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Carbon ion radiotherapy in Japan: an assessment of 20 years
of clinical experience

Tadashi Kamada, Hirohiko Tsujii, Eleanor A Blakely, Jiirgen Debus, Wifried De Neve, Marco Durante, Oliver) dkel, Ramona Mayer, Roberto Orecchia,
Richard Potter, StanislavVat nit sky, William T Chu

‘Charged particle therapy is generally regarded as cutting-edge technology in oncology. Many proton therapy centres are
active in the USA, Europe, and Asia, but only a few centres use heavy ions, even though these ions are much more
effective than x-rays owing to the special radiobiological properties of densely ionising radiation. The National Institute
of Radiological Sciences (NIRS) Chiba, Japan, has been treating cancer with high-energy carbon jons since 1994. So far,
‘more than 5000 patients have had this treatment at NIRS, and the centre thus has by far the greatest experience in carbon
ion treatment worldwide. A panel of radiation oncologists, radiobiologists, and medical physicists from the USA and
Europe recently completed peer review of the carbon ion therapy at NIRS. The review panel had access to the latest
developments in treatment planning and beam delivery and to all updated clinical data produced at NIRS. A detailed
comparison with the most advanced results obtained with x-rays or protons in Europe and the USA was then possible. In
addition to those tumours for which carbon ions are known to produce excellent results, such as bone and sofi-tissue
sarcoma of the skull base, head and neck, and pelvis, promising data were obtained for other tumours, such as locally
recurrent rectal cancer and pancreatic cancer. The most serious impediment to the worldwide spread of heavy ion therapy
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centres is the high initial capital cost. The 20 years of clinical experience at NIRS can help guide strategic decisions on the  geseunch and Darmstade
design and construction of new heavy ion therapy centres. University of Techmology.
Darmstadt, Germany

Introduction

Control of mumours non-invasively by use of charged
particle therapy offers advantages ower conventional
radiotherapy, since a lower radiation dose is delivered to
healthy tissues surrounding the mmour Charged
particles deposit energy far more selectively than x-rays
do, allowing greater local control of the tumour, a lower
probability of damage to healthy tissue in the treatment
field, a low risk of complications, and the chance for
rapid recovery after therapy.' Several new centres with
large accelerators have been proposed, but debate about
the cost-benefit ratio of this technique continues?
especially for heavy ions (generally 12Cs). Although

Cancer Institute (NCI) provided long-term support to
translational research in charged particle therapy.™ After
a dedicated workshop in Bethesda, MD, USA, in 2013.*
the NCI issued two calls for exploratory grant applications
for planning for a national centre for particle-beam
radiotherapy research in the USA. The high cost of a
heavy ion therapy facility can only be justified by clinical
evidence of their advantages ever protons and x-rays.
Most of the patients who have been cured of cancer
worldwide with carbon ions were treated at the National
Instilute of Radiological Sciences (NIRS) in Chiba, Japan
(figure 1). This independent administrative institute
started clinical trials in June, 1994, 1o assess the clinical
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Articles

Risk of subsequent primary cancers after carbon ion
radiotherapy, photon radiotherapy, or surgery for localised
prostate cancer: a propensity score-weighted, retrospective,
cohort study

Osama Mohamad, Takahiro Tabuchi, Yuki Nitta, Akihiro Nomoto, Akira Sato, Goro Kasuya, Hirokazu Makishima, Hak Choy, Shigerns Yamada,
Toshitaka M orishima, HiroshiTsuji, [sao Miyashiro®, Tadashi Kamada™

Summa

Backgrounryd The risk of subsequent primary cancers in patients with prostate cancer after treatment with photon
radiotherapy is small in absolute numbers, but it is higher than that after surgical treatment. Carbon ion radiotherapy
has a theoretically lower risk of inducing secondary malignancies than photon radiotherapy, but this risk has not been
investigated in practice because of the low number of facilities offering such therapy worldwide and the limited data
on long-term follow-up because the therapy has only been available since 1994. We aimed to analyse the risk of
subsequent primary cancers after treatment with carbon ion radiotherapy in patien}s with localised prostate cancer
and to compare it with that after photon radiotherapy or surgery in this setting.

Methods In this retrospective cohort study, we reviewed records of patients who received carbon ion radiotherapy for
prostate cancer between June 27, 1995, and July 10, 2012, at the National Institute of Radiological Sciences (NIRS) in
Japan. We also retrieved the records of patients diagnosed and treated for prostate cancer between Jan 1, 1994, and
Dec 31, 2012, from the Osaka Cancer Registry. Eligible patients had histologically confirmed localised prostate cancer
and a minimum follow-up of at least 3 months; no age restrictions were applied. We excluded patients with metastasis,
node-positive disease, or locally invasive (T4 stage) prostate cancer, those with previous or synchronous malignancies,
and those who received previous radiotherapy or chemotherapy. We did a multivariable analysis to estimate predictors
of subsequent cancers after carbon ion radiotherapy treatment. We also used propensity score inverse probability
weighting to retrospectively compare the incidence of subsequent cancers in patients with localised prostate cancer
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1. ERFHRRIBHREERE HIMAC DR L HRER L (1987 4~2003 4F)
1—1. BERFIIAREE HIMAC O/t

it R o ER - RRIAE A E S TH 5 HIMAC (Heavy Ion Medical Accelerator in
Chiba) 1% 1984 F BRI SN TR A 10 » FEREHENE) O—B L L CHARESR
AR R <7z 1], HIMAC O EiRE Z Sohl 7 #1a3 a5t © %647 L7 LBL (Lawrence
Berkley National Laboratory) TliX, & LTI U AL G2 &3 A2 A I R
AL TWER2], EoA A BARBEL TOLNIHLNTRP-To, £ I T,
HIMAC Z#%Et 3 2B DOEAR T E LT, v U a v ETOA A BWEHDADIREITEZ 5
el Lz, URHRMICLEAS A EMETE L2007 1 b a 3RS B E
WTHA 7 < HIMAC ORGIK T O EEM LRG> 6 K& 2BAFEHEE TH > 7,

ST 1993 FFITTERL L, 1994 0 b ITTRR D12 D D IR FM G 2B s iz [8l, £ o
%, WWIRRFR LIS O EIOIR A 72 &2l o THFEFRITAER S BRBSLz, 22X | B
R7ZT T2 REAFMHA—F =00 DERRBERPFELND L HIThoTz, Tb
DERITIGEZ H <, HIMAC B8 Z 465 T 10 FREED 5 HIZIRIAIZIR RS L 9 72%<
DOHFFERRFEN e S 4L, SE S EREE - EHOWR & 6T, HIMAC O%ENE, {FiEtk:
M iz ken ot

2000 “EEH O HIMAC 25 @ 02K % X 1.1 18T, GRHAOKREA 4720 Tl &
FIFIHIEER CRIH SN DRk A2 I A F oA AT 572912, 2 5D Electron Cyclotron
Resonance (ECR) A A i & 1 5@ Penning Ion Gauge (PIG) £ A ENHEENTE
D, BELTIHAF L OFBEICLVENGITONTWD, A AU JEND 5| & Sz EhRL
FHE 100 MHz O KE S & A 2 O T-RINESRIZ LY 6 MeV/iu & T Piro 72 s
Thoivd, HEERITESERZHNLE S 7.2m @ Radio Frequency Quadrupole
(RFQ) BU#AINNESRS & BN 2m, B & 24m TEBAIZEDEREH VD 7 AN LA
MRS & THERL S LTV D TR 72N 2 #& & 72 R TR TR R 129.6m D > 7 o
FEUCARESND, Y7 m be ol 13 Hz FREOM D IR L THEERS L, T~
FLF— (Fg Kk 800 MeV/u) F TIE SN/ E— AL, 1~2 FFEE O 2 2 THEY H
EH. WRRERERENEIND, Yo7 m baALERON A — FINESERE Y 7
ELTHIHT2Z2E2BELTE<HELLON 2 BRIES, TNENHT 1 BEEHT 2
PERIZERE STV D,
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X 1.1 ERI R0 AUTEEEE HIMAC O S

HIMAC O FEkiF#AE L, e PR 2 2 72 1R E AL KT - TERTEEE 20 2
TIRIRE B, AKVEMREIERE 2H 2 72B8RE C THEiSNTE i, —EDORIRE b - 2@
(SRR E — RIS L2 T e B 7207z, FIREE TR 1.2 18T L912, 77
T —EBHMAICE VBRI — A Z KT 0D, Uy YT 4RI D RFEROT L F—
JRIN Y ZHER S THLK Bragg B —7 (SOBP) kL., 3oV A —% (F7-13HEE
a Y A—%) BIXUOKR—7 A (Compensator) (ZX 0 BHEFZENKL WD, BFEICHN
5D TR —F 290, 350 L1400 MeV/u TH Y, KHEREITZNZH 145, 200
B RO 255 mm, KBRS 220 mm Th D, BEFANCIZEE ONLE % RSO E 2 EfE
IC—E ST 570, HRFHEA X CT HglcX2 DRR @l Ial—v a3 TO
X MM ERDERZ | JRFEE TR L X BREGR E AT 252 & T, BEOMESDEN
BIlebivd, ZOERITIE 15~20 RN | 2 OW%RITERSy I O Bk 1 FR IR 3 it
IND, U, —H 20 FFRRE CTh o 7B &, EEROMEIMNE | 1RHHT - TR ENE
BEOHFRIZL Y, RAKNTIT 1 H 3 B ThROK 70 HRRERRT D Z LN AlREL 2o T,

—J5. HIMAC JEFFIHFZE T, FrNIFEE 25 D72 BRSO 1T L 0 | #4F 100
AR Z T B - AW - b7 & O BRER PR IR BORL IR IS B U 72 AR AN FE i S 4
TW5, EFREIZIN 1.1 ® HIMAC &#EANIC, BT LX—A F L E—LRFETHIY
H o LHE, AR SRN S ORI NTX A F B — 2 BT oo x= BimEE
DI MBI L L2 EM=ED 3 ERH D,
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1 — 2. HIMAC O & EEbarge

HIMAC Oia#EBHLAE % D 1995 6, i, FFiEO X 5 (SRS ER T 2 g 4 1
eI FRGT 2 72 DI RIS o AT LD NG E 72, TN EFEALT DI, 2
BIERNL IS ER ENLEC A - T2, BRETFFAIE 5 &2 £ T 2 72 O OMERA(E BA IR & A
Rl 72 BRI AE 5 B FF A5 5 12%f L CRRIc B — A% ON/OFF T& 5> 7 hr b
DE—LHFY H LEBENMLETH -T2, TDO7H, BEITED M1 2RISR &2 v
TEY & 2R D ALEAA RS AR, JEESEE 1 ms O ER RF-KO H0 H Uik 7=
\ZHERFCRASE Sz, 1996 4F 6 H 2> b FER [RIHIRR G o 2 7 2 % JH N T2 BORL 7B 73 B
Mh &, SHSEER & BARE e SIZIR STV HIMAC To BRI FHAR O H#ES, K
B ARIZ R & A o 72 [4],

b 9 1 DOBEBERAFFEBHFE 1T E R RGTE DB Cd - 72, HIMAC O RS EEE Tk
JE & —EOIRFERE L ER 0=, K 1.21CRAZD L9 %Eﬁéﬁr®m%Fw
%%Kébﬁék\&%&Eﬂ%%®£ﬁﬁﬁ_mﬁE#%%éMTLiOkwoﬁ%m
Holz, TIZT, BEERRICAEETRNPICL U DY 7 F—DERELEI Y A—F DY
— 7 BHE 2 BIICHIE 95 2 & T, B E RO —BE (REE) 2mkswsb
ZEN, REMTHO TIRESNEDB], ZofiFE HIMAC TEALT S 7-012i%, B
i O PR B R VARG S E S L IR E Lo It 2 LT 20BN H 1 |
FIPERDOIGIIEIITEE L 5.2 7, 2 0BF 2 L ITIBRIEE BN D 5 W IXEAE L CRHIA
TE DI ENEREINT, RTEEE LIRS E OYUEIT 2002 41258 T L7z 6], BR
HEAITE 572 2720 a JE L=, 2005 4 L 0 BRtA S 4L, EOKIEAIIZ PO
WCHEICER SN Z & ol
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Q1 AR— BRI R—32
L b =

. Loo-v74
)y -T4ILA

1.3 FefE A A O]

INRERANT, A A AAROBFEPENNATON -, AN TIE, PIG A A JEAF
STV, ECR A A UPDIE S 05, PIG A A PRI ~BEBHEEERES & < . A A

PRV EPHIRFIN TV, LNLRBD, REA A AERFFITA A RN &

TORFEDA T LIROFEMERDD L LR ﬁ'ﬁ\@ifﬁﬁ@ﬁ&’)@E&Ei))ME’C%Oﬁo
ZDOWEDOFEE, 10 GHz D~ A 7 iz % ECR A 4 i (NIRS-ECR) 1%, (FIF A
YT A7 U —RIZET L TR EOIRBEEGICER ST [7], Eie. ?Eﬁﬁﬁz%@%ﬁ
TRCTHERINDIER EENA A OERDTZHDH L ECR A 4 i (NIRS-HEC) % B
¢ &4, HIMAC EFEFIABFZEOIEZINT T\ o (X 1.4 Z8)

izt . BERLTHRO L v UM EPED R % fRIR T 572 9DI2, [RFEFROIF AL E & EfE
WZHIET H720D 2 th“~£xﬁﬁﬁﬂ‘”t%*?°[8] A A e —LEEmnE T 7D OE B —
DI E DSBS & l9l, TIEH SR> 7= b o0, HIMAC L:FEF e/ &
TEHEH S TWD, £z, HIMAC LFEFIAHREORFA @b H729DI12, AR EIN
HERENBIESN, 25070 harnbRFIZ2 OOFEBRE—LT A 02, B n A
F oM, TR X—OE—AEFRRFICHHE TE 5 X 51725 72[10],
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2. BERIARBHIAREBOBFE (2004 ££~2010 £F)

HERIZIIT 5 10 FFOERIKAFFRORE R, BERFHIREN L RRIERIETHY , ZhET
DG HIC R TERZERAH D 2 EIVRENTZZ L5, 2003 HITITERL T HRIAH
DIHEEIRNBE STz, Lo LS b, KBRS & 3 & 3 2 BRL -8R IR M % 0 f
BRIIIZHOREEZE L TI-120, MEFTIIA A VLR KRR LT — % RFEMR 400
MeV/u IZ[RET 5 Z & TEEO/NULE XY | ERFHIEE L ENIMNOE R ST 57200
BRI ZE 2 F20 L 7=,

2 — 1. JE# N

IRET EIC AN & FIERIBRIKB S, 205 b AFERIA A BERT DA 4
Ui & FARBIZ2 IR ZAT 2 MIEIEER D 5 72 5, HIMAC (2351 5 A4 O 2RI IE R
DHTH 32m ZHZIEFHICKM Th oo, £ 2T, @Rh=/ N AGTER OB 2 SR &
Ez . FEHEORYE R O — LERER & B EF CHME L7z, mRhEASTER 13V ECR A
IR & RFQ MBI, I ONZ Interdigital H-mode ! KV 7 k5 = — 7 I g (TH
B DTL) IZX WS ND, A A PIE. KARAZER L UMUK 2 MeAx K5
72Tl ASFEAEERO/NUL A AEIMET D701, RO 2 TixiR < 4 i R$E
A 2 Ty IR CAERRT B T2 O OBRRE AN I S 7= (1], BRI SR X A A e A A
itk 100 MHz 7> 5 200 MHz ~ E5- S5 & 360, FfE A= BT 2 ER R & X
LT, IR L F—% 6 MeViu2rH 4 MeVu IZIK T S22 & N E K 72, £
7-. IH A DTL . Alternating Phase Focusing (APF) b — AXa L . TH 5 E
PIIREE & 9 B LW EAT O A A DB Z R THID TERELZLDOTHY , K
g 7 /MR I B L= (2],

vrZnm hugt, HIMAC > 7 v hu vt RSO EEZ LoD, /L - EAlikkAL
[ HMERD oIz, ZDTeH, FROREFEFNIMN A, HIMAC > > 71 ba T —A
TANEERQ, TO/REEZHF LV 78 harORFHZT7 4 — RNy 7 LT L)
FlEE L olz, BB 7 m bar rOEZITK 20m L7 HIMAC > 7w hry
Y DOR) UL DY A RETeofe, WAT LT, /N E R INEZRS° IGBT EfAEBRORED
B, HIMAC > 7 o h o ~SAAA T, B — LRI L D MEREMERE N B 270 b
=131,

2 — 2. WMAEE/ MY

InEZRFERR, BIEE &N D B E R S oo, VT T —EA & HV T AR RSB
IR 720120, TORKE L FREE TE— L2 HELSE LB ERH S5, Ll
HRGTAGIE 2/ NVRAE 90, B CHOGL S B2 MBEME O BELANIELS 25720, £ D5y
RFEE—LORENELS D ZENRETHoT, TZTRESHESELRDVIZ, U
7T EEBCARHSE DL Z L TR 2T D b YAV T T —IEDORREITE



FL72[4], EB#&IciZ, HIMAC FEREIC S n & 4 FTREPEELAREBE L, bEAVT T
—YEIZ K DR AL D FERE AT - 12 (5],

DX HIT, AR FERIREIEE OBFIZE T, HIMAC 13003 - FREHEEE B O
TARRUFLLTHOREREREZRZ LI, 2D O &%%%ﬁbk%&mﬁﬁﬁ
TREIEE ORRK & FEAEEE, X 2.1, X 2.212577, ZiuX HIMAC & [A UiE#=E 3 =

DFFITH Y FIEDOIREMERAZFF RN L, KL LT 45 mX65 m FREDOHMICILE 5
Lol ot T OMRRBITENRFRRIRREEE N & — CHT s S v, BES R E
ki FRAE I v 4 — Tl CEALENZOL, [EA 5 fifk, #E 2 sk Tl Sh
TEY (b LUIMERTE) ., BRFRIBEOE RICKE S EIR LT,

[ 3k S E: S N AR AA VIR

soynkovBHEA
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Dr. William T. Chu
Prof, Dr. Oliver Jakel
Dr. Stanislav Vatnitsky
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68



IOL Workshop, 200

Py 7 ARFE | av T FMNZKRE
an BT RE FA > Gt ey v A IR P. Jeggo iR

T. Hei #02 M. Durante {2 A. Brahme 30$

J. Nickoloff #4%

BEREFRATAF - ERA TSR Y —HRLI F—

NRSinteretiord Qenlabaatay
M&ncg'm1

NRSAxitaium 2F Ressarch Bilkdng far
A .m’.ﬁw"f ide ey )
9:309:40 Opening Address
9:409:50 Group photo
9:5040:50 Space Radiation Research Unit
9:50-40:20 Prof. Tom Hei, Columbia University, USA
“Mechanism of High LET Radiationdnduced Mammary Carai
10:2040:50 Yukio Uchihori (NIRS) etal
10:50-41:00 Break
11:0042:00 Radiation Response M odel Unit
11:0041:30 Prof. Anders Brahme, Karolinska Institute, Sveden.
“Why is Radiation Therapy so Curative? Consequences for Light lon Therapy™
11:3042:00 Takeshi M urakami (NIRS) et al
12:0042:30 Special Lecture, Kazuo Sakai, Director, Res. Ct- for Radiation Protection

“Fukushima N uclear Accident: NIRS Responsesand Issues on Radiation Exposure”
12:3043:45 Lunch
13:4545:15 Pariicle Therapy Molecular Target Research Unit
13:4544:15 Prof. Jac Nickoloff, Colorado State University, USA
“Regulators of Replication Checkpoints and Cell Death Pathways®
14:1544:45 Prof. Penny Jeggo, Colorado State University, USA
“Analysis of Closely Localized DNA DSB by HIgh Resolution Microscopy™
14:4545:15 Akira Fujimori (NIRS) etal
15:1545:30 Break
15:3046:30 Particle Beam Q uality Research Unit
15:30416:00 Prof Marco Durante, GS, Germany
“Heavy-on Radiobiology at GSI”
16:00-16:30 Yoshiva Furusawa (NIRS) etal
16:3047:00 General discussion with five distinguished professors
17:00-47:10  Closing Remarks

Qrrax:
International Open Lab Planning Office 043-382-3711 rokayasu@nirs.go.jp.
International Affairs Office 043-206-3025 kokusai@nirs.go.jp
WWW.DIrs.£0.5p.
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