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Neutron

1932: James Chadwick’s Letter
to Nature on the Neutron

James Chadwick

Rutherford’s model Chadwick’s model
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Chadwick, J. (1932) “Possible Existence of a Neutron,” Nature 129 (3252): 312.
Chadwick, J. (1932) “The Existence of a Neutron,” Proceedings of the Royal Society A: Mathematical, Physical and

Engineering Sciences 136(830): 692.
https://www.aps.org/publications/apsnews/201402/physicshistory.cfm

1934 : Goldharber
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1936: Gordon Locher
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Figure 2) Neutrons capture cross sections for B and *Li isotopes

BNCT in 1936 and hypothesized
that if boron could be selectively
concentrated in a tumour mass
and the volume then exposed to
thermal neutrons, a higher
radiation dose to the tumour
relative to adjacent normal tissue
would be produced

Capture Cross section
for slow neutrons

Geiger counter
"

~1000V

Locher, G. Biological effects and therapeutic possibilities of

neutrons. Am J Roentgenol Radium Ther. 1936;36(1):1-13
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BNCT, Discovered & Explored - BNCT, Novel Therapy '

2016
IAEA expressed positive
BNCT for Cancer BPA-BNCT A-BNCT | opinion on accelerator—
Proposed by Locher for Melanoma (E'e.c”ﬁgft":) based BNCT Clinical Trials
n
Neutron found BSH-BNCT Clinical trial BPA-BNC A-BNCT ~ Other followers
by Chadwick for Brain Cancer for Melanoma (Cyclotron) at join BNCT industr
KURRI in Japan
@ {1968 @ 12008 F 12014 %8 12015} 12017 8 120214
Disintegration of The 1st BNCT BNCT with SA—BI\(leT (IE;INAlC) A_EilNgTb(ng)?)
L L 18F_ tarted to Develop installed by at
Boron by Neutron Clinical trial in USA F-FBPA PET by DMX in Korea Songdo i Korea
found by Goldharber
Reactor-based BNCT Accelerator-based BNCT

Challenges on BNCT development at Early stage

- Poor accessibility to reactor and poor quality of Neutron HNGIT P FEEREE] £ NoEL TS

beamn - Hospital Set-up with improved Neutron
. . Beam
- 10
Poor 9B uptake due to limited selectivity of boron _ Cancer specific 198 uptake with BPA
compounds

- Improved clinical protocols with

- Improper clinical protocols with unoptimized knowledge & experience accumulated

Boron concentration and Neuron dose
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Physical advantage + Biological selectivity
DNA

Tumor cell selectivity

L-type Amino Acid
Transporter 1 (LAT1) z
High expression = \-\'
2017 Hayashi K et al. WJGO & L o
E \ I5-MeV \\
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" HTR, JRR-3, MulTR, C-BENS

] JRR-2, JRR-4 i-BNCT
Tokyo

P UKUR (1974-)

HOR (2010-2011) Nagoya

Fujushima
Kanagawa
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i @ Reactor-based BNCT
South Korea - Accelerator-based BNCT

Songdo, Incheon

Modified from AIP Conference Proceedings (2019)
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Beam

Type Company Institute Accelerator energy Intensity Reaction Max. n Energy | Current status
DAWONMEDAX, Gachon Univ. Gil Med. Center, a 9 -
- H| QI AFA|SH
Korea S Korea RFQ-DTL 10 MeV 8 mA Be(p,n) 8.1 MeV |2 AFA|E
T“'Jf:;:’"'"' Tsukuba Univ., Japan RFQ-DTL® 8 MeV 10 mA 9Be(p,n) 6.1 MeV H| QI AFA| S
Linear National Cancer Center, - N
CICS, Japan Edogawa RFQ? 2.5MeV 20 mA Li(p,n) 0.79 MeV H| QAAE
Hospital BNCT center, Japan
* RFQ stands for SOREQ, Israel RFQ-DTL® 4 MeV 2mA 7Li(p,n) 2.3 MeV 7H bé"%
Quacrupoe ana
for Drift Tube
o e, | INFN, ltalia RFQ? 5 MeV 50 mA %Be(p,n) 3.1 MeV ITETES
Neutron Thgrapeutlcs, U Helsinki Univ. C:ra]gt. Hospital, Finl Hyperion 2.6 MeV 30 mA Li(p,n) 0.89 MeV IAFAIE (2021)
TAE LS, US Xiamen H”é”h‘i‘::y Hospital, VITA 25MeV | 10mA Lip.n) 0.79 MeV ez
, Tandem Electrost. 1.4 MeV 30 mA *Be(d,n) 5.7 MeV >
’ _lA-{ =
CNEABs. As., Argentina Quadrupole 25MeV | 30mA Li(p,n) 0.79 MeV HES
Birmingham Univ., UK Dynamitron 2.8 MeV 1mA "Li(p,n) 1.1 MeV S
Electrostatic Nagoya Univ., Japan Dynamitron 2.8 MeV 15 mA Li(p,n) 1.1 MeV oMY
LBNL, USA Electrostatic 2.5 MeV 50 mA "Li(p,n) 0.79 MeV NA
Granada Univ., Spain Hyperion 2.1 MeV 30 mA "Li(p,n) 0.35 MeV e
Budker Institute, .Nov03|b|rsk, Rus ~ Vaccum insulated 2 MeV 2 mA Li(p.n) 0.23 MeV H| QI AFA| &
sia Tandem
IPPE Obninsk, Russia | ©25¢ade g;gerator KC-1 2 3mev 3mA "Li(p,n) 0.57 MeV ETES
KIRAMS, S. Korea electrostatic 2.4MeV 15mA "Li(p,n) 0.79 MeV TS
Cyclotron Sumitomo H.|, Osaka Medical College, Cyclotron 30 MeV 1mA *Be(p,n) 28 MeV EZ5{7l 27

Japan

Japan
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Physical dose

IS | BNCT
RS AP => Dosimetry

™. 1 | XCBE/RBE

Gy-Eq : Equivalent Dose
CBE Boron
p— 1OB(n, OC)7LI, — dose

Depending on boron concentration and thermal
neutron flux

) RBE Nitrogen
= 14N (n,p)14C === Nitrogen Dose

Nitrogen in tissues with thermal neutron (E,=0.58

MeV) Total 2
BNCT __| Dose S
Dosimetry = Boron
2 dose
RBE Fast neutron %
= 1fj(n,n)p === Hydrogen Dose &
Hydrogen in tissues with fast neutrons L'IcJ'r
>,
Q)
RBE
4 Gamma G
m—111(1,7)2H == Gamma-ray Dose amma
(ny) y dose it
Primary gamma-ray dose from beam port (E,=2.2 MeV)
Secondary gamma-ray dose generated in neutron and hydrogen Tumor dose Normal dose

M.S. Herrera et al. / Physica Medica 29 (2013) 436e446
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in cancer cells at much higher levels than normal cells

BPA BPA is taken up selectively by LAT1,
which is highly expressed in Cancer Cells

8SF-FBPA PET
clearly shows location of tumor mass

8.0 1

6.0 FBPA PET

4.0 A BPA-fr ICP-OES

LAT1

Accumulation of FBPA or BPA-fr

BPA 2014 Hanaoka K et al.
— | i - ﬁs - N | 18F. 18
CMRI Brain Image) \\,F FBPA PET Imagi) \ C F-FET PET Image) F-FMT PET Image

Miyatake et al, 2014, Radiation Oncology 9:6 Muoio, B. et al. 2017, Current Medicinal Chemistry.  Burger, I. A et al. 2014, JNM
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H. Tani et al. 2014

Screening
Initial PET/CT

Multidisciplinary
team

Physicians
Radiation oncologists

Nuclear medicine physicians

Medical physicists
Radiation technologists
Pharmacists

Nurses

etc.
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Hydration Follow-up

& Monitoring
in Hospital
*Coderre and Morris 1999

Dose component

Dg - boron dose 0B(n,a)’Li
D, - nitrogen dose 14N(n,p)™C
Dfast_n - fast neutron dose  'H(n,n’)p
D, - photon dose "H(n,g)?H

Depth (cm)
Ignacio P. 2019 in Korea

JSNCT, DVH

Fintand data
Blood samplel ]
Treatment  BPA IV Neutron
planning & 400mg/kg/2hr Irradiation
simulation  500mg/kg/3hr
4 P
i1
’? ¢~ T« Tumor dose ;3 ]
ELY s fé‘tk.
3 60/ \\ »
'g I \ —8- Brain —@-Tumor
E 40 \\ Advantage depth
E ~ & t{/
Er 20-{ L = E
Healthy tissue dose ~"**e-.... {reen S
0 T w T \ SR S
0 2 4 6 8 10 12

x CBE/RBE factors

Dg Cancer 3.8 Brain 1.3
Oral mucosa 2.5 (Finland)
4.9 (Taiwan, Japan)

Dy and D¢ 3.2

D, 1
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BGRR Clinical trial 1951-1959

Gross calculation of 18F-FBPA PET scan
Preliminary scanning tumor size and volume Image to check the
of the cancer patients from the preliminary uptake of boron
scanned images drug by tumor cells
Epithermal neutron Administration of Treatment plan and
beam irradiation BPA drug simulation

[ BNCT : Lysis of tumor cells ]

Successful Clinical Trials

(DI1AEA

rnational Atemic Enargy Agency

Home / Mews / Boren Neutron Capture Therapy Back in Limelight After Successful Triaks

Boron Neutron Capture Therapy Back in Limelight After Successful Trials

Andrew Green

Related Stories

u Together We Can Do Mare

Related Resources

% IAEA 60U General Curferente, 26-

A cancer treatment involving irradiated boron isotopes has been explored as a

Adlriane Chapman--The Tech

Today, the fourth patient is slated to begin testing a new radiation treatment in this facility at the Nuclear Reactor
Laboratory. MIT is named in a lawsuit filed on behalf of brain tumor patients treated with an experimental radiation UGl il islsite edt Eartainityies. Ohaanoa eIy Falansie
treatment at the reactor in the 1960s. of the skin. parotid cancer and head and neck cancer. Patients with brain

therapeutic option for several decades but with very little clinical success. But

thanks to recent advances in technology, it is now seeing renewed interest
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2021 Hirose et al.

Boron neutron capture therapy using cyclotron—based epithermal neutron source
and borofalan (108) for recurrent or locally advanced head and neck cancer
(JHNOO02): An open—label phase Il trial

* ALOI2Z2EE JI=5D| + BPA 243 ALE

Response to BNCT.

Response 5CC nSCC Total
(n=8) (n=13) (n=21)
Response, No. (%)
Complete response 4 (50) 1(8) 5 (24)
Partial response 2(25) 8 (62) 10 (48)
Stable disease 1(13) 4(31) 5 (24)
Progression 0(0) 0(0) 0(0)
Not evaluable 1(13) 0(0) 1(5)
ORR, % (95% CI) 75 (35-97) 69 (39-91) 71 (48-89)
DCR, % (95% CI) 88 (47-100) 100 (79-100) 95 (76-100)
Proportion OS at 58 (18-84) 100 (79-100) 85 (61-95)

2 years, % (95% CI)

The results were from central review at day 90 after BNCT in JHNOO2 trial. Abbre-
viations: BNCT, boron neutron capture therapy; SCC, squamous cell carcinoma;
nSCC, non-squamous cell carcinoma; ORR, objective response rate; Cl, confidential
interval; DCR, disease control rate; OS, overall survival.

14



H XY

Jlot

AH =
1o

o

EH7| X Ol A

a o

21 (HAX2)

2020 Hiratsuka et al.
Long-term outcome of cutaneous melanoma patients treated with boron

neutron capture therapy (BNCT)

« AXt2 (KURRI) + BPA

CHa 2 At
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Table 3. Treatment administered and clinical outcome

: HI| cT1-2NOMO, performance scores < 2.

Patient Minimum tumor Maximum skin Adverse| Tumor | Locoregional Survival

No.  dose (Gy-eq) dose (Gy-eq) reaction| response| control (years)

1 37 14 Grade2| CR 12.6 12.6 years (death due to pneumonitis)

2 25 14 Grade2| CR 6.9 6.9 years (death due to advanced age)

3 25 12 Grade2| CR 5.5 5.5 years (death due to advanced age)

4 48 15 Gradel1| CR 8.2 8.2 years (alive with NED*)

5 50 13.5 Grade2| PR TS 7.5 years (alive with PR)

6 41 12 Grade2| CR 7.5 7.5 years (alive with NED)

7 33 8 Gradel] PR 6.0 7.1 years (alive with recurrence in 6 years after NCT)
8 25 8 Gradel| CR 5.6 5.6 years (alive with NED)

*NED = no evidence of disease.

15
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2020 Chen et al. Using precise boron neutron capture therapy as a salvage
treatment for pediatric patients with recurrent brain tumors

2AXtZ (Center of National Tsing—Hua University to use the Tsing—Hua
Open Pool Reactor (THOR)) + BPA

Table 1 Pediatric brain tumor BNCT patients' characteristics and outcomes

Response Time from BNCT Time aker
Tx serial Pt Age at initial : : : Previous Tx BNCT P Relapse : BNCT Last
Sex " Y ) Diagnosis Tumeor location ) BNCT datq (one month to progression
No. No. diagnosis history age status to death  status
after Tx) imonths)
{months)
1 1 M 2 2nd GBM Rtthalamus  Cranibtomy for Bx 8 2017/6/30] mear CR Y 5 9 Dead
& low dose RT
2 1 M 2 2nd GBM R't cerebellum Salvage 1"BNCT 8 2017/1v/84 €D Y 3 4 Dead
(Seeding)
3 2 F 6 MB; 2™ GEM Pogt fossa; L't Cranictomy, RT& 11 2017/11/29 FD Y 5 6 Dead
fontal CHT
4 2 F 6 MB; 2™ GBM Podt fossa; L't Cranictomy, RT& 11 2017/11/29 PD Y 5 6 Dead
fontal CHT
5 3 M 6 GBM Braingtem Craniotomy for 3 7 2018/3/23) PR Y 3 4 Dead
times
6 4 F 3 GBM Left parietal Craniotormy & 5 2019315 PR Y 3 - Alive
CCRT
7 4 F 3 GBM Left parietal & Cranibtomy & 5 201v524 PR Y 3 - Alive
sple nium salvage 1" BNCT
8 4 F 3 GEM Splenium Sahage 2¥BNCT & 2019'¢/14) S0 Y 3 - Alive
9 5 M 7 HGG (Favor Brainstem Biopsy and CCRT 8 2019315 SD Y 5 6 Dead
GBM)
10 5 M 7 HGG (Favor Brainstem Salvage 1"BNCT 8 2013’AUIQI SD Y 4 5 Dead
GBM)

Tx, treatment; P, patient; M, male; F, female; 2nd secondary; GBM, dioblastoma; MB, medullcblastoma; HGG, high grade dioma; Rt, right; L't left; Bx, bicpsy; RT, radio-
therapy; BNCT, boron neutron capture therapy; CHT, chemotherapy; CCRT, concurrent ¢ hemoradiotherapy; CR, complete response; SD, stablke disease; PD, progressive
disease; PR, pertial response; Y, yes.

16
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IAEA TECDOC-1223 New Technical document
May 2001 2021-2022

Current status of Current status of
neutron capture therapy neutron capture therapy

&

£

17
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= Neutron beam design, desired parameters & measurement

Prerequisites for neutron beam parameters: David Nigg, liro Auterinen

Beam design considerations : Hiroaki Kumada, Jacek Capala

Physical dosimetry of BNCT: determination of beam parameters: Hiroki Tanaka, Daniel
Santos

(7€ 28¢

Source and facility design, mgmt, and regulatory aspects

Neutron sources for BNCT treatment facilities : Yoshiaki Kiyanagi, Andres Kreiner
Organization, operation and management of a BNCT treatment facility : Koji Ono,
Yoshihiro Takai

Treatment facility design : Liisa Porra, Akira Matsumura

Regulatory aspects : Sandro Rossi, Noah Smick

T Boron compopunds, BNCT radiobiology & Boron imaging
(7& 29¢!) | Boron compound : Hiroyuki Nakamura, Eva Hey-Hawkins
Radiobology : Amanda Schwint, Mitsuko Masutani
Boron concentration determination and imaging : Saverio Altieri, Sasana Nievas
= Prescribing and treatment planning for BNCT : Hanna Koivunoro, Yoshinori Sakurai
(72 30¥) | Dose reporting in BNCT : Wolfgang Sauerwein, Shin-Ichi Miyatake
Clinical trial design and procedures for BNCT : Adrea Wittig, Hiroshi Igaki
= Friday session
(72 312) | IAEATM on Advances in Boron Neutron Capture Therapy : Ignacio Porras, Minoru Suzuki
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New TEC-DOC

' Schema of accelerator-based neutron source for BNCT device
%ﬂmmm‘mm"&" S Beam Design ==
| Accelerator| | Neutron Target Material \ BSA |

Cyclotron

~ { —

. : '. Heavy “'IQ )
or Beryllium ! m“m'
Protea < F y Iron, ; :
Linac Besm or \m‘i} o /| Fluoride ete
o Lithium | @ Lead, Concrete,

acce. |
— e e

(2.5 MeV~30MeV | 0.1Mev-30MeV] [0.5ev~ 10keV/

Patient

® N>

10.

. New TECDOC is devoted to Accelerator Based Neutron
Sources

Radiobiology measurements are key

Important a good characterization of the beam
Diverse n producing reactions 7Li(p,n), 9Be(p,n),
13C(d,n), 9Be(d,n)

Operation & management of facilites: previous
TECDOC is not suitable

Treatment facility design

Radiation protection

Cost similar to proton beam therapy but can be
reduced in existing hospital

There is not muh knowledge from authorities about
BNCT facilities, longer time for approval, some
educatyion is required

Dose calculations of BNCT

New TEC-DOC
set of consensus on

1. recommend solutions and frame of
guidance for “BNCT-specific”
clinical trial methodology
» Ease regulatory procedures
2. indispensable parameters, which are to
be defined in study protocols and which
have to be reported in publications

» Global exchange
» Quality assurance
» Opening up financing opportunities

3. preclinical/translational strategies which
ease clinical procedures
» Effective developments through
collaborative research

19



A4 : “Neutron Capture Therapy” OR “Neutron Therapy” ’DAWON
OR “BNCT” |

By Countries Countries with more than 100 publication
Argentina 190 1917
Australia 102 2771
England 215 6834
Finland 125 1572 zgg
France 139 4033 700
Germany 363 8980 600
Iran 102 597 200
400
Italy 358 7405 300
Japan 979 16901 200 A
Netherlands 145 5996 100 N—
. 0 R e e
Peoples R China 228 3353 Y T T T
[=NeNol «NeNololelNelololNololoNoNoN=NolNolol o]
Russia 294 3514 cxIprrwn203eIRARIIS28888R
South Korea 113 1104 e AB-BNCT e PT BNCT
Sweden 165 3663
Taiwan 127 1196
USA 1534 41742

Yaser Kasesaz, Wolfgang Sauerwein, Afsaneh Karami, 2020, ITAEA TM Scientometric analysis of BNCT research and development
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[ Project Name : Development of the accelerator based Boron Neutron Capture Therapy system
for the cancer treatment within 1 hour therapeutic time

[ Project Period : 2016 .5 ~ 2021 . 6 (MOTIE project) and continuous development

[ Leading Organization : Dawonmedax & Dawonsys Inc.

O Participating Organizations : Gachon Univ Gil Medical Center,, PAL, KAERI and KBSI

[ Developed Items : Proton Linac, Be Target / Moderator Assembly, Radiation Safety & Licensing,
Boron Compounds, TPS, Dosimetry (n&y), Biological Experiment (cells, animals)
Clinical Trials

% Supported by Ministry of Trade, Industry and Energy (MOTIE) project

{ A-BNCT Facility ’ ‘ Dosimetry & TPS , ( Clinical Trials ,

Brain Head &Neck Malignant
Tumor Cancer Skin Cancer

3
N

a3

Couch

Target
/ Moderator |
1

Injector RFQ DTL iBeam Line

1 1 1 1
| :'— Proton Linear Accelerator —— I"— Neutron Generator — :" Treatment Facility ":




A-BNCT MIE

Songdo, Incheon

) DAWON
MEDAX

North Korea
. (DPRK)

- iy

¢ SouthKorea
(ROK)
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Be Plate

Tre.

Tregtm

HHEE

Moderator
Assembly
(Inside)

él: reatment Prepara

" Clinic

ion Room

Emergency Exit

Entrance

Building : 35.3 x 21.8 m? with
shielding

Utility : Electricity, Cooling, Air Cond.
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DawonMedax’ Linear Accelerator (LINAC)

—

Beam lines _ RFQ | " lon Source
—(Drift Tube LINAC) _(Radio Frequency _

Quadrupole)
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MEDAX
4 Class [111 Medical devi ) MFDS requires the submission of ‘Technical Documents’ for the certification and
[Class 1lI] Medical device approval for BNCT medical devices.

LINAC based BNCT BNCT is categorized as Class III devices.
< =] Test report, comparison data, mode of action, safety & performance process,
[ 7\ | Clinical study, usage Status at Overseas etc.

[Class II] Software

Treatment planning system Nuclear Safety and kt Korea Testing Ministry of Food and

0 Security Commission Laboratory Drug Safety

Selected as a High Tech Medical Device and
Innovative Medical Device Company by Medical device Industry Law

Radiation Safety Approval of facilities LINAC based BNCT
Selected as a medical device approval guide program of MFDS

Preclinical Clinical

study trial I/lla

Selected as a Pharm Navi guide program of MFDS

MFDS requires the safety & efficacy data, specifications & test methods, Drug Master
Files (DMF), certificate of manufacturing and marketing(Imported Pharmaceutical)

Data such as name and address of manufacturers of active pharmaceutical
ingredients.
BPA DP Evaluation data of conducting of Good Manufacturing Practice (GMP)

[New drug] Boron Drug




International Society for Neutron Capture Therapy (ISNCT)
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lgnacio Porras (President)

Akira Matumura (Vice President)

Silva Bortolussi (Secretary General)

Fong-In Chou (Immediate Past President)

Javier Praena (IGNCT Chair 2020)

Michal Gryzinski (ICNCT Chair 2022)

Yuan-Hao Liu (Member at Large)

Minoru Suzuki (Technical Chair - Medicing)
Hiroaki Kumada (Technical Chair - Physics)
Hiroyuki Nakamura (Technical Chair - Chemistry)

Amanda Schwint (Technical Chair - Biology)

ISNCT: Involves multidisciplinary researchers
in the field in a spirit of close collaboration
Promotes the future development of BNCT

www.isnct.net

Current Members of the Board of Councilors

End of term 2020

Yoshinori Sakurai
Andres Kreiner
Luigi Panza
Ming-Hua Hsu
Minoru Suzuki

Koji Ono

Desire Ngoga
Agustina Portu
Ignacio Porras
Tetsuya Yamamoto

End of term 2022

Junichi Hiratsuka
Amanda Schwint
Hiroyuki Nakamura
Yuan-Hao Liu
MNatsuko Kondo
Sara Gonzalez
Simonetta Grich
Sang-Hue Yen
Yi-Weh Chen
Hanna Koivunoro

End of term 2024

» Shin-lchi Miyatake

* Hyo Jung Seo

s Andrea Monti Hughes
s Shin-lchiro Masunaga
s Po-Shen Pan

» Mitsunori Kirihata

» Hiroki Tanaka

» Saverio Altieri

s | eena Kankaanranta

s Stuart Green
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Neutron Capture Therapy
Boron (B) & Gadolinium (Gd)
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