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1 BACKGROUND 
 
 
In May 2001, the IAEA released a publication on “Current status of neutron capture therapy”, 
IAEA-TECDOC-1223. Since then, many advances in boron neutron capture therapy (BNCT) in 
basic and clinical research have been made. In particular, the number of patients treated is well 
over 1000; significant progress has been made in applying BNCT to an increasing number of 
tumor types; 3D-dose calculation systems have been developed, etc.  

In addition, there is recent renewed interest in the subject due to the technological breakthrough 
made in compact particle accelerator-based production of neutrons, which allows these facilities 
to be installed in hospitals. Currently, three broad proton accelerator technologies for neutron 
production are involved:  

(i) medium energy (15–30 MeV), low current beams from cyclotrons interacting with Be 
targets;  

(ii) medium–low energy (5–10 MeV), medium–high current beams interacting with Be 
targets (mostly RFQ + DTL linacs);  

(iii) low energy (1.45 – 4 MeV), high current deuteron or protons beams interacting with 
Be or Li targets (predominantly electrostatic machines and RFQ linacs) 

There are 6 facilities in Japan alone working on BNCT based on accelerator technology, 3 of 
which have already performed clinical trials involving about 70 patients. Similar projects are at 
different levels of completion in other IAEA Member States, including Argentina, China, Finland, 
Germany, Indonesia, Israel, Italy, Republic of Korea, Russian Federation, Spain, the UK, and the 
USA. It is expected that an increasing number of patients treated in controlled clinical trials soon 
will create evidence that BNCT is an additional powerful tool in radiation oncology. 

2 MEETING OBJECTIVES 
 

The purpose of the meeting was to gather operational experience and lessons learned from 
established sites and personnel with a history of designing and operating BNCT facilities at 
nuclear research reactors or in hospitals.  

3 SCOPE 
The meeting focused on the current status of accelerator-based BNCT, both in operation and planned, 
and a critical review of TECDOC-1223 in order to determine which sections needed the most 
attention in any new document. Major gaps to be filled and outdated information, in order to push 
the field further, were identified.  

4 OUTPUTS 
The principal outputs of this technical meeting were: 

 SharePoint site for the community; 
 PowerPoint or PDF submissions by participants and the reviews of the themes given by 

the co-chairs placed on the SharePoint, along with abstracts 
 MP4 format recording of the meeting and Word documentation of the discussions that 

took place daily, placed on the SharePoint; 
 This report; 



4 

 

 

5 MEETING SUMMARY 
 
The opening address was presented by Ms. Melissa Denecke, Director of the Division of Physical 
and Chemical Sciences (NAPC) and Ms. May Mostafa Rateb Abdel Wahab, Director of the 
Division of Human Health (NAHU). Ms. Melissa Denecke expressed her excitement over the 
innovations occurring in boron neutron capture therapy, particularly citing the potential impact 
of compact neutron sources as well as multi-boron-center pharmaceuticals. Ms. May Mostafa 
Rateb Abdel Wahab, whose background is in radiation oncology, expressed her hope for a 
potential renaissance in BNCT due to various innovations in the field, such as the potential for 
BNCT to become available in hospitals due to compact neutron sources. She also expressed her 
interest for BNCT to be used as an innovative modality against radiation-resistant cancers and 
locally recurrent solid tumors. She emphasized that standardization is a key factor for further 
progress, and that the practical experience of current BNCT practitioners is required in order to 
achieve this.  
 
Two weeks prior to the beginning of the technical meeting, the participants were to submit their 
presentations to the BNCT SharePoint site, where other participants and the chairs had the 
opportunity to review them.  
 
From Monday, July 27th to Thursday, July 30th, the technical meeting took largely the same format. 
Each day, 3-4 themes of the TECDOC were discussed in the following format: 2 co-chairs had 
the responsibility to review the participants’ submissions relevant to the theme and provide a brief 
summary. An overview of the developments in the field for their respective theme was given by 
the co-chairs, along with a preliminary analysis of what requires updating from TECDOC-1223 
as well as identifying existing gaps.  Following the presentation by the co-chairs, the theme was 
then opened for discussion to all participants. This included a mixture of Q&A, as well as 
comments on particular parts of the presentation or the TECDOC itself. In addition to the oral 
discussion following each presentation, there was a text-based discussion taking place throughout 
the technical meeting.  
 
Friday, July 31st was the final day of the technical meeting. Ignacio Porras, President of the 
International Society for Neutron Capture Therapy, and Minoru Suzuki, President of the Japanese 
Society of Neutron Capture Therapy, co-chaired the final presentation of the technical meeting, 
where a summary of the important aspects discussed on each day was given. The discussion that 
took place on this day focused on the following topics: Particular topics to focus on updating, 
topics which would require dedicated sections in the new TECDOC, candidates for writing 
particular sections,  the technical aspects in involving all the technical meeting participants as 
either writers or reviewers for the new TECDOC, and the importance of newcomers to BNCT.  
 
The full list of participants is given in Annex 1. 
 
The meeting agenda, along with the themes and co-chairs for each day, are given in Annex 2. 

5.1 WORK DONE 

 
The majority of the participants of the technical meeting submitted abstracts, followed by 
presentations, on a particular topic of BNCT to the SharePoint site. These presentations were 
sorted into a day according to their relevance to a particular theme. These presentations were used 
to provide the current status of BNCT research and to give indication as to which parts of 
TECDOC-1223 require updating.  
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During the WebEx sessions, the co-chairs provided for each theme a summary of the 
presentations relevant to the theme, topics which require updating, and areas that are missing 
from the existing TECDOC-1223 (see 5.1.1).  
 
Video recordings of each of the meetings have been provided on the BNCT SharePoint site.  
 
Meeting participants discussed the importance of allowing the entire BNCT community input on 
the new TECDOC. They agreed that while it would be unwieldy to have so many writers, 
allowing the community to act as reviewers of the TECDOC would be beneficial to the 
progression of BNCT. 
 
The following presentations were made: 
 

- Prerequisites for Neutron Beam Parameters – David Nigg, Iiro Auterinen 
 
Targets of traditional and current interest for BNCT are high-grade glioma, primary and 
metastatic melanoma, head and neck tumors, and metastatic liver tumors. Current FDA-approved 
boron delivery agents are borocaptate sodium (BSH), boronated phenylalanine (BPA), and GB-
10 (Na2B10H10).   
 
The neutron energy required to conduct neutron capture therapy depends upon the malignancy 
targeted. Glioma and melanoma are targeted with neutron energies between 10-1 and 104 eV, head 
and neck cancers are targeted with neutron energies between 100 and 104 eV.  
 
The relationship between neutron energy and kerma per unit fluence was discussed, as well as 
the typical unfiltered neutron spectrum for research reactors and filtered epithermal-neutron 
spectrum useful for neutron capture therapy. In BNCT, the kerma is a minimum in the epithermal 
range and increases at lower energy where secondary capture reactions such as from N become 
important. For traditional fission sources, the fission peak must be partially moderated and the 
thermal neutrons must usually be filtered out. 
 
The question of how to accurately characterize the beam and compare between different facilities 
was discussed. The beams must be very well characterized for clinical use. The ISNCT has some 
proposals on modified beam requirements, in some cases relaxing them slightly, although any 
relaxation may require more radiobiology studies to justify. It was suggested that leakage dose 
needs covering in the new TECDOC.  
  

- Beam Design Considerations – Jacek Capala, Hiroaki Kumada 
 
The scope of beam design includes both the beam shaping assembly (BSA) and neutron source 
fields, as the BSA has to be optimized for the neutron source. The abundant experience and 
technologies for reactor-based neutron sources are able to be utilized in BSA design.  
 
In accelerator-based neutron sources, the energy distributions of neutrons emitted from the target 
are different from existing reactor sources. Therefore, changes to the BSA are required for 
accelerator-based neutron sources and in many cases must be more efficient than for a reactor, as 
the source strength may be weaker. The fact that accelerator-based sources will be used in 
hospitals as radiotherapy devices must also be considered.  
 
The different types of accelerators and targets were reviewed. 
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The 1-hour limit on treating patients was a prime consideration setting limits on minimum beam 
intensity. There was debate over allowing an increase in the fast neutron component to achieve 
this and to what degree dose to tumour can be improved without compromising normal tissue 
dose severely. Any changes must be justified by biological experiments and verified by clinical 
trials. 
 
It would be ideal to have a BSA that is adaptable to focus on tumours at different depths.  
 

 
- Dosimetry for BNCT – Hiroki Tanaka, Daniel Santos 
-  

Dosimetry for BNCT has to cover two aspect, namely the dosimetry of the neutron  field, 
leading to an accurate description of  the neutron field and the precise evaluation of the energy 
deposited in a patient and  its biological consequences. 
 
The different dose components contributing to the dose applied by  BNCT was reviewed: Incident 
photons and fast neutrons as well as gamma rays from capture in hydrogen and protons from 
capture in nitrogen as well as the main contribution form the 10B(n,)7Li reaction. In order to 
estimate the  dose applied to a patient, one should measure the neutron dose within dedicated 
phantoms and develop accurate simulations. and across the whole neutron spectrum across the 
neutron field spectrum.  
 
It is challenging to measure the wide energy range emitted from the beam port. Some of the 
methods and techniques include: 
 

 In-air measurement with multiple activation foil measurements.  
 Gamma doses are frequently measured by TLDs in silica (to reduce n sensitivity).  
 There is also a directional spectrometer (NCT-WES) that can measure a very wide range.  
 The MIMAC-FASTN can  perform neutron spectroscopy in 1 keV-200 MeV  range with 

a phantom mode to estimate the number of captures on a known amount of Boron-10.  
 Ionization chambers with different walls can be used to measure the gamma and neutron 

dose for water phantoms. Also, whole-body exposure can be simulated with human 
phantom, calculating dose at each organ with similar techniques. 

 Beam monitors yield proton current that can be used as a proxy for neutron flux. Real 
time monitoring is desirable when in operation. Detectors/monitors could be installed on 
the margins within the BSA. 

 QA/QC: Au wires can be used and should be checked frequently during the lifetime of 
the operation. 

Microdosimetry will also be important. The new Si based microdosimeters were thought to 
be one possible area to focus on. 

 
- Neutron Sources for BNCT Treatment Facilities – Yoshiaki Kiyanagi, Andres 

Kreiner 
 
The claim in TECDOC-1223 from 2001 that accelerator technology is not yet proven is no longer 
true. There are now three broad technologies out there: electrostatic accelerators, proton linacs, 
and cyclotrons, all using either Li or Be targets.  
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The current criteria for the best solutions for the widest dissemination of accelerator-based BNCT 
include:  

 safety (lowest activation of the facility/no hazardous materials),  
 simplicity/reliability (smallest number of ancillary systems),  
 small footprint of the facility 
 cost (running cost for energy etc, maintenance) ).   

 
Accelerator technologies: 

I. Electrostatics, which include 
 vacuum insulated tandems (Budker Institute, TAE Life Sciences, unit in China),  
 electrostatic quadrupoles (CNEA development, with export to Korea),  
 high-current, single-ended DC (Neutron Therapeutics, with a unit in Finland) and  
 dynamitrons (original manufacturer IBA, being developed at Nagoya University).  

 
II. RFQ(-DTL) linacs are under development in Italy, Japan and Israel.  

 
III. 30 MeV cyclotron and beam delivery system manufactured by Sumitomo Heavy 

Industries has been developed for BNCT and approved by PMDA. Therefore, it can be 
commercialized as medical device in Japan.  

 
DD and DT generators were discussed: however, both are isotropic sources and DD fluxes are 
generally low and current limited, and the primary neutron energy of DT sources are high. 
 
Targets: The issue of blistering of Be targets was discussed. High energy protons can pass 
straight through into the cooling water. Low energy protons are likelier to accumulate in targets 
and thinner targets are required with a hydrogen absorber (such as palladium/vanadium) as anti-
blistering layers to safely store the accumulating hydrogen. Various designs of solid and liquid 
Li-targets were described. 
 
Moderators/filters: The moderation of epithermal energy neutrons was reviewed. Materials with 
mass ca. 20 are good epithermal moderators for classical elastic collision criteria. The inelastic 
cross-sections can also be important: fluorine’s lower threshold energy makes it very useful in a 
BSA. Fe can be used as a fast neutron filter where required. 
 

- Organization, Operation, and Management of a BNCT Facility and Regulatory 
Aspects – Koji Ono, Yoshihiro Takai 

 
In three Japanese hospitals accelerators based BNCT facilites are available for patient treatments. 
In March 2020, NeuCure, NeuCure Dose Engine, and Steboronin based around a 30-MeV 
cyclotron of Sumitomo Heavy Industries were approved as medical devices and as medicine by 
the Japanese government. Since June 1, 2020, health insurance companies have supported clinical 
BNCT for recurrent head and neck cancer. The cost in Japan is ca. 40,000 USD per treatment 
including the drug cost cf. ca. 25,000 USD for proton therapy. 
 
It is assumed, that higher energy neutrons (produced e.g. cyclotrons) can be used for treating 
deeper tumours. It was emphasized that the neutron energy and spectrum of source should be 
selected based on treatment requirements; e.g., a beam with lower neutron energy results in higher 
dosage at shallow regions, and lower dosage in deeper regions. 
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The design of the facility, along with the necessary rooms needed, was described based on the 
Kansai BNCT Medical Center, which includes a dedicated PET imaging area. About 50% of the 
space is for PET-CT and 50% BNCT. Design criteria include efforts to reduce radiation to staff 
members and to maximize the number of people treated per day. The current staff at the Kansai 
BNCT Medical Center is given as a template for those looking to open further BNCT centers. 
The roles and qualifications of each staff member and their interactions were also outlined as well 
as the flow of referrals and approvals for BNCT for head and neck cancer in Japan. The 
composition of the tumour board in terms of medical specialties was reviewed. The tumour board 
also has a role in educating physicians about BNCT.  
 
A major weakness of the current TECDOC is uncertainty in the determination of dose to the 
tumour and the organs at risk, reducing certainty of efficacy and complicating clinical trial 
interpretation. Therefore, accuracy in boron concentration in tissues and radiobiological 
understanding are essential and should be addressed.  
 
Kansai: At Kansai they estimate they can provide 600 BNCT treatments per year. Throughput 
of the BNCT was largely determined by the time required to fix patient in treatment position. 
Increasing the current on the target is another option and splitting the beam to treat two patients 
simultaneously in different rooms could reduce treatment time and increasing patient throughput. 
But there are limits on staffing numbers that also affect patient throughput.  
 
Tohoku: There are 2 treatment rooms that can be switched using switching magnet at Tohoku 
but this does not always double the patient loading.  
 
Xiamen: In Xiamen there are 3 rooms and they are hoping to treat 2500 patients per year. 
 
While it is still under development of application, there was discussion of BPA-PET being 
discussed in the TECDOC. 
 
Biological studies at clinically used sources are important due to dose and effect linkage being 
unclear. In Japan the BNCT teams at clinical accelerator sources work closely with those at the 
research reactor.  

 
- Treatment Facility Design – Liisa Porra, Akira Matsumura 

 
It was noted that the description in the new TECDOC governing facility design should be general 
enough to be suitable for all kinds of BNCT sources, and allow for variation between national 
regulations.   
 
The important aspects in designing the treatment facility are the building toughness (in regard to 
natural disasters such as earthquakes and flooding) and radiation safety. Radiation Safety entails 
radiation shielding, residual radioactivity, waste management, and area monitoring and facility 
interlocks.  
 
 
There are two categories of rooms that must be considered in facility design.  

 Medical rooms: include a consulting room, a preparation room, a pre-setting room, a 
treatment room, and a patient recovery room.  

 Equipment rooms: include an accelerator room, an accelerator control room, a treatment 
planning room, boron and dosimetry laboratories, and an RI waste room.  
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 In addition, optional scanning rooms (PET/CT/MRI) or radiobiology experiment rooms 
can be included.  A radiobiology room under GLP should be available for studying new 
drugs etc. 

 
The design of the accelerator room depends on the accelerator. Treatment room design should 
have a similar design irrespective of the accelerator type. Included in its designs are the choice of 
construction materials that do not activate strongly in order to reduce dose to staff, but also to 
avoid neutron scattering from the walls that would lead to dose in tissues that should not be 
irradiated but might have a very high boron concentration (e.g. kidneys). Personal dosimetry and 
area monitoring system are required to manage the radiation exposure of personnel.  
 
The equipment and personnel required for a BNCT facility was included in the presentation, as 
well as the personnel required for treatment of patients using BNCT as well as the personnel 
required to run PET scans of patients. Issues identified included quality assurance/control, BNCT 
training, a clear understanding of personnel roles, and an interdisciplinary team approach. In 
Japan, the JSNCT provide a training course for accreditation for BNCT.  
 
Helsinki expects to start with 1 patient per day, but may rise to 4 per day eventually. But this 
depends on which cancers can be treated and also staffing levels. Neutron Therapeutics expect 
the target to last several hundred hours of irradiation time. They have evaluated them to 10000 
mA-h = 300 patients. Switching targets takes ~ 1 hour in an automatic exchange system. Used 
targets need dedicated storage space reserved, but water activation is not considered to be a main 
issue. 
 
Kansai has autmotic transport sysstem to move the patient into the chamber and their design also 
includes a shutter to reduce “shine” from activated components in the BSA. 
 
Xiamen uses a robotic arm programmed in advance to orient the patient. The arm is then moved 
to treatment room. They are expecting 1300 patients a year assuming 300 d/y and hope to reach 
2500. Patient numbers depend on whether BNCT remains a salvage treatment, or whether it is 
approved as a primary treatment competing with gamma treatment.  
 

- Regulatory Aspects – Sandro Rossi, Noah Smick, Shin Masui 
 
BNCT needs regulations. Sandro Rossi focused on hadron therapy experience. Neutron 
Therapeutics focused on approval in Finland and Sumitomo on Japan.  
 
Hadron therapy: In Italy, when introducing hadron therapy, CNAO concentrated on dosimetry 
characterisation, radiobiology characterisation, and patient treatments. Preliminary steps were 
radiation protection and safety: design and monitoring. Monitoring must be continuous once 
operating. Decommissioning should also be considered during design stages. 
 
Quality assurance, certified verification tools, and their use should be seen as ordinary within a 
facility. ISO9001 and ISO13485 were used for the organization and medical devices. It is 
necessary to use terminology that is clear, standardized, and interpreted the same way by all. 
 
The first step for dosimetry in hadron therapy was to prove machine met expectations to define 
the beam – this will be common to clinical BNCT as one must prove to authorities that the system 
works as intended: QA is required for both the curve verification and routine operation. Treatment 
planning is another area. The dose definition to tumour was an issue for C ions to tissue: there 
were questions on why the same dose could be prescribed in one country but a different absorbed 
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dose delivered.  First radiobiology tests were to apply the beams to standard cell lines to relate 
dose to survival curves.  
 
Making data available is an issue which is paramount, as others may use the experiences to 
improve their own facilities. Collaboration and standardization are necessary for progress, for 
widespread acceptance of the therapy, and acceptance of the therapy by regulators. External 
audits were used. Small animals were used to prove the equivalence of beams from CNAO to 
other facilities, again with external independent groups. They repeated tests that had been done 
in Japan to examine near term and longer-term toxicity early on. With such data they could try to 
expand the indications to which the technique was applicable.  
 
After this they applied for a CE marking and CNAO is now a medical device producer. In order 
for the CE mark to be awarded, a submission of a clinical study to the Notified Body was required. 
They are now in a Phase III trial to compare hadrontherapy with other modalities to prove 
superiority for certain indications.  
 
Neutron Therapeutics plans a Phase I/II trial on head and neck cancer in Helsinki in 2021. There 
are many regulatory agencies involved. Radiation safety and nuclear regulatory agencies have 
similar rules worldwide, but with some nuances. This goes from construction, commissioning 
and operational licensing phases. A review by the authority competent to review medical devices 
and then the ethical committee of the hospital is required. The CE mark, per EU medical device 
regulations, requires a supporting clinical study. There are two paths: one path is for a device 
developed and manufactured under ISO13485 (the likely path for commercial vendors). In the 
EU, BNCT devices are thought to be Class IIb. 
 
Activation by neutrons is an important issue to BNCT and requires special attention in the design 
of a facility. It requires interaction between the facility designer and the equipment designer and 
an idea of the equipment life cycle and treatment numbers using aggressive assumptions on 
personnel occupancy rates and doses from maintenance activities.  
 
In Finland, an equivalency argument is being used for licensing (i.e. comparison to the former 
TRIGA reactor). How to establish equivalency of neutron beams between reactors and different 
accelerators is still an open question. The best way to prove equivalence would be from clinical 
data, and the second best would be radiobiological data.   
 
Traditionally medical linacs were qualified for general “tumour treatments”, whereas drugs are 
always qualified for particular diseases. BNCT is a hybrid and this is an issue. Different 
compounding of BPA with different sugars may not always behave identically. Regulators may 
require equivalence tests in these formulations so that intercomparisons can be made with 
different B-carriers. The primary regulator may depend on which component is considered to be 
the prime treatment (medical device or pharmaceutical). This complication was also stressed by 
Sumitomo who presented their path to approval for NeuCure and NeuCure Dose Engine in Japan. 
 
An expanded coverage of regulatory aspects would be very helpful in a new TECDOC. Having 
defined the paths in other countries may help regulators and operators start up operations in other 
countries.  

 
- Boron Compounds – Eva Hey-Hawkins, Hiroyuki Nakamura  

 
The drug description section of TECDOC-1223 clearly needs updating, as information regarding 
BPA and BSH is incorrect treating them both as equivalent, although more data about the 
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accumulation and selectivity mechanisms are required. Nevertheless, over the last 20 years, 
significantly more knowledge has been gained about both of these drugs. L-BPA uptake 
mechanism has been clarified and shown that it accumulates in tumours via the L-amino acid 
transporter (LAT-1). The F-BPA is also a major enhancement. Drugs accumulated via a different 
mechanism than that of BPA will be helpful.  
 
Typical B-pharmaceuticals must follow the requirements for anti-neoplastic agents (e.g. 
anticancer drugs) and stability tests are also required. Another aspect of QA/QC is isotopic purity, 
more in common with radiopharmaceutical requirements.  
  
Minimum requirements in Japan for pre-clinical regulatory approval are Pharmacodynamics; 
Safety Pharmacology; Distribution, Metabolism, and Excretion; Pharmacokinetics; Toxicology 
(Single dose and repeated dose toxicities: Single dose toxicity includes BNCT safety test); 
Genotoxicity (in vitro, in vivo); Reproductive Toxicity; Local tolerance; Impurities. 
 
Clinical trial design is critical. It was stated that in Russia antineoplastic agents do not require 
genotoxicity and reproductive toxicity considerations during clinical trials. However, the toxicity 
has two aspects: regular toxicity of the B-compound alone and also in combination with the 
neutron beam. 
 
The increasing number of hospital-based BNCT facilities will lead to demand for more innovative 
boron compounds with mechanisms differing from BPA and BSH. There are a number of 
requirements for these potential new drugs, including high selectivity, high accumulation in target 
cells, cheap, and non-toxic, to name a few. Carboranes are promising potential candidates, as they 
are uncharged and easily modifiable; however, there is an issue of high hydrophobicity, which is 
problematic when looking for high water solubility. A list of potential boron delivery agents 
which are currently under evaluation has been provided.  
 
For the TECDOC it was suggested minimum coverage should include maintenance of B-10 
concentration in tumour during neutron irradiation. This affects flux requirements, irradiation 
time, accelerator time and cost. New tumour agents would change these requirements. 
Improvements in concentration could substantially reduce accelerator costs in the future.  

 Compliance to ICH guidelines for neoplastic agents 
 Rapid excretion from normal tissue and blood after treatment (classification of excretion 

mechanism). [Rapid excretion does not work with nanoparticles, but they may be 
promising BNCT agents. So, the rapid excretion criteria should perhaps be with respect 
to the irradiated area] 

 Required enrichment level of B-10 
 Appropriate dosage form of BPA. 
 General aspects of boron  agents for imaging (minimum F-18-BPA).  
 Design of other imageable B agents. Imageable characteristics of B compounds need to 

be considered for BNCT to be an acceptable radiation therapy as otherwise there is no 
direct measure of B content in tumour. 

 Outlook for future: B theranostics, and combination therapies. 
 

- Radiobiology – Amanda Schwint, Matsuko Masutani 
 

The significant volume of radiobiological research has resulted in a need for updating the relevant 
section of TECDOC-1223. The radiobiology working group of the ISNCT has been circulating 
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and revising a working document for the radiobiology section of the TECDOC. The following is 
the table of contents: 

 General radiobiological principles of BNCT and particular features 
 The biologically effective dose of BNCT (concept) 
 Photon equivalent dose: concepts and brief outline of different approaches to calculation 
 Radiobiological considerations underlying an ideal boron carrier for BNCT 
 Radiobiological considerations underlying the boron carriers employed in clinical BNCT 

studies (BPA, BSH, GB-10) 
 Mechanisms of action of BNCT 
 Translational research 

o Importance in the advancement of BNCT, examples  
o International efforts devoted to optimizing boron targeting and therapeutic 

efficacy of BNCT employing strategies based on boron compounds authorized for 
use in humans 

o Need for translational research in the field of Accelerator-Based BNCT (Co-chair 
Dr. Mitsuko Masutani) 

o Small animal studies and clinical-veterinary studies in dog and cat patients with 
spontaneous tumors   

 Combined therapies: combination of BNCT with other therapies, concept and outline of 
the approaches under consideration 

 Future prospects: challenges and issues to be addressed (including the need for standards 
in BNCT radiobiology: proposals and limitations) 
 

Other considerations include the differences of radiobiology between reactor-based and 
accelerator-based BNCT.  

 
Mice have been used due to regulations on radioactivation of larger animals. But there are 
differences between humans and small animals in tissue positioning, properties, radiation 
sensitivity etc. Need a GLP facility, GMP level pharmaceutical production, and transfer to BNCT 
facility for preclinical studies. The radioactivation level of mice should be lower than that of the 
IAEA Basic Safety Standard. This can be achieved by good research design.  
 
The differences between radiobiological effects of reactor-based and accelerator-based BNCT 
need to be well studied. The RBE_ for neutron dose should be measured for every new BNCT 
facility type and compared to a reactor source. It may be dose-rate dependent. Other components 
of CBE and RBE may also differ. The body size effect can be determined by stacking mice in an 
array in the neutron beam. Careful planning of the preclinical cell and mice studies are required 
for later clinical trials.  
 
Dose calculation in cells, small animals and treatment planning systems will be important for the 
TECDOC. Standardization of this is required to standardize radiobiology studies. If models can 
exist to take into account dose rate effects and spectra, then it may not be necessary to measure 
RBE in every centre. 

 
- Boron Concentration, Determination, and Imaging – Saverio Altieri, Susana Nievas 

 
For clinical dose calculation, one needs to know the B concentration and the neutron flux. Dose 
is currently evaluated based on blood concentration and this is a weakness. Both flux and B 
concentration /distribution would ideally be measured during treatment.  
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There are a number of shortcomings in the techniques used in clinics. PET seems to have a 
potential for evaluating boron-compound distribution. PG-SPECT could be another method of 
imaging distribution, but for high neutron fluxes, PET and SPECT instruments will suffer 
radiation damage, so tolerant detectors (scintillators, CdZnTe, etc.) and electronics are required, 
or measurement devices have to be developed that work at distance. 
 
The ICP-OES and ICP-MS techniques are good methods to measure boron in different matrices. 
Each technique has its own advantages and disadvantages. A correlation has been made between 
ICP-OES and PGAA. There have been many publications in recent years that could be cited in 
the TECDOC. IAEA could help organize intercomparison of techniques for B determination in 
BNCT. 
 
There was general support for such a TECDOC section covering techniques of B concentration 
determination. A first draft of a section has been written covering  

 Introduction 
 Techniques used in a BNCT clinic     

o ICP  
o 18F-BPA PET  

 Techniques used in BNCT research 
o Neutron autoradiography  
o PGNA and Alpha Spectrometry  
o PG-SPECT 
o NMR and MRI 
o LIBS, TOF-SIMS, Laser-SNMS, EELS  

 
- Prescribing and Treatment Planning for BNCT – Hanna Koivunoro, Yoshinori 

Sakurai 
 
Several treatment planning systems are developed after publishing the TECDOC-1223. However, 
getting detailed information from commercial systems could be difficult. TECDOC should 
recommend that regulatory authorities should ask commercialized system not for their codes but 
for the factors they are using so they are not black boxes.  
 
Only Monte Carlo methods have been available for dose calculation, which requires heavy 
computing  power. Now, faster computers and solutions available (cloud-based computing, GPU). 
Variance reduction techniques might also be applicable. A fast convolution/superposition pencil 
beam algorithm has been proposed by Chang et al. The accuracy of pencil beam models might be 
challenging near surfaces of materials with highly different densities like air cavities.  
 
Planning for various treatment sites should be described. Several treatment planning parameters 
should be standardized. The photon isoeffective dose models should be implemented in the 
treatment planning systems in addition to constant RBE factors. 
 

- Dose Reporting in BNCT – Wolfgang Sauerwein, Shin-Ichi Miyatake 
 

The current parameter for prescribing, recording, and reporting a procedure in conventional 
radiotherapy is the absorbed dose. However, this does not work in BNCT as the distribution of 
energy deposited is not homogenous, unlike conventional radiotherapy. In short, the dose concept 
of conventional radiotherapy cannot be applied in BNCT. It is difficult to impossible to define a 
photo-equivalent dose.  
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An argument is made for the standardization of reporting well-known input parameters rather 
than the result of treatment planning calculations. In this way, others may use these values in 
calculating doses. Furthermore, standardization is necessary for the determination of boron 
concentration in blood in order to allow for interlaboratory comparison.  
 
The set of input parameters could be expanded from just thermal neutron fluence/flux to  the 
energy distribution of the fluence. This could be measured/continuously monitored preferably 
with suitable spectrometers. The primary neutron standards labs are working with RENOVATE.  
More experience with more patients will lead to predictive models.  
 
Low-specific activity F-18, B-containing drugs could theoretically be used to give a very accurate 
measurement of B concentrations, although the issue of radiation hardness of electronics needs 
to addressed if the scanner were in the treatment room. 
 
B and N dose have 1/v dependence and Mn foils can be used to calculate them in vivo or from 
phantoms. The H dose depends on the beam spectrum and depth in tissues. This could be 
mentioned in the TECDOC.  

 
- Clinical Trial Design and Procedures for BNCT – Andrea Wittig, Hiroshi Igaki 

 
The scientific methodology and recommendations for designing clinical trials should be 
addressed while recommending BNCT-specific aspects. The design is closely linked to the intent 
of the trial.  
 
Trials are needed to create conditions under which BNCT can be used as a route in clinical 
treatment. This includes the registration of the accelerators as medical devices, the treatment 
planning systems and the determination of B-10 concentration and distribution. 
 
BSH and BPA will likely be the drugs of the first Phase I and II trials at accelerators, because 
some basic data concerning toxicity are well known.  
 
Trials for new B compounds have never been conducted to modern standards. Preclinical studies 
are required. The guidebook from BPA-BNCT is a useful document.  
 
It was recommended that a section on clinical trial design and procedures be included. An outline 
of the section for the upcoming TECDOC was presented: 

 Treatment protocol 
o Indication/exclusion criteria (diseases and sites) 
o Endpoints 
o Grounds for the treatment procedures (setting the method of boron agent 

administration, irradiation timing, and neutron fluence during irradiation) 
o Treatment plan 

 Accuracy of irradiation of neutron beam 
o Evaluation of irradiation accuracy 
o Verification of irradiation neutron fluence 

 Defect and Risk Management 
o Radiation safety to patients and staff 

 Safety interlock system to be able to stop treatment at any time. 
 Treatment planning system 



15 

 

 

o TPS can check the feasibility of the treatment beforehand by simulation through 
the information of the dose to the surrounding normal organs, setup geometry, and 
treatment time 

o This is based on the assumption of equivalency of the simulated dose with 
measured dose. Therefore verification of irradiation neutron fluence is very 
important. 
 

Quality assurance in clinical trials is of paramount importance in their success.  
 
On Friday, the chairs of the International and Japanese societies for neutron capture therapy gave 
(Ignacio Porras, Minoru Suzuki) a review of the discussions earlier in the week. From this 
summary and the discussions earlier in the week, the following conclusions regarding content of 
a new TECDOC were drawn which are summarized below 
 

6 CONCLUSIONS 
 
The meeting was well attended and gained large interest from the community. There was 
widespread community support for production of a TECDOC to supersede TECDOC-1223.  
 
In order to proceed, it was decided to divide the work among small teams of authors with the 
International Committee acting essentially as a preliminary editorial board. The draft can later be 
opened for review by a wider audience of attendees of this TM. 
 
That part of the TECDOC that deals with reactors will not be changed unless there are errors or 
major developments. ISCNT, JSCNT and other groups are working on reports, the results of 
which could be referred to and summarized in the TECDOC 
 
Included in the revisions, the following topics are among those that need to be addressed:  

 Monitoring and characterization: the careful characterization required for clinical 
adoption including the QA needs to be discussed. Active monitoring during treatment 
(either by proton or deuteron current and/or neutron spectrum) is necessary and 
intercomparison of neutron  field from different facility sites and accelerator types 
recommended. This would assist in the question of how to establish equivalency of 
neutron fields between reactors and different accelerators. This should include an 
overview of physical dosimetry. This could deal with both modern spectrometer 
developments, their traceability to a primary standard, and activation foils. Transportable 
standards were required to be developed for neutron metrology in order to calibrate the 
new facilities and to allow for proper inter-comparison; e.g. possibly in the form of a 
transportable standard phantom with a set of instrumentation/ detectors. Such an effort 
will also require well established guidelines/procedures for data taking, analysis and 
interpretation. Leakage (out of field) dose also needs consideration. 

 Overview of the current accelerator-based technologies and their targets, their potential 
advantages and disadvantages. Overview of the differing requirements for the 
moderation/filtering characteristics of the BSA for different accelerator/target 
technologies, which includes differing gamma filtering. The possibility of an adaptable 
BSA can be addressed. 

 How to design the neutron field (spectrum, flux) and accelerator performance 
requirements, total dose to patient/organs, and total treatment time. Tumor control 
probability and normal tissue complication probability are also parameters that have to be 
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taken into account in the design. Consideration and justification when changing the beam 
quality recommendations from TECDOC-1223 in light of development of the accelerator 
sources, with careful justification if they appear to become less conservative for some 
values. 

 Review and recommendations for calculating and reporting BNCT treatments 
 Description of the management, staffing, and governance (e.g. cancer board and referrals) 

concerning an in-hospital accelerator-based clinical facility. 
 Description of facility design (layout, construction materials) of such in-hospital 

accelerator-based clinical facilities, including their common features and any differences 
that may be specific to accelerator technology types.  

 Dedicated section on boron concentration, distribution, and imaging techniques that have 
been developed. This is essential to reduce uncertainty on tumour dose. 

 Regulatory considerations that cover nuclear/radiation safety and licensing (construction, 
commissioning, operation, maintenance, decommissioning), the approval routes for 
neutron generating accelerators as medical devices, ISO quality requirements for QA of 
facilities and operations, and third-party intercomparison/equivalence studies with other 
facilities, and the peculiarity of BNCT that it is under a hybrid radiation therapy and 
pharmaceutical licensing regime.  

 Boron compounds: an overview with perhaps references to other recent studies. This 
could also describe the typical pharmaceutical approval requirements for such drugs and 
the fact that isotopic purity (somewhat like radiopharmaceuticals) is an additional 
requirement. Requirements for the design of future drugs, as well as a list of previous 
failures of B-containing drugs. Future aspects of theranostic BNCT agents for dosimetry 
and possible synergistic effects of therapeutic radionuclides in molecules such as BNCT-
mAb,  BNCT-peptide, BNCT-nanoconstructs, for possible use, and a list of the most 
important pharmaceutical moieties targeting specific cancers curable with BNCT. It is 
suggested that the TECDOC include an Appendix which contains a list of B compounds 
authorized for clinicals studies and preclinical study reported of L-BPA to the 
Pharmaceuticals and Medical Devices Agency (Japan). It was also suggested to include 
B-drugs that have failed. Requirements for design of future drugs should be described. 

 Boron measurement techniques: ideal would be the measurement of B-10 concentration 
in organs at risk during neutron irradiation but such technique is not (yet) available. The 
various techniques available for B measurement in blood and in tissues should be 
mentioned. . 

 Radiobiology: Enlarge on the topic translational research in AB-BNCT. Robust 
radiobiological data are needed to feed computational models required to design accurate 
procedures for treatment planning and dosimetry. Guidelines to produce inter-comparable 
radiobiological data are required. Reliable radiobiological figures of merit (rFoM) based 
on dose would allow to optimize BNCT using the experience gained in photon therapy. 
The link between the knowledge of cellular mechanisms involved in response to BNCT 
and potential therapeutic opportunities. The role of immunity and inflammation. Influence 
of the microenvironment. The role of stem cells in tumor response or resistance to BNCT. 
Assessment of secondary cancer risk in healthy organs for BNCT. Approaches to design 
radiobiological standards/tests/systems – for potential use in comparative studies and in 
screening for potential therapeutic success. Potential benefits and constraints. The 
importance of microdosimetry as a suitable tool to understand outcome. The need for 
knowledge of boron and nitrogen microdistribution. Radiobiological studies with 
theranostic compounds. Potential characterization (in animal models) of molecular 
profiles, tumor features and biomarkers useful to monitor efficacy, side effects and 
recurrence. Potential role of proteomics in predicting responders and non-responders?  
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 A new section on dose calculation in cells, small animals and treatment planning systems 
was required in the TECDOC. Standardization of this is required to standardize 
radiobiology studies. This new chapter should include the different aspects related to 
“Models of dose calculation in BNCT” and should have that title.  

 Treatment planning:  BNCT is able to treat more than just brain cancer. Air cavities and 
other tissues may need more detailed modelling. The available treatment planning systems 
(TPS) need to be updated. Many patients receive photon and BNCT treatment. BNCT 
requires special treatment planning systems with features not required in conventional 
radiotherapy TPSs.  Only two TPS were available 20 years ago: this needs updating. The 
Monte Carlo method is utilized with all of the current BNCT TPS. MC methods are slow 
and require significant computing power; an accurate method which provides faster 
calculations would be beneficial. B-10 phantoms were recommended in TECDOC-1223 
but are not used currently: either plastic or water are used. Recommendations for an ideal 
BNCT TPS should be made. Mention should be made of MRI, PET, SPECT imaging in 
planning. Future TPS should meet IEC 62083 Ed. 2.0 b:2009 Medical Electrical 
Equipment - Requirements for The Safety of Radiotherapy Treatment Planning Systems.  

 Dose reporting: arguments were made for reporting well-known “raw numbers” that can 
be measured in addition to modelled values for doses. Standardization of the measurement 
of B in blood or tumours are required. 

 Clinical trials: Recommended solutions and frame of guidance for BNCT-specific clinical 
trial methodology to ease regulatory procedures. A list of indispensable parameters that 
are to be defined in study protocols and reported in all publications. 
Preclinical/translational strategies which ease clinical procedures to help effective 
developments among collaborations. Recruitment of patients needs addressing. 

7. Recommendations 
 
The groups proceed with the drafting of the new sections of the TECDOC and that a review be 
held in approximately one year. Shortly thereafter, a Consultants’ Meeting may be held to finalize 
the document. 
 
The IAEA should consider support in other areas, such as assisting in working with the primary 
neutron standards labs, supporting training schools, and other activities involving the 
development of BNCT. 
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