by bending 

accelerated proton beams with electromagnets. However, neutron irradiation cannot be performed 

simultaneously in more than one room. Figure 4 illustrates a facility model having 2 treatment rooms. 

The proton accelerator, proton beam transport systems, and the neutron generator of the neutron 

irradiation device are installed in the cyclotron room. Figures 5, 6, and 7 show the appearance of the 

proton accelerator, proton beam transport system, and neutron irradiation device.vi 

 

 

Figure 4. Birdôs-eye view of a facility having 2 treatment rooms 

 

                                                      
vi In addition, NeuCure System requires a treatment room(s) where neutron is irradiated to a patient and a preparation room(s) where a 

patient is placed on a treatment table and all settings are made. NeuCure System is operated using a console installed in an operation room 

(not shown in Figure 4), separately from the treatment room(s) and the preparation room(s). 
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Figure 5. Appearance of proton accelerator 

(cyclotron) 

Figure 6. Appearance of proton beam transport 

system 

 

Cyclotron is used as a proton accelerator. A proton beam from the cyclotron (source particles, protons; 

proton energy, 30 MeV; rated proton beam current, 1.0 mA) is converged or deflected by the 

electromagnet in each proton beam transport system to strike the target placed on the neutron irradiation 

device (see Figure 8). The target is made of beryllium having a purity of Ó***** %. The collision 

between protons and beryllium atomic nuclei induces a nuclear reaction (formula, 9Be [p,n] 9B), 

generating neutrons having energy up to 28 MeV with a peak around 1 MeV. International Atomic 

Energy Agency Technical Documents 1223 (IAEA-TECDOC-1223), Current States of Neutron capture 

Therapy, IAEA (2001)4  recommends epithermal neutrons (defined as 0.5 eV-40 keV in the present 

application) for BNCT in order to obtain thermal neutron fluxes having a large boron neutron cross-

sectionvii  at a deeper level. Neutrons having higher energy than epithermal neutrons (mainly fast 

neutrons) need to be slowed down to epithermal neutrons. For this purpose, a moderator, which reduces 

neutron energy, is required between the target and the collimator. Lead and iron effectively slow down 

fast neutrons immediately after they are released. After neutrons lose energy to some extent, aluminum 

and calcium fluoride effectively moderate the neutrons.viii ,5 With these moderating materials placed 

effectively between the target and the collimator, NeuCure System delivers epithermal neutrons suitable 

for BNCT to a patient. NeuCure System also uses lead isotopes that scatter neutrons around the 

moderator in order to focus neutrons (mainly fast neutrons and epithermal neutrons) to the patient. To 

limit neutron irradiation to the desired area, the collimator other than its opening is covered by a shield. 

Gamma-rays from the nuclear reaction are shielded by lead, while neutrons are shielded by polyethylene. 

The collimator at the irradiation site uses lithium fluoride-loaded polyethylene to reduce neutron doses 

                                                      
vii Represent the likelihood of neutrons in a substance to collide and react with atomic nuclei of the atoms that compose the substance. 
viii  Neutrons having an energy peak of 1 MeV released from the target are slowed down mainly to epithermal neutrons, which are then 

extracted from the collimator through the following process. Incident neutrons are slowed down by inelastic scattering and the (n, 2n) 
reaction in the lead layer (Pb-204, Pb-206, Pb-207, and Pb-208) and transported to the next layer. In the next iron layer (Fe-54, Fe-56, 

and Fe-57), neutrons themselves lose some energy mainly through inelastic scattering. These lead and iron layers substantially reduce the 

number of Ó1 MeV neutrons. Aluminum (AL-27) and fluorine (F-19) in calcium fluoride are a good combination for effective extraction 
of epithermal neutrons. In the aluminum and fluorine layers, Ó1 MeV and Ó100 keV neutrons, respectively, lose energy through inelastic 

scattering. Neutrons having energy lower than the above undergo only elastic scattering and capture reaction. While elastic scattering 

reduces neutron energy, some neutrons emit gamma-rays through the neutron capture reaction to annihilate themselves. This process is 
repeated by high-energy particles, which increases the number of neutrons in an energy range where capture reaction is less likely to 

occur, i.e., a region with a minimum neutron cross section. Neutrons whose energy is reduced by elastic scattering have an increased 

neutron capture cross-section; these low-energy neutrons are reduced in number by the capture reaction. As a result, neutrons with a small 
capture neutron cross-section are more likely to pass through the substance, which enables efficient extraction of 0. eV to 40 keV 

epithermal neutrons as defined for NeuCure System. This explains the existence of a region with a small capture neutron cross-section 

(<10-3 barn) in the energy range of 1 eV to 10 keV in the neutron cross-section data of fluorine. The order of aluminum and calcium 
fluoride *********************************************************************** (reference, Nuclear Data Library 

JENDL-4.0, https://wwwndc.jaea.go.jp/jendl/j40/j40.html; as of January 28, 2020). 
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outside the irradiation area so that the unnecessary exposure of patients to radiation can be minimized. 

The collimator opening diameter is changeable (i.e., 100, 120, or 150 mm). 

 

The treatment table can be used in 2 ways (as a bed or chair) according to the irradiation position and 

direction. The treatment table is operated and moved using an operation pendant. Positioning of patients 

and confirmation of their position are performed using laser markers and an X-ray imaging device. The 

patient is set up on the treatment table in the preparation room adjacent to the treatment room and 

transferred to the irradiation position using the wagon without changing the patientôs position on the 

table. The position of the patient is checked again in the treatment room using the laser markers. Once 

all settings for irradiation are completed according to a prescribed treatment plan, irradiation can be 

started. After the end of irradiation, the treatment table with the patient on it is moved back to the 

preparation room. 

 

 

Figure 7. Appearance of neutron irradiation device 

 

 

Figure 8. Structure of neutron irradiation device 

 

I.(2) NeuCure BNCT Dose Engine 

The NeuCure BNCT Dose Engine (hereinafter referred to as ñNeuCure Dose Engineò) is a medical 

device program intended to be used for calculation of dose distribution in BNCT using NeuCure System. 

Collimator  

Calcium fluoride 
Aluminum  

Iron  

Lead 

Proton beam 

Target 

Lithium fluoride -

loaded 

polyethylene 

Example of moderating 

materials 

Lead 

Iron 

Calcium fluoride 

Aluminum 

Lithium fluoride-loaded 

polyethylene 



 

14 
NeuCure BNCT System and NeuCure BNCT Dose Engine 

_Sumitomo Heavy Industries, Ltd._Review Report 

NeuCure Dose Engine is installed in a general-purpose personal computer (PC) and used in combination 

with a radiotherapy planning program ñRadiotherapy Planning Software RayStationò (RaySearch Japan 

K.K., approval number 22900BZI00014000, hereinafter referred to as ñRayStationò) installed in the 

same PC. Figure 9 presents the system configuration of NeuCure Dose Engine with RayStation. Figure 

10 shows the actual process flow. 

 

Contour information (body contour, organ shape, bone region, shape/components of treatment area, and 

biological parameters) and irradiation conditions (irradiation equipment, number of irradiation ports, 

shape of collimator, isocenter, irradiation angle, and blood drug concentration) are set on RayStation 

and recorded as treatment planning data (Digital Imaging and Communications in Medicine [DICOM] 

data, including Digital Imaging and Communications in Medicine-Radiation Therapy [DICOM-RT] 

data). The treatment planning data are used as input data in NeuCure Dose Engine. On the basis of the 

input data, NeuCure Dose Engine calculates dose distribution and monitor unit (MU) achieved in BNCT 

in a body region where the substance density is generally homogeneous. Calculated data are output on 

RayStation as DICOM data. RayStation displays the dose distribution and analyzes dose volume 

histogram (DVH) to assist users in developing treatment plans. One MU calculated for NeuCure System 

is equivalent to the charge of irradiated protons that are monitored during the therapy. 

 

 

Figure 9. System configuration of NeuCure Dose Engine with RayStation 
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Figure 10. Process flow of NeuCure Dose Engine with RayStation 

(NeuCure Dose Engine involved in the process in a red box) 

 

Neutrons emitted from the collimator of NeuCure System are comprised mainly of epithermal neutrons 

(0.5 eV - 40 keV) and also include fast neutrons (Ó40 keV) and thermal neutrons (Ò0.5 eV). Incident 

epithermal neutrons entering the body are scattered by constituent elements of the human body to lose 

energy to become thermal neutrons. Thermal neutrons cause a nuclear reaction with nitrogen atoms in 

addition to boron atoms to generate protonsii and a neutron capture reaction by atoms constituting the 

human body to generate gamma-rays. Fast neutrons collide mainly with hydrogen atomic nuclei to 

generate recoil particles (protons). Contaminating gamma-rays that are produced when neutrons are 

slowing down in the neutron irradiation device are also delivered to the patient (Figure 11). To assess 

the total radiation dose delivered to the patient, therefore, the 4 doses, boron, hydrogen, nitrogen, and 

gamma-ray doses, need to be considered. Each dose component is defined as shown below. 

ǒ Boron dose 

The boron dose is defined as the dose derived from 1.47 MeV alpha particles (helium [4He] atomic 
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thermal neutrons and 10B (Figure 2). After administration of a boron drug, boron is taken up by cells 

all over the body. Because the uptake of boron is higher in tumor cells than normal cells, boron dose 

mainly contributes to the damage of tumor cells. The slower the speed of neutrons, the more likely 

this reaction is to occur. In most cases, therefore, the reaction occurs between boron and thermal 

neutrons. 

 

ǒ Hydrogen dose 

Some incident fast neutrons and epithermal neutrons entering the body undergo elastic scattering 

with the atomic nuclei of constituent elements of the body to pass kinetic energy over to the atomic 

nuclei of the elements to recoil the atomic nuclei. Resulting recoil nuclei produce a physical dose 

within their range. The hydrogen dose is defined as the dose induced by this reaction with hydrogen 

atomic nuclei. 

 

ǒ Nitrogen dose 

Incident fast neutrons and epithermal neutrons entering the body undergo elastic scattering mainly 

with hydrogen atomic nuclei to slow down to thermal neutrons. These thermal neutrons and nitrogen 

atomic nuclei (14N) cause the (n,p) reaction (formula, 14N [n,p]14C) to generate 0.63 MeV protons. 

The nitrogen dose is defined as the dose given to the body by this nuclear reaction. 

 

ǒ Gamma-ray dose 

Gamma-rays are generated in the process where (a) neutrons slow down in the treatment system and 

(b) in a nuclear reaction between generated neutrons and constituent elements of the human body 

including boron and nitrogen. The gamma-ray dose is defined as the sum of the doses from these 

reactions. 

 

 

Figure 11. Dose composition for BNCT 

 

As described above, the boron dose is derived from the reaction between 10B accumulating in tumor 

cells and thermal neutrons. It is the boron dose that gives a therapeutic effect in BNCT. A boron drug 
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skin, and mucosa, at concentrations similar to those in blood. Boron in these normal tissues damages 

the tissues. On the other hand, neutron irradiation produces other unintended radiation doses derived 

from nitrogen, hydrogen, and gamma-rays similarly in both normal and tumor cells. The therapeutic 

effect of BNCT can, therefore, be evaluated by estimating a dose that can damage tumor cells without 

affecting normal cells based on the total of these doses (see Figure 12). 

 

 

Figure 12. Overview of BNCT dose in tumor and normal cells 

 

The doses of these 4 radiation components are expressed as an equivalent dose (gray equivalent [Gy-

Eq]) calculated by multiplying each physical dose determined by Monte Carlo simulation by the 

coefficient of relative biological effectiveness (RBE) or compound biological effectiveness (CBE). The 

total equivalent dose of BNCT (Etotal) is expressed as the following equation. 

 

 %  'Ù%Ñ % % % % 

#"%$ 2"%$ 2"%$ 2"%$  

 

EB, boron dose; EN, nitrogen dose; EH, hydrogen dose; Eɔ, gamma-ray dose 

CBEB, CBE for boron dose; RBEN, RBE for nitrogen dose 

RBEH, BRE for hydrogen dose; RBEɔ, RBE for gamma-rays dose 

DB, physical absorbed boron dose 

DN, physical absorbed nitrogen dose 

DH, physical absorbed hydrogen dose 

Dɔ, physical absorbed gamma-ray dose 

 

NeuCure Dose Engine uses Particle and Heavy Ion Transport code System (PHITS)ix,6 developed by 

the Japan Atomic Energy Agency (JAEA) and others for dose calculation using Monte Carlo simulation. 

In Monte Carlo simulation using PHITS, the same method as A General Monte Carlo N-Particle 

Transport Code (MCNP), a Monte Carlo radiation transport calculation code developed by the US Los 

                                                      
ix PHITS is a general Monte Carlo simulation code that simulates various radiation behaviors in any object using a nuclear reaction model 

and nuclear data. It was developed by JAEA in collaboration with Research Organization for Information Science and Technology, High 

Energy Accelerator Research Organization, Kyushu University, etc. 
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Alamos National Laboratory, was used to calculate the transport of electrons and photons. For neutrons, 

nuclear data library (Japanese Evaluated Nuclear Data Library [JENDL]-4.0) and the same method as 

MCNP, Version 4C code were used.7 Basically, in the Monte Carlo simulation using PHITS or MCNP, 

the transport and collision of incident particles are calculated by a random walk algorithm using a model 

built based on the Boltzmann equation and neutron cross-section data (JENDL-4.0). If secondary 

particles are produced at each step of the random walk, information of the produced secondary particles 

is recorded. The calculation for the secondary particles is performed after the end of the random walk 

of particles currently under the calculation. Neutron and gamma-ray fluxes are calculated by Monte 

Carlo simulation using PHITS based on a patient voxel model created from contour information and 

irradiation geometry conditions. The physical doses of boron, nitrogen, hydrogen, and gamma-rays are 

determined by multiplying the neutron flux by the kerma factor of each element and by multiplying the 

gamma-ray flux by the dose conversion factor. This calculation uses the reference data shown in Table. 

The kerma factor is the amount of energy that is produced per unit particle. It is calculated using the 

Monte Carlo simulation code based on the neutron cross-section and the amount of energy generated by 

the neutron reaction. As the boron dose, the dose per ppm of 10B was calculated. 

 

Table 1. Nuclear cross-section data and dose conversion factor used in NeuCure Dose Engine 

Reference data Source 

Neutron cross-section data JENDL-4.0x 

Dose conversion factor Effective dose based on the definition in ICRP 

publication 60 (recommendation in 1990) 

 

The beam model used in the calculation is created based on the energy spectra and angle distribution of 

neutrons and gamma-rays considering the neutron-producing reaction and penetration into the 

moderator by a proton beam per unit irradiance determined for each device or facility at the target. 

 

II . Summary of the Data Submitted and Outline of the Review Conducted by the 

Pharmaceuticals and Medical Devices Agency 

The data submitted for the present application and the applicantôs responses to the inquiries from the 

Pharmaceuticals and Medical Devices Agency (PMDA) are outlined below. PMDA reviewed NeuCure 

System and NeuCure Dose Engine (hereinafter collectively referred to as ñNeuCureò) with a focus on 

their performance, efficacy, and safety as a neutron irradiation device and a dose calculation program 

for BNCT, namely, whether NeuCure ensures safe and stable irradiation of neutron beams and 

appropriate pre-irradiation dosing simulation. The review results of Steboronine were used for the 

evaluation of the following efficacy and safety data of NeuCure in combination with Steboronine, 

including the dose advantage in tumor cells (Figure 12) and the safety in normal tissues: Section ñ2.(4).2) 

Studies to support the efficacy of the device,ò and Section ñ6. Clinical Data or Alternative Data Accepted 

by the Minister of Health, Labour and Welfare.ò 

 

The expert advisors for the Expert Discussion on NeuCure declared that they did not fall under Item 5 

of the ñRules for Convening Expert Discussions etc. by Pharmaceuticals and Medical Devices Agencyò 

(PMDA Administrative Rule No. 8/2008 dated December 25, 2008). 

                                                      
x Japanese Evaluated Nuclear Data Library: Japanese evaluated, universal, and standard nuclear data library created by the Nuclear Data 

Group, Nuclear Science and Engineering Center, JAEA in cooperation with nuclear data researchers in Japan. This library covers 406 

nuclides in the incident neutron energy range from 10-5 eV to 20 MeV. 
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1. History of Development, Use in Foreign Countries, and Other Information 

1.A Summary of the data submitted 

1.A.(1) History of development 

The efficacy of BNCT has been demonstrated mainly by clinical research using a nuclear reactor. It is, 

however, difficult to develop a nuclear reactor as a medical device. Popularization of BNCT requires a 

small special medical device for BNCT that can be installed at hospitals. For this reason, the applicant 

initiated the development of a neutron irradiation device for BNCT using an accelerator, not a nuclear 

reactor, in cooperation with Institute for Integrated Radiation and Nuclear Science, Kyoto University 

(former Kyoto University Research Reactor Institute).xi In addition, the applicant jointly developed a 

boron drug essential for BNCT with Stella Pharma Corporation. 

 

The treatment planning program originally used for BNCT was Simulation Environment for 

Radiotherapy Application (SERA) jointly developed by the Idaho National Laboratory and the Montana 

State University in the United States. In the beginning of its development, the treatment planning 

program was not regulated as a medical device. The Pharmaceutical Affairs Act (Act No. 145 of 1960) 

was revised in 2014 to the ñAct on Securing Quality, Efficacy and Safety of Pharmaceuticals, Medical 

Devices, Regenerative and Cellular Therapy Products, Gene Therapy Products, and Cosmetics.ò This 

revised act requires regulation of treatment planning programs as medical devices, and the treatment 

planning program for NeuCure needed a marketing approval accordingly. SERA has the following 

problems: (a) Necessity of a large voxel size because of memory usage limitation and low calculation 

speed, (b) complicated entry of region of interest (ROI) (patientôs tissue information), (c) poor 

calculation precision because of the low calculation speed, and (d) poor input-output usability. Because 

these problems may affect treatment efficiency in future clinical use of NeuCure, the applicant decided 

to develop an original treatment planning program for BNCTxii and obtain a marketing approval for the 

program separately from NeuCure System. 

 

BNCT is based on a new principle different from conventional treatments. On February 28, 2017, 

NeuCure was classified as a SAKIGAKE designation product by the Ministry of Health, Labour and 

Welfare, to be developed in Japan ahead of the rest of the world. 

                                                      
xi A part of the funds for following program and project were used in the development of NeuCure:  

(a) The Program to Support Development of Medical Equipment and Devices to Solve Unmet Medical Needs 2013 (Kansai Bureau of 

Economy, Trade and Industry, Ministry of Economy, Trade and Industry) (Comprehensive Special Zone Coordination Fund). 
(b) The Medicine-Engineering Collaboration Business Promotion Project 2014 (Kansai Bureau of Economy, Trade and Industry, 

Ministry of Economy, Trade and Industry) (Comprehensive Special Zone Coordination Fund). 
xii To solve the problems of SERA, the following modifications were made to NeuCure Dose Engine: 

(a) Limited voxel size due to memory usage limitation 
SERA is a program that runs on a 32-bit operating system. Because of its limited memory usage, this program usually uses a voxel 

size of 10 mm for calculation. NeuCure Dose Engine runs on a 64-bit operating system to have an enough memory for calculation 

and uses the Monte Carlo code PHITS to allow for the use of a 1- to 5-mm voxel size in calculation. 
(b) Complicated entry of ROI (patientôs tissue information) 

NeuCure Dose Engine is used with an approved treatment planning system having a contour drawing function commonly used in 

radiotherapy to provide a ROI entry function similar to that used for the current general radiotherapy. 
(c) Poor calculation precision due to limited voxel size 

SERA is expected to have a poor calculation precision in fine regions because of the limited voxel size due to the memory usage 

limitation. NeuCure Dose Engine uses a 1- to 5-mm voxel size that allows for dose calculation with a resolution close to the voxel 
size for patientôs diagnostic images. 

(d) Poor input-output usability 

SERA requires patientôs diagnostic images in bitmap format and does not use general-purpose format for outputting calculation results. 
NeuCure uses DICOM files for data input and output so that data can be input or output in the same file format as that used in current 

general radiotherapy systems. 
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1.A.(2) Use in foreign countries 

Nuclear reactor-based neutron irradiation devices for BNCT already exist for research purposes. 

However, there is no accelerator-based neutron irradiation device for BNCT approved as a medical 

device either in Japan or foreign countries. NeuCure Dose Engine has not been used or marketed in 

foreign countries. 

 

2. Design and Development 

In order to ensure science-based, proper evaluation of the efficacy, safety, and quality of accelerator-

based neutron irradiation devices for BNCT and concomitant treatment planning systems, evaluation 

indices (ñRelease of Evaluation Indices for Next-Generation Medical Devicesò [PSEHB/MDED 

Notification No. 0523-2, dated May 23, 2019]) have been established by the Review Working Group 

for Projects of Preparing Evaluation Indices for Next-Generation Medical Devices and Regenerative 

Medicine Products. In this review, PMDA checked whether NeuCure was assessed mainly according to 

the above evaluation indices and whether NeuCure met endpoints. 

 

2.(1) Performance and safety specifications 

2.(1).A Summary of the data submitted 

The proposed performance specifications for NeuCure System are designed to ensure the repeatability 

and stability of calibration of the dose monitoring system, the linearity of the dose monitoring system, 

depth-dose curve, peak dose, positioning reproducibility of the treatment bed, measurement precision 

of the charge monitors of charged particle beam, irradiation field size, and time of continuous proton 

beam irradiation. The proposed safety specifications for NeuCure System are designed to ensure its 

electrical safety, electromagnetic compatibility, mechanical safety, and radiation safety. 

 

The proposed performance specifications for NeuCure Dose Engine are designed to evaluate the dose 

distribution calculation functions (data acquisition, BNCT dose calculation, and data output) and the 

dose calculation algorithm. The proposed safety specifications for NeuCure Dose Engine are designed 

to prevent the use by unauthorized personnel, establish data limits, protect data from tampering, and 

ensure accurate data transfer. 

 

2.(1).B Outline of the review conducted by PMDA 

PMDAôs review mainly focused on the following points for the performance and safety specifications 

for NeuCure. 

 

2.(1).B.1) Appropriateness of the performance specification limits of NeuCure System 

2.(1).B.1).(a) Repeatability and stability of calibration of dose monitoring system 

The specifications are based on an ñIn-house standard: Standard for BNCT treatment system 

performance characteristics (ENC00002).ò ENC00002 is basically the same as the official standard for 

functional performance characteristics of medical electron accelerators, JIS Z 4714:2001 (IEC 

60976:1989, IEC 60976:1989/AMENDMENT 1 [62C/247/CDV:1998]), with some modifications to 
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requirements according to the characteristics of neutron beams and BNCT-specific performance 

characteristics.xiii  

 

However, ENC00002 only defines the specification limit ñperformance display.ò PMDA asked the 

applicant to discuss the necessity of establishing a specification that enables quantitative evaluation of 

repeatability and stability of the monitoring system of NeuCure System. 

 

The applicantôs explanation: 

The precision of a single measurement of thermal neutrons by the gold wire activation methodxiv is 

approximately 5%.8 In this test, ******************************************************** 

****************************************************************************** *** 

For both repeatability and stability, therefore, the specification limit of ñNot more than *** % when 

measured using a gold wire or foil placed so that its center is located ***  mm from the surface of a water 

phantomxvò was proposed. When the maximum measured value is to be adopted as the specification 

limit, it must be the value measured on the phantom surface. However, the measured value on the surface 

is not suitable as the specification limit because the surface has more fast neutrons and a thermal neutron 

buildup region. For this reason, ***  mm, which is around the peak depth where stable measurements 

can be obtained, was selected as a reference point. 

 

PMDA accepted the applicantôs explanation. 

 

2.(1).B.1).(b) Linearity of dose monitoring system 

This specification is based on ENC00002. However, ENC00002 only defines the specification limit 

ñperformance display.ò PMDA asked the applicant to discuss the necessity of establishing a specification 

that enables quantitative evaluation of linearity of the monitoring system of NeuCure System. 

 

The applicantôs explanation: 

The precision of a single measurement of thermal neutrons by the gold wire activation method is 

approximately 5%. In this test, ******************************************, the following 

specification limit of linearity was used: ñThe deviation of Ò**% when measured using a gold wire or 

                                                      
xiii  Requirements in JIS Z 4714:2001 were modified, adopted, or not adopted in ENC00002 according to the following principles: 

(a) The requirements for items not included in the components of NeuCure System (e.g., gantry and wedge filter) were not adopted in 

ENC00002. 

(b) Properties not incorporated in NeuCure System (e.g., definition of isocenter) were not adopted in ENC00002. 
(c) The types of radiation were limited and changed in ENC00002 (neutrons and gamma-rays). 

(d) Some terms were replaced and changed to corresponding NeuCure System-specific terms. 

(e) The definitions of items identifying the performance of NeuCure System were adopted in ENC00002 without any change or with 
numerical changes as necessary. 

xiv Gold is a widely used specimen for measurement of thermal neutron fluxes because gold has a relatively large absorption cross-section 

for thermal neutrons (98.5 barn) and gold with a purity high enough to tolerate radiation experiments is commercially easily available. 

For measurements, 412 keV gamma-rays are used. 198Au decays 100% by ɓ emission, 95.6% of which are accompanied by a gamma 
decay of 411.8 keV. Because no other gamma-rays are in proximity of this energy, which makes it hard for them to become background, 

this energy level is suitable for radioactivity assessment by the gold wire activation method. 
xv The water phantom is made from polymethylmethacrylate (PMMA, acrylic) and filled with pure water because approximately 60% of 

the human body is water and approximately 70% of the constituent elements of the body are hydrogen and oxygen. It is cubical. Its 

horizontal size is large enough to accommodate target tumors. It is designed to ensure that *** ***** *** *** ** ****** *** *** ****** 
***** **** ************** 

************************************************************************************************************ 

************************************* ************************ ******** 
****************************************************************. Any phantom called ñwater phantomò on the following 

pages has the above specifications. 
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foil placed so that its center is located ****  mm from the surface of a water phantom.ò  When the 

maximum measured value is to be adopted as the specification limit, it must be the value measured on 

the phantom surface. However, the measured value on the surface is not suitable as the specification 

limit because the surface has more fast neutrons and a thermal neutron buildup region. For this reason, 

****  mm, which is around the peak depth where stable measurements can be obtained, was selected as 

a reference point. 

 

PMDA accepted the applicantôs explanation. 

 

2.(1).B.1).(c) Depth-dose curve 

This specification is based on ENC00002. However, ENC00002 only defines the specification limit 

ñperformance display.ò PMDA asked the applicant to discuss the necessity of establishing a specification 

that enables quantitative evaluation of the depth-dose curve of NeuCure System. 

 

The applicantôs explanation: 

The points shown in Figure 13 were selected as reference points. 

Å P1: ************ *******************************  

Å P2: *** ** **************************************************** ********************* 

*********  

Å P3: *** ** **************************************** ******************************* **  

***********************************************  

 

 

Figure 13. Reference points for quantitative evaluation of depth-dose curve 

 

The precision of thermal neutron dosimetry by the activation foil method is approximately ** % 

********* , and the doses at 2 points need to be measured to calculate a ratio. Because of this, and based 

on the evaluation of measures values, the applicant proposed the following specification limits (see 

Table 2), taking account of error propagation. The acceptable error from the product-specific 

specification limit is ** % *************** ********* . 
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Table 2. Specifications for depth-dose curve 

Diameter of collimator opening 
Specification 

P2/P1 P3/P1 

100 mm **** Ñ **% **** Ñ **% 

120 mm **** Ñ **% **** Ñ **% 

150 mm **** Ñ **% **** Ñ **% 

 

PMDA accepted the applicantôs explanation. 

 

2.(1).B.1).(d) Peak dose 

The proposed specification limit of thermal neutron peak dose is Ó1.4 Ĭ 109 n/cm2/s for the collimator 

with the 150-mm opening, Ó1.1 Ĭ 109 n/cm2/s for the collimator with the 120-mm opening, and 

Ó1.0 Ĭ 109 n/cm2/s for the collimator with the 100-mm opening. 

 

The applicantôs rationale for the specification limits: 

Monte Carlo simulation based on the measured thermal neutron fluxes at the peak position when the 

collimator with the 100-mm opening was used, has demonstrated that the collimator can provide 

epithermal neutron fluxes with an intensity of approximately 1.0 Ĭ 109 n/cm2/s on the surface of the 

water phantom, which is high enough for BNCT as recommended in IAEA-TECDOC-1223. Since the 

design of the collimator was thus justified, the applicant proposed the above specification limits 

determined from the measured value for each collimator. 

 

PMDAôs view: 

A thermal neutron flux of 1.0 × 109 n/cm2/s being maintained at the peak depth, where epithermal 

neutrons have slowed down and reacted to some extent, means that an epithermal neutron flux of 

approximately 1.0 Ĭ 109 n/cm2/s is also maintained on the entrance surface. PMDA accepted the 

applicantôs explanation that the measured values can be used as the specification limits of the peak dose 

of NeuCure System. 

 

2.(1).B.1).(e) Positioning reproducibility of the treatment bed 

The applicant proposed the specification limit of Ñ2 mm for the positioning reproducibility of the 

treatment bed with and without a load in the preparation room and the treatment room. 

 

The applicantôs rationale for the specification limit: 

This specification limit is based on mechanical design limitations. The clinical acceptability of the 

specification limit is discussed as below. 

 

The collimator controls neutrons released from the lead surface. The back of the collimator is tapered, 

and a deviation of the collimator from its original position alters the region where neutrons pass through. 

A deviation of the central axis is also expected to alter the peak dose. The impact of the alteration of the 

region where the neutron beam is controlled by the collimator due to such a deviation ****  ***** 

2.00 mm ** ***** ********   **** ****  ****** **************** * ** ******** 

********************************************************************. Figure 14 shows 

a graph of the distance from the beam axis versus epithermal neutron flux on the lead surface. This graph 

shows that the epithermal neutron flux around *** mm is ***** lower than that around the center. 
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Figure 14. Distance from beam axis versus epithermal neutron flux on lead surface 

(calculated values) 

 

Thus, even if the epithermal neutron flux increases or decreases because of a deviation of the beam axis, 

the impact is ******** smaller than the total neutron flux (integral value, ******** n/s) and is therefore 

negligible, as shown below. 

 

********************************** 

 

As for the deviation of the central axis, ** ***  ***   ************* *** *********    *** 

************************************* ****** ************************************** 

**************************** it results in only a ****% deviation in peak dose, which is also 

negligibly small. 

 

In summary, a deviation of the collimator of the treatment bed within the range of Ñ2.00 mm during its 

positioning on the moderating lead, where neutrons slow down, causes only a negligible effect on the 

epithermal neutron flux, with no clinically significant effects. Accordingly, the specification limit of 

Ñ2.00 mm was proposed. 

 

PMDA accepted the applicantôs explanation. 

 

2.(1).B.1).(f) Measurement precision of the charge monitors of charged particle beam 

The proposed specification limits of the measurement precision of the charge monitors of charged 

particle beam are Ñ**% for the primary dose monitor and Ñ**% for the secondary dose monitor. 

 

These specification limits are based on the specification limits defined in the official standard for the 

safety of medical electron accelerators, JIS Z 4705:2006 (IEC 60601-2-1:1998, IEC 60601-2-

1:1998/AMENDMENT 1:2002). PMDA concluded that the proposed specification limits were 

appropriate. 
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2.(1).B.1).(g) Irradiation field size 

The proposed specification limit of the irradiation field size (opening diameter of each collimator, 100, 

120, and 150 mm) is ****  mm. 

 

The applicantôs rationale for the specification limit: 

The proposed specification is based on the user requirement specification describing product 

specification values determined after discussion with the user. The clinical acceptability of the 

specification limit was discussed based on calculations for the 100 mm collimator, which is most 

affected by a deviation of irradiation field size. 

 

When the opening size of the collimator increases up to ****  mm, i.e., the diameter of *****  mm, due 

to a machining accuracy, the opening area increases by *** % as shown below. 

 

****************************************************  

 

This will also increase the neutron flux passing through the collimator by *** %. In view of 

********** ******* ************* , a change of approximately *** % will not be a clinically 

significant problem in quality control of neutron measurements. On the basis of the above, the above 

specification limit was proposed. 

 

PMDA accepted the applicantôs explanation. 

 

2.(1).B.1).(h) Time of continuous proton beam irradiation 

The proposed specification limit of the time of continuous proton beam irradiation is ñStable operation 

for *** hours at the beam current of 1 mA.ò In clinical practice, a proton beam of 1 mA is used for 

BNCT. In BNCT using dosage regimens selected based on previous clinical experience, etc., almost all 

patients were exposed to radiation for Ò1 hour. Accordingly, to be on the safe side, the operation of 

********  hours was evaluated. In the clinical studies, irradiation was completed within 1 hour in all 

patients, except for 1 patient who underwent irradiation for 1 hour 5 minutes because of a device 

malfunction (****************** ). 

 

PMDA accepted the applicantôs explanation. 

 

2.(1).B.2) Appropriateness of the specification limits of the dose calculation algorithm of 

NeuCure Dose Engine 

The proposed specification limit of the dose calculation precision of the dose calculation algorithm of 

NeuCure Dose Engine is ñA gamma index of Ò1 using ********  as a reference for a comparison 

between the measured and calculated values of a thermal neutron flux and a gamma-ray dose rate on a 

water phantom at least 20 cm Ĭ 20 cm Ĭ 20 cm.ò 

 

The applicantôs rationale for the specification limit: 

The proposed acceptance criterion for positioning error precision of ** mm is based on the measurement 

of thermal neutrons using **- and **-mm long gold wires. In addition, the proposed acceptance criterion 
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for dose error precision of **% is derived from the approximately **% error in measurements by the 

gold wire activation method as aforementioned. 

 

According to literature issued by the Radiation Application Development Association (RADA),9 

thermoluminescent dosimeter (TLD), which is used to measure gamma-rays, has a measurement error 

of approximately 7% and ******** *************** *********************** ************** 

************* *******  ******     ** *****% was selected for strict control. 

********************************************************************************** 

*************************************************************************** ****** 

********************************************************************************** 

was selected for strict control as with the error. 

 

Thus, the applicant determined the acceptable value for the dose calculation precision of thermal 

neutrons and gamma-rays from the dosimeter size and the potential measurement error of the dosimetry. 

PMDA accepted this because of the absence of established precision or clear criterion for neutron 

dosimetry.  

 

PMDA concluded that the performance and safety specifications, including the specification limits, for 

NeuCure were reasonable. 

 

2.(2) Studies to support device safety 

2.(2).1) Physicochemical properties 

2.(2).1).A Summary of the data submitted 

NeuCure System contains no component that needs to be tested for physicochemical properties. No 

study has been conducted to support the physicochemical properties of NeuCure System. 

 

2.(2).1).B Outline of the review conducted by PMDA 

PMDA concluded that there is no particular problem with omitting studies for supporting the 

physicochemical properties of NeuCure System. 

 

2.(2).2) Electrical safety and electromagnetic compatibility 

2.(2).2).A Summary of the data submitted 

To support the electrical safety and electromagnetic compatibility of NeuCure System, the applicant 

submitted data showing that NeuCure System meets the standard specifying general requirements for 

the basic safety and essential performance of medical electrical equipment (JIS T 0601-1:2017 [IEC 

60601-1:2005, IEC 60601-1:2005/AMENDMENT 1:2012]), and the standard specifying the 

electromagnetic compatibility of medical electrical equipment (JIS T 0601-1-2:2012 [IEC 60601-1-

2:2001, IEC 60601-2:2001/AMENDMENT 1:2004]). 

 

2.(2).2).B Outline of the review conducted by PMDA 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

electrical safety and electromagnetic compatibility of NeuCure System. 
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2.(2).3) Biological safety 

2.(2).3).A Summary of the data submitted 

The treatment table is the only component of NeuCure System that comes in contact with patients. It 

temporarily comes in contact with the patientôs skin surface. The raw materials of this component that 

may come in a direct contact with the patientôs skin are stainless steel SUS304, which is specified in JIS 

G 4304:2005 (ISO 9444:2002) and aluminum A6063S, which is specified in JIS H 4100:2015 (ISO 

209:2007, ISO 6362-1:2012, ISO 6362-2:2014, ISO 6362-4:2012, ISO 6362-7:2014). These materials 

have already been approved as the raw materials of many medical devices having comparable contact 

risk levels. Their biological safety thus has been confirmed. No new study to support the biological 

safety of the materials was, therefore, conducted. 

 

2.(2).3).B Outline of the review conducted by PMDA 

PMDA concluded that there is no particular problem with omitting studies for supporting the biological 

safety of NeuCure. 

 

2.(2).4) Radiation safety 

2.(2).4).A Summary of the data submitted 

To support the radiation safety of NeuCure System, the applicant submitted data on dose distribution 

measurements in and outside the radiation field. 

 

In dose distribution measurements in the radiation field, thermal neutrons, fast neutrons, and gamma-

rays in the radiation field were measured using gold wires, TLD, and indium foil, respectively, with a 

water phantom. The following were evaluated: the measured equivalent dose rate of thermal neutrons, 

dose distribution of thermal neutrons, gamma-rays during neutron irradiation, relative surface dose 

during neutron irradiation, and relative surface dose of fast neutrons. These parameters met the 

acceptance criteria defined in ñIn-house standard: Safety design index for BNCT treatment system 

(ENC00001).ò ENC00001 defines the acceptance criteria using the reference points shown below 

(Figure 15). 

Å T1: *****************************************************************  

Å T2: ***************** ** ****************************************************** **** 

*****  

Å T3: ********* ** ****************************************************************** 

********************  

Å T4: *** ************************************************************************** 

********************  

Å T5: *********************************************  

Å F1: ************************************************  

Å G1: ****************************************************  
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Figure 15. Reference points for equivalent dose rate measurements 

 

Table 3 shows the acceptance criteria. 

 

Table 3. Acceptance criteria for dose distribution measurements in radiation field 

Equivalent dose 

rate at T1 
T2/T1 T3/T1 T4/T1 T5/T1 G1/T1 F1/T1 

** 

(mGy-Eq/min) 
>*** >*** >*** Ò*** Ò*** Ò*** 

 

In dose distribution measurements outside the radiation field, thermal neutrons, epithermal neutrons, 

fast neutrons, and gamma-rays at the center and outside the radiation field ******************  

***** *************** *********  were measured using gold wires, gold wires + cadmium, TLD, and 

indium foils, respectively. The ratio of the total dose of thermal neutrons, epithermal neutrons, fast 

neutrons, and gamma-rays measured at each reference point to the dose at the center was determined. 

The ratio met the following acceptance criteria defined in ENC00001.  

Å *****************************************************  

Å ****************************************  

 

The applicant also submitted data for biodosimetry of the background dose outside the radiation field. 

Micronuclei were counted in ***** binucleated cells of the neck, chest, umbilicus, inguinal part, knee, 

and ankle of an irradiated human phantomxvi  and a non-irradiated human phantom. The highest 

micronucleus count of ***** was observed in the neck. It is equivalent to an X-ray dose of 1.57 Gy-Eq. 

The estimated exposure doses at the other sites were approximately 0.35 to 0.78 Gy-Eq. 

 

2.(2).4).B Outline of the review conducted by PMDA 

ENC00001 was created based on the standard that specifies particular requirements for the basic safety 

and essential performance of light ion beam medical electrical equipment, JIS T 0601-2-64:2016 (IEC 

                                                      
xvi The human phantom is made from PMMA (acrylic) and filled with distilled water. Unlike the aforementioned ñwater phantom,ò this 

phantom has a human body shape so that specimens can be placed in compartments corresponding to organs. This phantom was used in 
the test because approximately 60% of the human body is water and the position of each organ can be reproduced in this phantom. Any 

phantom called ñhuman phantomò on the following pages has the above specifications. 
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60601-2-64:2014).xvii Requirements, etc. in this JIS standard that are not applicable for NeuCure System 

were replaced by IAEA-TECDOC-1223 or standards actually used in clinical practice by clinicians and 

medical physicists who have experience in treatment planning for nuclear reactor-based BNCT. 

 

The following is the applicantôs rationale for the acceptance criteria for the dose distribution test in and 

outside the radiation field: 

(a) Dose distribution test in radiation field 

Å Thermal neutron equivalent dose rate at T1 >** mGy-Eq/min 

T1 provides the peak dose rate. Assuming the epithermal neutron flux of 1 Ĭ 109 /cm2/s as mentioned in 

Section 1.2 of IAEA-TECDOC-1223, the peak dose rate is ** mGy-Eq/min when the mean blood boron 

concentration is 25 ppm with the Tumor/Normal Tissue (T/N) ratio of 3.5. This dose rate was selected 

as the lower limit of the peak dose rate of T1. 

 

Å T2/T1 >***, T3/T1 >***, and T4/T1 >*** 

T2, T3, and T4 represent the treatable region actually used in clinical practice. These positions were 

determined based on the opinions from clinicians and medical physicists who have experience in 

treatment planning for nuclear reactor-based BNCT. 

 

The treatable region was determined so that an equivalent dose rate in tumor (calculated from a physical 

dose rate and biological effectiveness) is approximately ** times that in normal cells. When the CBE 

factor in a tumor is 4.0, the CBE factor in normal tissue (brain) is 1.34, and the Tumor/Normal tissue 

ratio (T/N ratio) is 3.5, the equivalent dose rate derived solely from boron in tumor cells is approximately 

10 times that in normal cells. To obtain a therapeutic dose at each reference point, the thermal neutron 

flux at each point should be at least *********** that at the peak position (T1). The thermal neutron 

flux at T2, T3, and T4 (i.e., reference points in the treatable region) needs to be approximately 

************** that at T1. The above criteria were thus established. 

 

Å T5/T1 Ò*** 

T5 provides the thermal neutron equivalent dose rate on the phantom surface at the central axis, which 

can be used as a dose rate index for the skin. When the CBE factor in normal skin (T5) is 2.5 and the 

CBE factor in normal tissue (brain) at the peak position (T1) is 1.34, the equivalent dose rate derived 

solely from boron is approximately doubled for the same thermal neutron flux. To ensure that the 

equivalent dose rate on the normal skin (T5) is comparable to that in normal cells at the peak position 

(T1), the thermal neutron flux at T5 must be not more than ************* that at the T1. Since the 

thermal neutron flux on the normal skin (T5) needs to be not more than ************* that at T1, the 

above criterion was established. 

 

                                                      
xvii Requirements in JIS T 0601-2-64:2016 were modified, adopted, or not adopted in ENC00001 according to the following principles: 

(a) The requirements for items not included in the components of NeuCure System (e.g., horizontal magnification device, irradiation 
head, range modulator, range shifter, scanning mode, multileaf beam limiting device, radiation field limiting device prescribed for 

each patient, and particle-beam applicator) were not adopted in ENC00001. 

(b) Properties not incorporated in NeuCure System (e.g., continuous neutron beam monitoring, the absence of real-time monitor, and 
definition of isocenter) were not adopted in ENC00001. 

(c) The types of radiation were limited and changed in ENC00001 (neutrons and gamma-rays in NeuCure System). 
(d) Some terms were replaced and changed to corresponding NeuCure System-specific terms. 
(e) The definitions of items identifying the performance of NeuCure System were adopted in ENC00001 without any change or with 

numerical changes as necessary. 
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Å G1/T1 Ò*** 

G1 provides the gamma-ray flux at the depth of ** mm on the central axis, which can be used as the 

gamma background dose. At the depth of ** mm on the central axis, the dose rates of both thermal 

neutron and gamma-ray fluxes almost reach their peaks. From a safety viewpoint, the maximum gamma-

ray dose should not exceed the maximum boron dose in normal tissue. When the RBE factor of nitrogen 

dose is 2.9, the CBE factor in normal tissue is 1.34, and the blood boron concentration is 25 ppm, the 

boron dose rate is approximately *** times the thermal neutron equivalent dose rate (nitrogen dose rate) 

for the same thermal neutron flux, as shown below (boron dose : nitrogen dose = ******). 

 

D (N) = *****************************************************************  

= ************************************************  

= *************************  

 

D (N): Thermal neutron equivalent dose rate (nitrogen dose rate) 

Nitrogen concentration: 0.02 (ratio by weight of nitrogen element in the human body) 

 Thermal neutron flux :(th) ה

 

D (B) = ************************************************************************** 

= ***************************************************** 

= ************************* 

 

D (B): Boron dose rate 

Boron concentration: ppm = Õg/g = 1.0E-6 

 

For gamma -ray dose, as with nitrogen dose, ñthe maximum gamma-ray dose should not exceed the 

maximum boron dose in normal tissue.ò Therefore G1/T1 should be Ò***. The applicant proposed the 

following acceptance criterion to be on the safe side: The gamma-ray flux should be Ò** times the peak 

thermal neutron flux. 

 

Å F1/T1Ò*** 

F1 provides the fast neutron flux on the surface at the central axis, which can be used as the background 

dose derived from fast neutrons. In general, the dose rate of fast neutrons peaks at the surface of the 

central axis. From a safety viewpoint, the maximum fast neutron dose should not exceed the maximum 

boron dose in normal tissue. As with the rationale for G1/T1, the applicant proposed the following 

acceptance criterion to be on the safe side: The fast neutron flux should be Ò** times the peak thermal 

neutron flux. 

 

(b) Dose distribution test outside radiation field 

This test is based on the concepts in a) and b), ñ29.3.2 Leakage radiation outside the area Mò in the 

official standard for the safety of medical electron accelerators (JIS Z 4705:2006 [IEC 60601-2-1:1998, 

IEC 60601-2-1:1998/AMENDMENT 1:2002]). Since NeuCure System uses a neutron beam for 

treatment, the leakage dose is assessed as the equivalent dose of neutron beam and gamma-rays. 
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PMDAôs view on the applicantôs explanation: 

The dose distribution test outside radiation field is based on the concepts in the official standard for the 

safety of medical electron accelerators (JIS Z 4705:2006 [IEC 60601-2-1:1998, IEC 60601-2-

1:1998/AMENDMENT 1:2002]). Requirements, etc. in this JIS standard that are not applicable for 

NeuCure System were replaced by requirements in IAEA-TECDOC-1223 or the treatable range 

(reference values) actually used in clinical practice based on opinions of clinicians and medical 

physicists who have experience in treatment planning for nuclear reactor-based BNCT. Since currently 

there is no public standard established for neutron irradiation devices, the applicant had no choice but 

to create the in-house standards based on the acceptance criteria used in clinical practice as well as on 

the relevant public standards. 

 

PMDA thus accepted the applicantôs explanation about the acceptance criteria in the radiation safety 

tests of NeuCure System. 

 

The test regarding biodosimetry of background doses outside the radiation field was conducted assuming 

a malignant tumor in the right temporal lobe. PMDA asked the applicant to explain whether the results 

of this test can be applied to safety evaluation in head and neck cancer. 

 

The applicantôs explanation: 

This test was conducted assuming treatment of a malignant tumor in the right temporal lobe, and the 

neck, which is closest to the head, had the highest dose outside the radiation field. On the other hand, 

when BNCT is performed on head and neck cancer, the neck is within the radiation field. The head, 

which is close to the irradiation opening, is likely to have the highest dose outside the radiation field. In 

treatment of head and neck cancer, the head will receive a comparable dose to that delivered to the neck 

in the above test. Since the tolerance dose is the same in both the head and neck, the results of the test 

can be used to assess the exposure dose outside the radiation field when BNCT is performed on head 

and neck cancer. 

 

PMDA accepted the applicantôs explanation. 

 

PMDA also asked the applicant to explain how to treat the neutron-activated equipment, building, air, 

cooling water (accelerator and target), etc. 

 

The applicantôs explanation: 

Those equipment, substances, etc. activated by the operation of NeuCure System will be disposed of, or 

managed, under the responsibility of each institution that installs NeuCure System, in accordance with 

the Act on Prevention of Radiation Hazards due to Radioisotopes, etc. (Act No. 167 of 1957) (Act on 

Prevention of Radiation Hazards), the Medical Care Act (Act No. 205 of 1948), and other relevant 

standards. 

 

PMDA instructed the applicant to include appropriate information in the instructions for use to ensure 

that healthcare professionals can take necessary measures to handle activated equipment, substances, 

etc. The applicant responded as instructed. 
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PMDA reviewed the submitted data and concluded that the radiation safety of NeuCure System can be 

accepted. 

 

2.(2).5) Mechanical safety 

2.(2).5).A Summary of the data submitted 

To support the mechanical safety of NeuCure System, the applicant submitted data showing that 

NeuCure System meets requirements in ENC00001 created based on JIS T 0601-1:2017 (IEC 60601-

1:2005) and JIS T 0601-2-64:2016 (IEC 60601-2-64:2014). The applicant also provided data on a patient 

support test (static and dynamic) of the treatment table which may come into contact with patients. 

 

2.(2).5).B Outline of the review conducted by PMDA 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

mechanical safety of NeuCure System. 

 

2.(2).6) Stability and durability 

2.(2).6).A Summary of the data submitted 

NeuCure System is not a medical device that requires sterilization. NeuCure System requires no 

preservation, stockpiling, or other treatment while it is or is not in operation. NeuCure System has no 

components (excluding consumables) that have specified shelf lives. Periodic replacement of 

consumables, etc., and periodic maintenance and inspection can ensure the performance of NeuCure. 

 

For these reasons, the applicant did not submit data supporting the stability and durability of NeuCure 

System and provided no information for this section. 

 

2.(2).6).B Outline of the review conducted by PMDA 

PMDA asked the applicant to identify consumables and clarify the timing for their replacement. 

 

The applicantôs explanation: 

Representative consumables of NeuCure System are the filament of the ion source, the stripper foil in 

the cyclotron, and the neutron producing target. The filament of the ion source is replaced when 

**** *********** ** ************************************* . The stripper foil is replaced 

** *********  ****  *************  *******  ***********  **********  ******  ** . The neutron 

producing target is replaced before *******  **************  *************  ***  ****  ***  **** . 

Replacement cycles of components made of organic materials, etc. that may deteriorate over time, were 

determined conservatively (so that they are replaced preventively) based on the use results during 

development, as described above. Users will be informed of this preventive replacement through the 

operating instructions, maintenance contracts, etc. 

 

PMDA concluded that there was no particular problem with the applicantôs explanation. 

 

In line with the above review, PMDA concluded that there is no particular problem with omitting the 

submission of data supporting the stability and durability of NeuCure System. 
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2.(2).7) Studies to support the safety of NeuCure Dose Engine 

2.(2).7).A Summary of the data submitted 

To support the safety of NeuCure Dose Engine, the applicant submitted study data showing that the 

following points meet the standard (JIS Z 4715:2011 [IEC 62083:2000]) that specifies the requirements 

for the safety of radiotherapy treatment planning systems: prevention of the use by unauthorized 

personnel; data limits; protection of data from tampering; and the accuracy of data transfer. 

 

2.(2).7).B Outline of the review conducted by PMDA 

PMDA reviewed the submitted study data and concluded that there was no particular problem with the 

safety of NeuCure Dose Engine. 

 

In line with the above review, PMDA concluded that there is no particular problem with the studies to 

support the safety of NeuCure. 

 

2.(3) Studies to support device performance 

ǒ NeuCure BNCT System 

2.(3).1) Repeatability and stability of calibration of dose monitoring system 

2.(3).1).A Summary of the submitted data 

The applicant submitted data showing that the repeatability and calibration stability of the dose 

monitoring system of NeuCure System meet ENC00002 and the proposed specification [see Section 

ñ2.(1).B Outline of the review conducted by PMDAò]. 

 

The repeatability and calibration stability of the dose monitoring system of NeuCure System were 

assessed based on the measurements of a thermal neutron beam by the gold wire activation method. In 

BNCT, thermal neutrons are measured and assessed because of their large contribution to the dose. The 

thermal neutron dose was measured ****** at multiple points on the central axis of the phantom. These 

measurements were used to calculate the coefficient of variation and the maximum difference between 

the maximum and minimum coefficients of variation (maximum coefficient of variation difference). The 

repeatability was assessed based on the coefficient of variation, while the calibration stability was 

examined based on the maximum coefficient of variation difference. The maximum coefficient of 

variation was ****% and the maximum value of the maximum coefficient of variation difference was 

***%. The coefficient of variation and maximum coefficient of variation difference at the reference 

point (the depth of **** mm, which provided stable measurements) met the reference values. 

 

2.(3).1).B Outline of the review conducted by PMDA 

PMDA asked the applicant to explain the method to calculate the thermal neutron dose rate by the gold 

wire activation method. 

 

The applicantôs explanation: 

The neutron flux can be calculated using reaction rates from the radioactivity of gold samples exposed 

to neutron irradiation. Since gold element (198Au) has a high cross-section with neutrons (from thermal 

neutrons to epithermal neutrons of approximately 100 eV) (see Figure 16), the reaction rates of neutrons 
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having the above energy spectra can be determined by measuring the radioactivity of neutron-irradiated 

gold samples. On the other hand, since cadmium mainly absorbs thermal neutrons (see Figure 16), the 

same measurement using cadmium-covered gold samples allows the calculation of the reaction rate of 

epithermal neutrons (Ó1 eV) alone in the same spectra. From these results, the thermal neutron flux is 

obtained using the cadmium ratio. From the thermal neutron flux, the equivalent dose rate is calculated 

using the dose conversion factor (kerma factor). 

 

 

Figure 16. Neutron spectra of thermal neutron reactor and energy dependency of the total cross-section 

of cadmium and gold10 

 

The conversion procedure is shown below: 

1) The weight W (g) of the activated gold sample is measured. 

2) Gamma-rays C (counts) of 412 keV generated from the activated gold sample are counted. During 

counting, the start time, end time, real time of counting system, and counting time excluding dead 

time are recorded. 

3) Real count Creal is calculated from the real time, counting time, and C using the following equation. 

#   
ÒÅÁÌÔͅÉÍÅ

ÌÉÖÅÔͅÉÍÅ
# 

 

real_time: Real time(s) of gamma-ray counting 

live_time: Counting time (s) excluding the dead time of the counting system at gamma-ray 

measurement 

 

4) Adjustment factors A for cooling time and measurement time are calculated using the following 

equation. 

! Ὡ ρ Ὡ  

4 ÍÅÁÓͅÓÔÁÒÔÔͅÉÍÅÉÒͅÅÎÄͅÔÉÍÅ 

 

4 ÒÅÁÌÔͅÉÍÅ 

 

meas_start_time: Start time of gamma-ray measurement 

ir_end_time: End time of irradiation 

ɚ: 2.997E-6/s (decay constant of 198Au) 
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5) The corrected amount of charge Qcorr that takes into consideration the attenuation of product nuclei 

is calculated from temporal information of the irradiated charge, including trend data, using the 

following equation. Here, ȹt is the number of seconds per data interval (based on settings of the 

data storage function), n is the number of trend data during irradiation, i is data number, and Qi is 

the amount of charge of data number i. 

 

1ÃÏÒÒ
ρ

‗

1

ЎÔ
ρ Ὡ Ў Ὡ Ў 

 

6) The number of atomic nuclei of gold N is determined using the following equation. 

 

.
ὡ

!
.  

 

AAu: 196.97 (atomic weight of gold) 

NA: 6.02E + 23 atoms/mol (Avogadro constant) 

 

7) Reaction rate R (/C) is determined using the following basic equation. Both RAu (R with gold wires 

without a cadmium cover) and RCd (R with gold wires with a cadmium cover) are determined from 

the Creal, A, N, and Qcorr calculated as above. 

 

2
#

‐ ‎!1 .
 

 

2
# ͺ

‐ ‎! 1
ͺ
.

 

2
# ͺ

‐ ‎! 1 ͺ .
 

 

Ů412: Detection efficiency of 412-keV gamma-rays (separately measured using the standard 

radiation source) 

ɔ: 0.9562 (412-keV gamma-ray emission ratio of 198Au) 

 

8) Cadmium ratio CR is determined using the following equation. 

 

#2
2

2
 

 

9) The reaction rate of thermal neutrons Rthermal (/s/mA) is determined using the following equation. 

 

2 2 ρ
ρ

#2
Ⱦρπππ 

 

10) Thermal neutron flux ū (/s/cm2/mA) is determined using the following equation. 
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ɮ
2

Ὢʎ
 

 

f: Self-shielding rate of gold 

ů: Cross-section (cm2) of 197Au (n,ɔ) 198Au 

 

11) Thermal neutron dose rate DRthermal (Gy-Eq/h/mA) is determined using the following equation. 

 

$2 ɮ σφππ+ . 2"%  

 

Kn: 6.78E-12 Gy/cm2 (kerma factor for conversion from neutron flux to equivalent dose) 

N: 0.02 (weight ratio of nitrogen element in human body) 

RBEthermal: 2.9 Gy-Eq/Gy (biological effectiveness of thermal neutrons) 

 

PMDA accepted the applicantôs explanation. 

 

PMDAôs view on the test results: 

This test showed a large coefficient of variation and a large maximum coefficient of variation difference 

only at the depth of 0 mm (surface). The surface has more fast neutrons and a thermal neutron buildup 

region, and is a low-dose region. Therefore, a positioning error of a gold sample profoundly affects the 

dose on the surface, which makes dose measurement near the surface susceptible to error. In addition, 

generally, the measurement precision of thermal neutrons by the gold wire activation method has been 

reported to be 1 ů or approximately 5%, which is assumed to be higher than the measurement precision 

of X-rays in general linear accelerators. This level of precision should be acceptable under the current 

scientific level. The dose per monitor unit is used in the calculation of coefficient of variation, and the 

relative error is larger for a lower dose. The absolute error was **** Gy-Eq at the maximum on the 

phantom surface, which does not differ from the absolute errors of measurements at the other depths. 

This level of error is clinically acceptable. The results at the depth providing the maximum dose met the 

proposed specification limits and were considered acceptable. 

 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

repeatability and calibration stability of the dose monitoring system. 

 

2.(3).2) Linearity of dose monitoring system 

2.(3).2).A Summary of the data submitted 

The applicant submitted data showing that the linearity of the dose monitoring system of NeuCure 

System meets requirements in ENC00002 and the proposed specification [see Section ñ2.(1).B Outline 

of the review conducted by PMDAò]. 

 

The linearity of the dose monitoring system of NeuCure System was assessed based on gold wire 

activation measurements of a neutron beam. The response rate of neutrons was determined from 

measurements obtained by changing the amount of proton charge at multiple points on the central axis 
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of the phantom. The linearity was assessed based on the deviation of the thus obtained response rate 

from the response rate calculated by linear approximation. This test used no cadmium-covered gold 

sample unlike the test method in 2.(1).1) above, and the assessment was based on the response rate of 

neutrons including epithermal neutrons. The energy profile of neutrons is consistent even when the 

amount of proton charge is changed. The ratio of thermal neutrons and epithermal neutrons is also 

consistent. The proposed method can, therefore, assess the linearly of the monitoring system in 

measurement of thermal neutron dose. The maximum deviation was ****%. The deviation at the depth 

of **** mm, which provided the maximum dose, met the proposed reference value. 

 

2.(3).2).B Outline of the review conducted by PMDA 

Although the test results were greater than those with general linear accelerators, the linearity of the 

dose monitoring system appeared to be acceptable because the results were within the specification 

limits, which were established during the review process as aforementioned [see Section ñ2.(1).B 

Outline of the review conducted by PMDAò]. 

 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

linearity of the dose monitoring system. 

 

2.(3).3) Dose distribution measurement 

2.(3).3).A Summary of the data submitted 

The applicant submitted data showing that the dose distribution measurements by NeuCure System meet 

ENC00002 and the proposed specification [Section ñ2.(1).B Outline of the review conducted by 

PMDAò]. 

 

Figures 17, 18, and 19 show deep-dose curves and equivalent dose curves (opening diameter, 100 nm) 

determined from measurements of thermal neutrons using a water phantom by the gold wire method on 

the beam axis and 2 cross-sections perpendicular to the beam axis. All dose distribution measurements 

obtained met the reference values. 
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Figure 17. Deep-dose curve 

 

 

Figure 18. Equivalent dose curve 
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Figure 19. Equivalent dose curve at the depth of **** mm 

 

2.(3).3).B Outline of the review conducted by PMDA 

The results were within the range of the quantitative specification limits, which were established during 

the review process as aforementioned [see Section ñ2.(1).B Outline of the review conducted by PMDAò]. 

PMDA reviewed the submitted data and concluded that there was no particular problem with the dose 

distribution measurement. 

 

2.(3).4) Peak dose measurement 

2.(3).4).A Summary of the data submitted 

The applicant submitted data showing that the peak dose measurements of thermal neutrons by NeuCure 

System meet ENC00002 [see Section ñ2.(1).B Outline of the review conducted by PMDAò]. 

 

2.(3).4).B Outline of the review conducted by PMDA 

PMDA reviewed the submitted data and concluded that there was no particular problem with the peak 

dose measurement. 

 

2.(3).5) Performance studies of irradiation system 

2.(3).5).A Summary of the data submitted 

The applicant submitted data showing that the performance of the irradiation system of NeuCure System 

(treatment table in the treatment room, treatment table in the simulation room, shielding block, movable 

shield, target exchange device, laser pointer, and target) and the dose at irradiation stoppage meet the 

acceptance criteria. 

 

2.(3).5).B Outline of the review conducted by PMDA 

PMDA asked the applicant to explain the risk of the exposure of healthcare professionals (including 

device maintenance service personnel), radiation workers engaging in system maintenance, etc., to 

residual radioactivity due to activated NeuCure System in the case of irradiation stoppage. 
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The applicantôs explanation: 

The residual radioactivity at 1 m downstream on the beam axis from the movable shield surface was 

measured at 15 minutes after completion of irradiation with the movable shield open. The reference 

value of Ò100 ɛSv/h was determined for the reason described below. The measured residual radioactivity 

was 14 ɛSv/h, showing that the exposure dose decreases to below the reference value in 15 minutes. In 

clinical practice, the actual exposure dose from the residual radioactivity is expected to be lower than 

this value because the movable shield closes automatically after the treatment table is withdrawn toward 

the direction of the beam axis following completion of irradiation. 

 

The reference value of 100 ɛSv/h is based on the following assumptions: 

Å *********************************************************  

Å *******************  

Å **************************  

Å ********************************  

*****  

 **************************** **************************************************

 ********************************* ************************** ** *****************  

 

PMDA accepted the applicantôs explanation. 

 

PMDA asked the applicant for an additional explanation about the expected exposure dose in healthcare 

professionals in emergency cases. 

 

The applicantôs explanation: 

In emergency cases, the safety of patients and healthcare professionals must be given priority in principle. 

If the patientôs condition suddenly changes in the treatment room requiring interventions by healthcare 

professionals, they must immediately stop irradiation, open the shielding door, and take care of the 

patient. The physician responsible for the treatment decides whether the patient should be taken care of 

in the treatment room or in the preparation room. When the urgency is low, the patient should be treated 

after the treatment table is transferred from the treatment room to the preparation room. When the patient 

is treated in the treatment room, healthcare professionals are exposed to a higher dose. Assuming that 

healthcare professionals completed necessary interventions in the treatment room within 5 minutes, the 

cumulative exposure dose when the interventions were completed was 30 ɛSv (data submitted in Section 

ñ2.(4).1) Other safety studiesò). If healthcare professionals have to provide emergency interventions to 

600 patients per year, the healthcare professionals will be exposed to a dose of 18 mSv/year. This means 

that even if all 600 patients require emergency interventions, the level of exposure is not clinically 

significant because it is still below the effective dose limit for radiotherapy experts (50 mSv/year 

[100 mSv/5 years]). 

 

Neutrons are produced only by the reaction between proton beams released during accelerator operation 

and the target. Once irradiation is completed, the generation of neutrons stops. Neutrons remaining in 

the treatment room are absorbed into constituent elements of the air and walls, and disappear in seconds. 

Neutrons, therefore, do not need to be monitored after completion of irradiation. The ambient dose can 
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be measured using area monitors in the room and the exhaust outlet, a survey meter, etc. In addition, 

there will not be residual radionuclides generating neutrons in the room. For these reasons, neutrons do 

not need to be treated as residual radiation. The individual exposure dose can be controlled using a 

pocket dosimeter, etc. for gamma-rays or neutrons. Users will be informed of the above emergency 

procedures through the operating instructions. 

 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

performance of the irradiation system. PMDA also asked the applicant to explain specific measures to 

minimize the exposure of healthcare professionals to radiation as much as practical. 

 

The applicantôs explanation: 

To minimize the radiation exposure of healthcare professionals as much as practical, the following 

measures will be taken: 

Å Data regarding residual radiation over time after neutron irradiation will be submitted to each 

institution. 

Å Data regarding estimated exposure dose in emergency cases will be submitted to the institutions. 

Å The applicant will give priority response to any abnormality, etc., reported from the institutions, 

regarding the amount of radiation leakage (which is controlled according to the Act on Prevention of 

Radiation Hazards, the Medical Care Act, and other regulations) and other matters. 

 

PMDA accepted the applicantôs explanation under the condition that Approval Condition 4 (for NeuCure 

System) would be added to ensure that necessary measures will be continuously taken to prevent the 

radiation exposure of healthcare professionals (ñIndividual dose limitationò in International 

Commission on Radiological Protection (ICRP) publication 60 [1990]11  and ICRP publication 73 

[1996]12). 

 

2.(3).6) Measurement precision of the charge monitors of charged particle beam 

2.(3).6).A Summary of the data submitted 

The applicant submitted data showing that the measurement precision of the proton beam charge 

monitors for NeuCure System meets the specification limits defined in the official standard for the safety 

of medical electron accelerators (JIS Z 4705:2006 [IEC 60601-2-1:1998, IEC 60601-2-

1:1998/AMENDMENT 1:2002]). 

 

2.(3).6).B Outline of the review conducted by PMDA 

NeuCure System is equipped with 2 dose monitoring systems that measure proton beam current (primary 

dose monitor, Direct-Current Current Transformer [DCCT] [Figure 20]; secondary dose monitor, charge 

conversion device [stripping foil] [Figure 21]) on each proton beam transport route. The DCCT is 

located upstream of the target, while the charge conversion device (foil stripper) is installed at the 

entrance to the cyclotron. Using these dose monitoring systems, NeuCure System constantly measures 

the charge of proton beams, thereby indirectly monitoring the neutron flux generated. 
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Figure 20. Primary dose monitoring system (DCCT) (red box) 

 

 

Figure 21. Secondary dose monitoring system (stripping foil) (red box) 

 

The applicantôs explanation about the monitoring method of neutron flux produced from the neutron 

irradiation system: 

Since neutrons have no charge, no high-precision/reproducible method has been established for real-

time measurement of the neutron flux. It is difficult to directly monitor the neutron flux. On the other 

hand, the proton beam current before it is converted to neutrons can be measured in a real time manner. 

Neutrons are formed from protons through a nuclear reaction. There is a consistent relationship between 

the number of formed neutrons and the number of incident protons. This means that the neutron flux is 

proportional to the proton beam current. The neutron flux produced, therefore, can be monitored by 

monitoring the proton beam current. 
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The neutron irradiance is counted up to the preset monitor dose. Once the count by the primary or 

secondary dose monitoring system reaches the preset value, the system automatically stops irradiation. 

NeuCure System is also equipped with a timer, in case that the primary and secondary dose monitoring 

systems fail to stop irradiation, irradiation stops when the timer reaches the preset irradiation time. Even 

if the primary dose monitoring system becomes unable to count neutrons, the secondary dose monitoring 

system alone can stop irradiation once the irradiance reaches 110% of the preset value, as with general 

particle radiotherapy systems. 

 

PMDAôs view on the applicantôs explanation: 

General linear accelerators (Linac) have a monitor dosimeter (ionization chamber dosimeter) 

downstream of the target to directly monitor the irradiance of X-rays produced from the target in a real 

time manner. On the other hand, neutrons, which have no charge, cannot be measured by an ionization 

chamber dosimeter. Currently, the gold wire activation method is commonly used to measure thermal 

neutrons. The irradiated and activated gold wires are moved to another place where a spectrometer 

measures gamma-rays emitted from the wires, thereby measuring thermal neutrons indirectly. Thermal 

neutrons therefore cannot be measured in a real time manner. A technique using a fiber detector with a 

micro-scintillator has been proposed for real-time measurement of neutron fluence. However, it is still 

under development. Currently, therefore, it is considered reasonable to monitor neutrons through real-

time monitoring of proton beams using a beryllium target that has not been deteriorated as confirmed 

by the gold wire activation method prior to the use of NeuCure System. The measurement precision of 

the 2 dose monitoring systems was assessed by this test. The test confirmed that the value of a simulated 

beam current supplied to the charge monitor was appropriately displayed on the monitor within the range 

of specification limits. In addition, the redundancy of the dose monitoring systems met the standard that 

specifies particular requirements for the basic safety and essential performance of light ion beam medical 

electrical equipment (JIS T 0601-2-64:2016). Thus the quality of neutrons produced by proton beams is 

consistent, and the 2 highly sound dose monitoring systems have been shown to measure proton beam 

current with high precision. This ensures adequate, although indirect, monitoring of the neutron flux 

released from the neutron irradiation system. 

 

PMDA asked the applicant to explain how to provide users with information about quality control, 

including the method and frequency of calibration of the dose monitoring systems. 

 

The applicant responded that they planned to communicate relevant information to users through the 

operating instructions (QA procedures for equipment). 

 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

measurement precision of the charge monitors of charged particle beam. 

 



 

44 
NeuCure BNCT System and NeuCure BNCT Dose Engine 

_Sumitomo Heavy Industries, Ltd._Review Report 

2.(3).7) Irradiation field size 

2.(3).7).A Summary of the data submitted 

The applicant submitted data showing that the irradiation field size (opening diameter of each collimator, 

100, 120, and 150 mm) of NeuCure System meets the proposed specification [see Section ñ2.(1).B 

Outline of the review conducted by PMDAò]. 

 

2.(3).7).B Outline of the review conducted by PMDA 

PMDA reviewed the submitted data and concluded that there was no particular problem with the 

irradiation field size (opening diameter of the collimators). 

 

2.(3).8) Time of continuous proton beam irradiation 

2.(3).8).A Summary of the data submitted 

The applicant submitted data on the time of continuous proton beam irradiation,xviii which show that 

NeuCure System irradiates proton beams for ** hours in a stable manner. 

 

2.(3).8).B Outline of the review conducted by PMDA 

PMDA reviewed the submitted data and concluded that there was no particular problem with the time 

of continuous proton beam irradiation. 

 

ǒ NeuCure BNCT Dose Engine 

2.(3).9) Dose distribution calculation functions (data acquisition, BNCT dose calculation, and 

data output) 

2.(3).9).A Summary of the data submitted 

The applicant submitted data regarding the dose distribution calculation functions (data acquisition, 

BNCT dose calculation, and data output) of NeuCure Dose Engine. The data show that NeuCure Dose 

Engine acquires treatment planning data, calculates the distribution of dose given by BNCT to the 

patientôs body, and outputs calculation results in a DICOM file, the format accessible to concomitant 

radiotherapy planning software. The applicant also submitted data indicating that NeuCure Dose Engine 

in combination with RayStation appropriately performs the process flow shown in Figure 10. 

 

2.(3).9).B Outline of the review conducted by PMDA 

The applicant explained that NeuCure Dose Engine evaluates doses of boron, hydrogen, nitrogen, and 

gamma-rays to assess the equivalent dose delivered to the patientôs organs. PMDA asked the applicant 

to provide the rationale for this. 

 

The applicantôs explanation: 

As shown in Figure 22, the effects of neutrons on the human body differ depending on their energy (fast, 

epithermal, and thermal neutrons). Figure 22 shows that, when a neutron flux is the same, nitrogen dose 

is dominant on the low-energy side (below approx. 100 eV) and hydrogen dose on the high-energy side 

(above approx. 100 eV). 

                                                      
xviii  When irradiation was performed using administration methods based on previous clinical experience, etc., almost all patients were 

exposed to radiation for Ò1 hour. Accordingly, the continuous irradiation time was set at ************* to be on the safety side. The 

operation for this duration was evaluated. 
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Figure 22. Kerma factor for living tissue13 

Y axis, ratio of kerma coefficient to thermal neutron flux (related to absorbed dose); x axis, neutron energy 

 

 

Figure 23. Neutron spectrum emitted from NeuCure System 

 

Nuclear reactions of fast neutrons have the following features (the feature (b) does not depend on the 

speed of neutrons). 

(a) Since NeuCure System has a modulator between the target and the collimator, there are almost no 

>1 MeV neutrons in the neutron spectrum, emitted from NeuCure System, at the collimator (Figure 

23). 

For this reason, the energy range of approximately Ò1 MeV should be taken into consideration in 

nuclear reactions of fast neutrons (in general, the neutron cross-section depends on nuclide, type of 

nuclear reaction, and energy level). 

 

(b) The probability of nuclear reactions, including elastic scattering, is higher with the atomic nuclei 

having a higher number density, among the constituent elements of the body. (Hydrogen atomic 

nuclei have the highest number density among the constituent elements of the body.) 

 

Neutron energy (eV) 

K
e
r
m
a
/
u
n
i
t
 
n
e
u
t
r
o
n
 
f
l
u
x
 
(
e
r
g
s
/
g
)
/
(
n
/
c
m

2
) 

Neutron energy (eV) 

N
e
u
t
r
o
n
 
f
l
u
x
 
f
l
u
e
n
c
e
 
(
n
/
c
m

2
/
s
)

 



 

46 
NeuCure BNCT System and NeuCure BNCT Dose Engine 

_Sumitomo Heavy Industries, Ltd._Review Report 

(c) Among the nuclear reactions, recoil reaction is more likely to occur with lighter atomic nuclei (nuclei 

having a mass close to that of neutrons, such as hydrogen atomic nucleus). Fast neutrons causing no 

recoil reaction repeatedly undergo elastic scattering and lose their energy to become epithermal 

neutrons and eventually thermal neutrons. 

 

(d) As a result of the recoil reaction, in principle heavier atomic nuclei releases smaller physical dose 

circumferentially because of their shorter range. 

 

(e) Among the nuclear reactions, absorption reaction has a smaller neutron cross-section than elastic 

scattering. (The probability of the nuclear reaction is small.) 

 

In summary, most nuclear reactions of fast neutrons occur with the hydrogen atomic nuclei (protons), 

which have a mass almost equal to that of neutrons and have the highest number density among the 

constituent elements of the body. Only the hydrogen dose needs to be taken into consideration. (The 

reactions with atomic nuclei other than hydrogen atomic nuclei can be ignored.) 

 

Nuclear reactions of epithermal neutrons are assessed together with nuclear reactions of thermal 

neutrons because epithermal neutrons, as with fast neutrons, repeatedly undergo elastic scattering with 

hydrogen atomic nuclei in the body to slow down to thermal energy. The hydrogen atomic nuclei 

receiving energy through elastic scattering contribute to the hydrogen dose as recoil protons although 

their kinetic energy is smaller than that derived from fast neutrons. 

 

As shown in Figure 22, a nuclear reaction of thermal neutrons predominantly occurs with nitrogen. 

Other than this reaction, thermal neutrons are known to cause an absorption reaction (neutron capture 

reaction) with various types of nuclides. Table 4 shows nuclear reactions that occur in the body based 

on human body composition data in ICRP publication 23 ñReport of the Task Group on Reference Manò 

(1975)14 and International Commission on Radiation Units and Measurements (ICRU) report 44 

ñTissue Substitutes in Radiation Dosimetry and Measurementsò (1989).15 In Monte Carlo simulation 

by NeuCure Dose Engine, the human bodyôs constituent elements for a registered patientôs contour 

information are determined based on ICRU report 46 ñPhoton, Electron, Proton and Neutron Interaction 

Data for Body Tissuesò (1992).16 ICRU report 46 is determined based on the bodyôs constituent 

elements in ICRU report 44. This means that the bodyôs constituent elements indicated in Table 4 cover 

those considered in NeuCure Dose Engine. Most of the product nuclides shown in Table 4 emit gamma-

rays. Only nitrogen (14N, 15N) capture reactions produce protons. To discuss the dose from nuclear 

reactions by thermal neutrons, therefore, only the nitrogen dose and gamma-ray dose need to be 

considered. 

 

In summary, the absorbed dose in the body can be determined from the doses of boron, hydrogen, 

nitrogen, and gamma-rays. 
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Table 4. Reaction between thermal neutrons and bodyôs constituent elements 

 
*1 For neutrons at 36ÁC (equivalent to 0.0266 eV) 

*2 Calculated with a blood 10B concentration of 20 ppm assuming a blood weight of 5 kg in the human body. 

Note) The human body composition is based on ICRU report 44 and Reference man weighing 70 kg in ICRP Pub. 

23. 

 

PMDA generally accepted the applicantôs explanation. 

 

However, the contribution of the doses from the bodyôs constituent elements other than boron, nitrogen, 

and hydrogen, to the total absorbed dose should be shown to be negligible. According to the nucleus 

data library of the JAEA (JENDL-4.0), some constituent elements of the human body have nuclides that 

cause the (n,Ŭ) reaction. More specifically, 32S (not listed in Table 4) causes this reaction. The neutron 

cross-section of the (n,Ŭ) reaction caused by 32S is consistent within the energy region of Ò1.5 MeV. In 

Mass (g) of product 

nucleus per g of 

body weight 

Number of 

product nuclei per 

g of body weight 
Element 

Abundance 

ratio in the 

body [%] 

Reaction 

formula 

*2 

Product 

nucleus 

Neutron cross-

section 

(barns)*1 
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the region of fast neutrons (40 keV to 1 MeV [upper limit according to the specifications of NeuCure 

System, approximately 1 MeV), the difference between the neutron cross-section of 32S and the neutron 

reaction-section of 10B is small. Around the surface (normal tissue) where many fast neutrons exist, the 

(n,Ŭ) reaction of 32S may not be negligible depending on its number density. PMDA asked the applicant 

to explain why the doses from the bodyôs constituent elements other than boron, nitrogen, and hydrogen, 

are considered to be negligible by describing the nuclear reaction between 32S and neutrons, which is 

expected to profoundly contribute to the absorbed dose. 

 

The applicantôs explanation: 

Figures 24 and 25 show the neutron energy cross-sections of 10B and 32S according to the latest nuclear 

data library JENDL-4.0. 

 

 
 

Figure 24. Neutron cross-section of 10B Figure 25. Neutron cross-section of 32S 

 

The neutron cross-section of 10B decreases around 1 MeV (approximately 200 mbxix). In the same energy 

region, the cross-section of the (n,Ŭ) reaction of 32S is consistent around 7 mb. The neutron energy 

spectrum in Figure 23 shows that most neutron fluxes are within the energy range from 1 eV to 100 keV. 

Assuming conservatively that all neutrons cause the (n,Ŭ) reaction with 32S, the number of reactions per 

second on the skin is estimated as below. 

 

Conditions for calculation: 

The total neutron flux: 1.61 Ĭ 109/cm2/s (the water phantom surface with a 120 mmū collimator, 

**** ******************** ). 

The atomic weight of natural S: 32.075 (Chronological Scientific Tables 2015). 

The cross-section of the (n,Ŭ) reaction with 32S: 7.113 mb. 

Alpha particle mass: 4.001506 u (https://physics.nist.gov, as of January 28, 2020). 

Neutron mass: 1.00867 u (https://physics.nist.gov, as of January 28, 2020). 

Skin density and the mass ratio of S atoms in the skin: 1.10 g/cm3 and 0.159 wt%, respectively, as 

stated in ICRU pub. 44 (https://pml.nist.gov/cgi-bin/Star/compos.pl?matno=250, as of January 28, 

2020). 

Abundance ratio of 32S: 94.99% (Chronological Scientific Tables 2015). 

The kinetic energy of alpha particles: 2.56 MeV. 

                                                      
xix b (barn): 1 b = 10-24cm2 

(n,Ŭ) 

(n,Ŭ) 



 

49 
NeuCure BNCT System and NeuCure BNCT Dose Engine 

_Sumitomo Heavy Industries, Ltd._Review Report 

 

With the above conditions, the number of 32S atoms in a 1 cm3 piece of skin is calculated as below: 

 

ρȢρπ ÇȾÃÍ

σςȢπχυ ÇȾÍÏÌ
πȢππρυωφȢπςς%ςσ ȾÍÏÌπȢωτωωσȢρς%ρω ȾÃÍ 

 

The number of the (n,Ŭ) reaction with 32S per cm3 of skin per second is calculated as follows: 

 

χȢρρσ%ςχ ÃÍ ρȢφρ% ω ȾÃÍȾÓ σȢρς% ρω ȾÃÍ σȢυχ% ς ȾÃÍȾÓ 

 

From the weight per cm3 of skin and the kinetic energy of alpha particles, the physical dose rate per 

second is calculated as follows: 

 

σȢυχ%ς ȾÃÍȾÓ
ςȢυφ -Å6

πȢππρρπ ËÇÃÍϳ
ρȢφπς% ρσ *Ⱦ-Å6 ρȢσσ%χ 'ÙȾÓ 

 

This is equal to 7.97E-3 mGy/min. When the radiation weight coefficient of alpha-rays is 20 as 

recommended in ICRP 2007 although this can be excessive, a value corresponding to the equivalent 

dose rate is 0.159 mGy-Eq/min. When calculated similarly, this value with 33S is 0.0595 mGy-Eq/min. 

The total of the 2 elements is 0.22 mGy-Eq/min. 

 

In the dose distribution measurement test in radiation field, the total of the maximum dose rates of 

thermal neutrons and fast neutrons was ***  mGy-Eq/min (thermal neutrons ****  mGy-Eq/min, fast 

neutrons ***  mGy-Eq/min) on the water phantom surface with the 100-mmū collimator. The equivalent 

dose rate of alpha-rays produced from the reaction between neutrons and sulfur atoms is negligible 

because it is approximately *** % compared with the total of the maximum dose rates of thermal 

neutrons and fast neutrons. 

 

 

In summary, the dose from sulfur, which is considered to be the greatest contributor to the absorbed 

dose, was negligible, indicating that the doses from the bodyôs constituent elements other than boron, 

nitrogen, and hydrogen, are most likely to be very low. 

 

PMDA accepted the applicantôs explanation. 

 

PMDA also asked the applicant to explain how the effects of 0.48-MeV prompt gamma-rays (not listed 

in Table 4) indicated by reaction formula 10B (n,Ŭ) 7Li (Figure 2) are reflected in the results of dose 

calculation by NeuCure Dose Engine. 

 

The applicantôs explanation: 

NeuCure Dose Engine does not calculate the transport of prompt gamma-rays using Monte Carlo 

transport simulation, and therefore the spread of prompt gamma-rays produced by the reaction between 

neutrons and boron is not considered in the calculation. The kerma factor is used in the calculation of 
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the boron dose from the reaction between neutrons and boron; this means that only the initial kinetic 

energy of charged particles generated from this reaction is considered. 

 

To calculate the transport of boron-derived prompt gamma-rays, it is necessary to select an appropriate 

boron concentration for each voxel and calculate the dose of prompt gamma-rays produced by the 

reaction between neutrons incident on each voxel and boron, and transport the produced gamma-rays. 

As determined by the following equation (here, n is the calculated number of particles), *********  

prompt gamma-rays are needed in each voxel to calculate the transport of prompt gamma-rays with a 

relative error of approximately *** %. 

 

2ÅÌÁÔÉÖÅ ÅÒÒÏÒ z ᶻz Ϸz ρЍὲ ϳ ρЍzᶻzᶻzᶻϳ  

 

To obtain ****** prompt gamma-rays in the voxel size of *** mm with the boron concentration of **** 

ppm (ɛg/g), when tissue density is **** g/cm3, NA (Avogadro constant) is 6.02E+23/mol, and W10B 

(mass number of boron atomic nucleus) is 10 g/mol, the number of boron atoms per cm3 (N10B) is 

calculated as follows: 

 

 zᶻz ʈÇȾÇ ὔ ȾÍÏÌ
ᶻzᶻz 

Ç
ÃÍ

7
Ç
ÍÏÌ

ᶻzᶻzᶻzᶻz ÃÍϳ  

 

Therefore, the following number of thermal neutrons incident on each voxel is required when the neutron 

cross-section of 10B is *********** cm2: 

 

ᶻzᶻzᶻzᶻ

 zᶻzᶻz ÃÍ ᶻzᶻzᶻzᶻz ᶻzᶻzᶻzᶻz ÃÍ ᶻzᶻzᶻzᶻzᶻȾÃÍ
ᶻzᶻzᶻzᶻ ȾÃÍ 

 

For the calculation in the region of ** cm Ĭ ** cm Ĭ ** cm, the area of the incident surface of each 

voxel is ****** cm2 (****** voxels Ĭ *** cm2). ************************** incident thermal 

neutrons are needed for the calculation in the entire region. In general, ******** initial incident particles 

are used to calculate the dose using a kerma factor, requiring a calculation time of approximately **** 

hours. To calculate the distribution of the prompt gamma-ray dose from each voxel with a precision of 

**%, therefore, incident particles approximately *** times the above number are required, which is not 

realistic. 

 

On the other hand, the CBE factor is calculated from the test results under 3 conditions, namely, 

irradiation of X-rays, irradiation of neutron alone, and a boron compound + neutron irradiation. The 

cell-killing effect of a boron compound + neutron irradiation reflects all of the contributions from the 

prompt gamma-ray component. In other words, the CBE factor reflects all of the contributions from 

prompt gamma-rays. This means that the contribution of prompt gamma-rays is considered in the 

biological dose in the form of the CBE factor. 

 

PMDA accepted the applicantôs explanation. 

 
























































































