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Literature Review of Clinical Usefulness of Heavy lon Particle as an New Advanced
Cancer Therapy

Choi Sang Gyu

Department of Radiation Oncology, School of Medicine, Dankook University

Abstract Heavy ion particle, represented carbon ion, radiotherapy is currently most advanced radiation therapy technique,
Conventional radiation therapy has made remarkable changes over a relatively short period of time and leading various
developments such as intensity modulated radiation therapy, 4D radiation therapy, image guided radiation therapy, and
high precisional therapy. However, the biological and physical superiority of particle radiation, represented by Bragg peak,
can give the maximum dose to tumor and minimal dose to surrounding normal tissues in the treatment of cancers in var-
ious areas surrounded by radiation-sensitive normal tissues, However, despite these advantages, there are some limitations
and factors to consider, First, there is not enough evidence, such as large-scale randomized, prospective phase III trials,
for the clinical application, Secondly, additional studies are needed to establish a very limited number of treatment facili-
ties, uncertainty about the demand for heavy particle treatment, parallel with convetional radiotherapy or indications. In
addition, Bragg peak of the heavy particles can greatly reduce the dose to the normal tissues front and behind the tumor
compared to the photon or protons. High precision and accuracy are needed for treatment planning and treatment, espe-
cially for lungs or livers with large respiratory movements, Currently, the introduction of the heavy particle therapy device
is in progress, and therefore, it is expected that more research will be active,
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Fig, 1. Bragg peak

Table 1, Comparison of X-rays, Protons, and Heavy lons
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Fig. 2, OER & RBE as a function of LET

Parameter X-rays Protons Carbon lons
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Biological effectiveness
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System cost Low High Highest
Worldwide centers, No, Thousands 55 10

4~ 7| (Oxygen Effect Ratio) 2 UERN T, AR AFE)
ol xl9] =AM (hypoxic cell DO)E 4taefoll A o] A}
XMeF(aerobic cell D)2 Ui O 2 XA1L 2539 7=
TR A A2 1 - 172 A9 kS wHA] o7 of
ol Atk Azt g hxAle] Ao s =& A
=& AvE 7HAA "oHiel, B vaeks 22 54
71 JAF AR O ARE S AR FdAke] Bl B 7]
o5& HRlth FYUA}, 53] g0l e AR
o} AgFo] AA FibilRte] Al AaL wheba] Fgol =
o W7bA] A9 o | RS 7L elA ok
(17]. o] EE3 EHJOR Qlgf| Folo] 53] F/dAtel
Hlgl & o WA W S aakder solal 4 W
Artag o g2 QIR A ' WS S5ste] A= Bl&o] 7}

Sk 4= QJth(Table 1),

N

i
N
It
ofu
i
ol

QRpARAI] Fhel B, ABIA SAKOR Qlstel
8] WpAblel ARt 71k 2] Q3 R 9lol WAy
ofLf 71 MAMIA R F AN A9 Hek S A1
ZABEAE 79 PYEAS Hofer BEshey]

%

S A ERRE

2 ole o2 A
oo BN

FAAL Qbtell AR S AlEE e 53] 4of
<= 8401 7MY 2 FF T shelds2l. $UA A=
FA FL dollA F2 Aol AlRYEIL 9len F
A =ot vzl S, 7R T HY A=
CHFRE 919 ool 2A JFAR AdAo] HALEal Qlrt,

f

fr o2 Ho

o

4n

W Y

M 7IARE A HAl, =3t 5 8A
2 A4 2x)o] WAlE o H9IR 71E X
A=Fe] AR 25 Aldsh=t ofzeo] Qlch
2 Qb AAlo] AYSHE FAFoI ARKTE
AR Jmu ghazo] 2 YA AP A R = 59 &S] =2
P BaSo] gl 1999 519%9] TALE o
A RS AR AtollA] sUAESE 80%, =4l
ol& T3%E 7|9 XAZ o83t A 5olA] Hilkl= 54
&5 25%U Qo) vl FA FFE AE Blvha st
Gtk 2 Ehioleg ol8T FUAKE BT vjS 34
A2l AqtAEo] Huwal gl U39 Mizoe 5-2{18]
3378 9] FNA SMFE TS SR 48,0, 52.8, 57.6,
18]31 60.8 GyE (Gray euivalents)S 4570 AA 16
fractionation 2] 7}Eo]& ZRJAZEE A|YTF I/II UA
AtollA 5 Aol 85.1%, 10 =4A|01& 63,8%.
5 AEE 87.7%, 12]1 108 FEEL 67%S H 15}

=
N
N

oo d

of

jeR
=

oo

Mo
Rl od
o

e]

oft ne
2

Yy
|o

og
. oX

LI

O

%!

b 7)e3e 20199 Al429 A6E 415



Al
on) HeE7 ATolA 60,8 GyE/ 16 £xo] Heh Alspo]  SheAl B3] opy SAFol ACCES BB AT ol
Habgo] Hould HAo) T A& Bol o] HEH B olRAR PAEAY RAgE HassiUA fat
wro At 20141 M Unl 50 (0] 79 M) ARYS FARATE oMY FHFE AubHow e
Bol T HAF BAS PO R o 4 2 3Y,  FAAoIRT B UHMOI RS Holy) 463 oby &
51, )1 109 FAA|of&o] 95.9%, 88%, T1elT 8% AlE TS hom USeRanal sl WA

ol P e HEEE 22t
78.9% & HUFIHA ElAiole X527 A 2AME]
A zol Qblstel Ra-gol Ak RS Witk B
Tt GSI group 2] Schulz—Ertner D 59°][20] F7]#]o]
e S5 % AESE Ak W 5419 SXE TS
= 60 GyE 9 g o] WARIAIRE A3 oA 5
| FAA01E 90%, 58 AYEE 98%S HI15F3LE Koto
T221] 47789 FNA FF RS WAL E 48,0 - 60.8
GyEZ 16 fractionation® 2 o] 7}Eo]L ZX X &
£ Al3gE Aol Al vs0o] sk AL I 917E 4.6 ml ©]
A1 79- grade 2 = 11 oAFQ] k| £4fo] 34.3% 2 4.6
ml ©]5}+9] 15,6% of H]3 FAZ & ou|Qls TES 1
STk Walo] ZAHSIS] ATl g A

96.1%, 96.1%, 1)1l

ERLE

of 1}
ofsl PAAH L} B0l
= qn

grre 2xssos
2 o AL ol Aok

oFFA9(Adenoid Cystic Carcinoma; ACC) 5]
. Mizoe -5°][22] Thefs A e & 714 2361
oF SRS o R g o] TEXRE AlFRt ¢
Fo] et Ao

E

=

SR 16 fx& % 57.6 GyE 9] BhA o] v}t
ZAFSATE 22 el whE 51 waA|
A 61%(n=12), A% 73%(n=27), M =
& HPAT|SF 17%, A9t 56%,
M B 35%, ACC 68%, 9% 36%2 RoH grade
g TR BAEL 6%, HAUES 1092 et 34|
5

o} grade 3 ©]A+Y]

f 8

F(57.6 = 64.0 GyE / 16 fx) S -8 2 &3 NIRS)
FHATolA[23] 3 HaAelE, 39 Tl AEE,
21 3 AWEE-S 717} 81.1%, 37.6%, 65.3%% Kol 1=
SHIFSE 280 2715 Relvka B skt E3t AEFA
14 91791 COSMIC trialS SXHEA =AY 4%
e BAES Ao R IMRTS} BHao]2%)
A1} 82%2] 3| wAaAol&} 78%2] 3 A&

=
L7171k 26, 1719, =4 FXI3 A
grade 30]4k2] H71FF 4 22t

© 0.9%, 15} Lek(grade 3) 1.3%,
(grade 3) 0.4%, Aol (grade 3) 0.4%5 HY
Ty §ARgo® S5AA YAiKHgrade 4) 0.8%, A4l
Arofl(grade 4) 1,.6%, =1 AHgrade 3) 0.8%, “18]il 7

vt (grade 4) 0.8% o2 LEPFOn thsf 4
2HFY} ACC U2, APALZO] 51 GyE o]
el A AR RSt QAR 7o) 1244
= FAACR AuA FaAEEe] RS
A A FARlA gHahol g o] 83 AL
ik argol A9 glol AkAe)

A gAbsol Al 144 Fersleta

A< L [e] o] A
T Q= F2 ok £

1=
© 2 off o

S
it

o]

Juls

A =7}

K
1=
)

EEREES

o]

H| 2t

H,
12
1o
u)

i
M

i
flo
B
N
e

—

1%
>
it
o

:
FN
iﬂ
b

N
=

o]
0%, 50% WIS Hol=
k9] o] Aol 2004 11,663 9] HlAA|ZA 17] B
A= tArOe R 3t Sawabata 52J[25] Japanese lung

cancer registry A olAE EF AAE AldeE B

riN
o
flo

9o ox
rr
4,
i
RO
2

416 Journal of Radiological Science and Technology 42(6), 2019



A oF AmeA FURA RO

IA, IB $4}=2] 5 AE&S 717} 82,0%2} 66.8% H.lch
3 Baska Qlek, ey sA A7 o FAY A
Fas ARk A AR ETE dijte] F 4 Q=T
HEHQ] ik AR 9] AJHS ol Ha) WS o]
L FZols A 28 AR RR ZAE AT AR
(Stereotactic body radiotherapy; SBRT)U AR} HFARA
ARE A7 AL Folele A7t AlGEL Stk 27]
MM EA 9] SBRT A2 AHE 213 T4 Z Ao
o] oF 67-95% Ho|m] TjF-ho] HAMIA R FR %
1pg.o] WAINIEL 5% DjRko 2 Uehta QIeh2el, 44
ARl A WIGINE 2EH BAERT o Fol 4
= Hlow 7]E2] SBRT} H|Sg 80 - 90%2] =4 F%F
Alof&at W W= o] BARE-S Holal glov; FA|¢jo] =2
o sflof o] 2w} AL B4 AR Aoy
A2 A wek g Fol7 Bastel ob the Heie] gl
Hsf] A-t7F WA ool A wERE Ao A= 7] ARt
WAMIA L SBRT 53} wliste] A 24%lo] 2 o7}
fle Wor g% Hroh g diqfk A4 A7 gast
o271,
%2 LETE 71 ek o2 BelH, AEety S
NE WAL ELE SBRT T1e)31 QR Rl s & ¢
1= Ad&o] 7|Eu} tiite] HuEe- V]2 A=
A& Holal Ql=d| Iwata 5-2[28] stge I H]
sgrom gkl 23wo] BAE thakom shiol
X & 52.8 GyE / 4 fx2 A3 23}, 3 =4 &
A& 86%, 3¢ XY=L 86%S H Il grade 3 &2 1
2R BARE-S ISItkal Balskglal Fujii 52
[29] 4179] 27| vlaAl2 HY S-S th S 2 52.8
- 70,2 GyE/ 4- 26 £x©] EH: 0|2 PAHAEES A|P5}o]
39 A& T Alol& 8%, 39 HEE 76%5 HIL
grade 3 o141e] WAMIHTS 290] TRl A4 Als}d
o] 7jze) A Rofe] A WS Ea ARAY
o] Zpo|7b ¢lE-2 B8ttt Myamoto 5-2[30] 5089
T1,T2 SRS tht 2= 72 GyE/ 9fx @] §has o] WPAMIA]
25 Ag¥sto] 59 w4 T Alols 94.7%, 5 AEE
50.0%5 HA3L, 2% A4 grade 201/39] ¥ Ha KAtk
3 B3I} Grutters 5-2{31] stage I H|AA|EA] HF
S difo R URt WAMAAR, SBRT, A=, 1
2]al Bhas o] WYAMAR B E I HERRA dA4E AlFY
slo] 1) A& WPRof| Wk 2, 51 AEEo] YRt HAMAA|R
53%, 19%, SBRT ; 70%, 42%, FIAIA 2 ; 61%, 40%, L
2)al B4 o] WAMIA| R T4%, 42% o, 2) ¥k
AR RO) A BELS SBRT, PYAHR, T o]

f

o rlo B 1o dN no
o Z g (o =
XSy

O_>I: 4
o =

©
>
©
i
4
"

AR 2o vl SAH o2 SJu|glA| Wkal, 3) SBRT,
QAR &, T1E]aL Aol HIAMAX| O] 2| 5 AEE
FAHCE ou|Ql= Apol7t o™, 4) grade 304
Pt §2R8-2 WE 7oA EEA WAE o 4
o}, olF ATES T & o 27| vl
chh o] & WAMAREE F o W2 IES
7F i B3] & AdE ES
= Zlo] arEr
AP HoE o, FUIEaW, 19
o] FFA|®oH, ad AA7F E7F3 4
S8 FA| FASS-PAAA B E Alste] 2
| AYEE 50-60%S EQITH32, 33]. T1efut Fetelet-
AR B AR HE, e 9, 2571 Ast 5 A2
|2 FARE-S Yer| & sto] 58] Al A7t
SHAY w=Q159] Aol tiro R HAA R T
Holuh T Fetststa ¥ 52 Algsh| & ot A&7 4
& EFoleh34], YA AR EZ} 717 Befoin) A
A A7EQ FAE FET & U AR 7|t
IMRT®} B gt A2 mol ek 24 AollA] grade 3
o]/e] Al Al WA #HF WS- IMRT7} 44%%} 9%
Qlell s PR "= 242 5%} 3= W2 HIEE HYl
ouw[35], & ThE 24 AFollMe FEsta iyt At
A 75 H83 A7 Avg wasieled 29 AANEES
57%$al, 3% olAke] 2| gy Hzhe-o gloitH36]. 64
O] TS o= thaol 2 WA 25 Al Karube
SO T AfollA= 29 4 TFA1E 81.8%, HA|
RYEEL 62,2031 3% o]Fo] A 7ehy FAE-S vt
A eForom[37], 14174 9] SRS e R i 430 4
A 54,0 to 76,0 GyE/12-16 fx2] ElAole HAMAARE
Al3%t Hayashig®] Atolld 2@ =4 % Aols
80.3%, 2 X138 AYEE 40.2%, 181l 2 HAYEE
= 58.7%5 HYAL 3% o)4o] WA ES 3.5%00A4

og

L rlo
o é o e
P JAN
2
o2t
)
re
41

g
2:_1-1_102:.02:1:1
iz bofo
N
hUlO SL‘F
o[HHUN

NS

= olo
Ogl‘_'.oN
filo

o

o

ol

o

ne
rU.'.
)

o i o of
N =

M gt
E

& ko

A2

A%
RO

B>
N
o

HE|9leS Wushgiciss). thy A7k 2ol el AR
& Q7]ol obx] RESIT F71A0l thee) @ Ak 3
clo] WaskA 7| EA R ]3] Al ke A AT
We ARVA PGS Mol Y& Mol ek

4, F|E4

AP AV 37k Bap groz 2
HA st A97F 205 Weloln] 4%
o A9 510 AERE 5% nletolth, FAAIS W]
3 44 Foll AR RS ZTslAL FA] Shetaera
3} o] WA RS Aska glout s

N

r
1
i
r
r
o
hu
X

b 7)e3E 20199 Al429 A6E 417



Al

22 Q7| ofdck WY Fle Nolxm %, A% AZRE PAMIAE BOR O ARYHOE Holu

5 Sl R 710l SlolAl BERE A SOV} o, ok Il SR ol SRIAE IRAAE
21 g0} 54 94 PAAAE Aol 711—44% Fgol o FHL /NG 4 Ubvl RIOG 95099] AT(4]
o, WA 7R 359 %—41% PR hoE S 4 Y TIST2NOMOS| 7] A B 30332 thARO R 50,4
Qreleta a2 270 25 GyE/ 56xo] FHANES W Gy/28tx YAXPPAINE F PPN 2E B2
3} Hong 5] °4€L<>11A1[39] 2 AL 16.2%, DA 19.8 GyE/ 11 fx F7FRABRs 73} A1kl 28,8 GyE /
o1% 72,9% , M FYBE 7S IALOIUT, A 165 FISHE LOE thpo] A7) A AUE W1
BRsa S A 199 B2 oR TNARA  sidid] 109 Yetebn Asigo] EEMFTN 82,4,
of A QLIS 59.4 GyB/ 18 Gy fractionation AL 16,792 FAHOE oJujglis Mol S WY
of A NS MU Sachsman T 24 AFANE  OLf 3 ol4e] Hlues] A2} Adh|A HALE-L 1A

29 AANEE 81%, 24 T4 LAY YEE 69%, Tel1
1.4 71409 BP0 Bshon] 2 olggel A
43P 52482 940

22739 AAZFsR AAABAE hFO2 44 4 38,4
GyE/ 16x9] B0l & WA A 28 |33t Okada’5e] %
TolM[41] 1A FHAFYF AolE 1007, 24 FaA|ofe
sl 21 o] U AT 2 1A B

o 37% AL olEYE Bl od AELL 24%AT)
4] Boheet 1ol BT o R o ShATo:
3%0| A 48 GyE/ 12fx 9] EtAo]| &R E A3 Ak
S St 19 F2FF AolE 81%, 19 AEES
44950}, 2670) HA| 53 BAE O B E ThE
Aol =l42] 250 L 36.8 GyB/ 8ix0] % A ¥
ol WAHARE AW 2-47 Foll 21| el

.

A 22 DA 7Rs8E A A AR ¢lglom 51 A
280 5002 RAvta Ryl £3k 721 0] SRS giak

o= 3}t t}7| 72l J-CROS 1403 (Jpan Carbon—ion
Radiation Oncology) HTtoflA=[43] ZAgtA o2 T3]
o 213 He RS e R 52.8 GyE/12fx E
55,9 GyR/ 12fx0] Bhio] e HLAPH ] 2o} fiRE shob

slela e WIst 2 82E Algst Ayt 149 X%xﬂxﬂ
73%, 2 AAYEZE 46%, 183l FYE7|7HS 21,5 7H
d= vepgch B A9 BAE gANE daE A
= T8 K 719 AmHof vl Hojke Ty AEE
9] F745 ®el Aow AziEr)
5, MEMY

Z| g Eo] Wol F7IstAL Yl dre' o] AHE
of e} HApAer WAMIX RS thito] i Q=T
&, FUseta], 19l SRR} tlEo] REXER
T 22 o R ARSI glok, YAl sfeh
O & QI W, A, e Aol ldsialo

2 yeh 22 299} 1%0] AN =S Belrhal skl
a1, 911 el Al APAY IRE titez 74-75
GyEQ] 42 Q1 FAX = AL Aol =45] 51 Ay
3}5hA ke 18%, 2%9] vl An|gh vwr]Alel A5}
7|A FA82 217} 5.4%9% 3.5%2] WAYES Wl Zlow
e} 7|29 M4l tHEx] 82U FxpA AR et 2=

7t AR RE A AT 5ol vl Frl S5 AR
AL Hol= Aog /\gﬂE]\:} 1517 9] =4 APAet 3
g o o E o2 A7l g o) HAT=(46]

74 GyE / 37 fx °WZ}E¥%X1E§ Alegste] 35 o] 4

7% A8 glolen, 2= AL 77 bikrlA
4.1%, 23717 2.0%9] WAE&S Bt 13759 A=

Ao E 74 GyE /37 fx9] A EE A3t Takaki
9] Aol A[47] 59 ABSFHA] AdE-2- A1 to] 1%,
Fo = o] 9%, ILFT] 17%RAL 3% o]4Fe] Kzt
|glo]l 2% Hl7|A|, A3|A FzRgo]l Z7E 2,0%9%
3.9%% HSrt,

2,15778 9] 3= thAFC R 51.6-66 GyE / 12 — 20 fx9]
EHAo| & WA 5E 8%t J-CROS (Japan Carbon—ion
Radiation Oncology) T}7]3 H3F2] Lo A|[48] 518 AY
S AR A do] 8%, ZSE o] 11%, i
{JFto] 8%, 3k o]4fe] Hakgglo] 25k H|w7|A|, &
31714 H2rgo] ZH2) 4. 6%%} 0.4%5 HPaL, 9279] 3t
A= O 2 57,666 GyE / 16 — 20 fx9] Aol HEA}
AN EE AP Atox=[49] 51 AAsFshA A2 A
To] 10%, F5%= ATl 3%, ATl 12933,
3% o] FAREGlo] 2k MY A, &3] A FARGO|
217+ 6,3%2} 1,.9%5 Hlvkal skt 7679 SR
gJALO 2 57 6 GyE/ 16fx2] BhAhol e BRAAX 2E A3t
S50] ATLo|A=[50] 2% H|k7 4|, AF7|A H
2hg-o] 217} 6.6%2t 1.3%5 H3oH, 3% o]/fo] FAE-

Ishkawa

o PR orTL 4 AslEHE ALLE 5 495 BTt
T RIS A i olg et Axtx o) AT

418 Journal of Radiological Science and Technology 42(6), 2019



A oF AmeA FURA RO

S| BB ST YH PHIANLE A9Y ST
EREEER R

e HefjTuja 2 1’41%51% ‘JXP**PJ | 7HAAL = A

Zota, Belotd UL WA Wt AaegoR
Sejiolol ThRRE F9lolA WA orel M=ol Yol

FPolls 21| HFS F 5 9Uu T PPRZE H
so] Alapar 2AbE) Sk AN RO FHA B

7V T 4 G ARl et olefet Ao

5 FUAHRE P Aol mefsiord a4
So) qli=v] A, ob&7b FUANRL] YAFE 2§ of
o ot SAS), AR 34k QA Aok g A7
FE5H) ok B4, B =4 Aol AT e Al o)
o] ARA M FYAH R That 0.0] BIA, 71
AR EOLY] W El B Yol et F71H)
A7} Washch wat 2olxpo] Hej1u]3 olul HiAbAl
olLt GpAIR}ol] H]sh F] ok TG PR o] RAPE
HaFe 37 29 5 U o] YAR FUxe] F3t 2
oF A o ZT A FYFMO] B3| Wt H9le] 71
of WA R ulaf sk 23 Hek A2k

3t FAkgol
A 7] diell A7 Agolu A=A =2 JUEet
Ashe 7} mgé}tﬁ E3] 3350 %&‘%101 % i 7ke] 7

References

[1] Choi SG. Recent advances in radiotherapy. Korean
J Clin Geri, 2008;9(2):218—24.

(2]

(3]

(4]

(6]

[9]

[10]

[11]

[12]

[13]

[14]

Wilson RR, Radiological use of fast protons,
Radiology, 1946;47:487-91,

Allen C, Borak TB, Tsujii H, Nickoloff JA, Heavy
charged particle radiobiology: Using enhanced bio—
logical effectiveness and improved beam focusing
to advance cancer therapy, Mutat Res, 2011;711:150-7.
Jereczek—Fossa BA, Krengli M, Orecchia R, Particle
beam radiotherapy for head and neck tumors:
Radiobiological basis and clinical experience, Head
Neck. 2006;28:750-60.,

Jermann M, Particle therapy statistics in 2014, Int
J Part Ther, 2015;2:50-4,

Particle Therapy Patient Statistics (per end of 2015),
Available online: https://www,ptcog.ch/archive/
patient_statistics/Patientstatistics—updateDec
2015, pdf (accessed on 27 March 2017).

Johns HE, Cunningham JR, The interaction of inoiz—
ing radiation with matter, In: Johns HE, Cunningham
JR. The physics of radiology. 4th ed, Springfield:
Charles C Thomas Publisher, 1983:133—66,

Lutz W, Radiation physics for radiosurgery. In:
Alexander E III, Loeffler JS, Lunsford LD, ed,
Stereotactic radiosurgery. 1st ed, New York:
McGrawHill, 1993:7-15,

Mohan R, Grosshans D, Proton therapy—Present
and future, Adv Drug Deliv Rev, 2017;109:26-44,
Bragg W, On the ionization of various gases by the
alpha particles of radium, Proc Phys Soc Lond,
1907;523-50,

De Laney T. Proton and Charged Particle
Radiotherapy. Lippincott, Williams and Wilkins:
Philidephia, PA, USA, 2007,

Lomax AJ, Charged particle therapy: The physics
of interaction, Cancer J, 2009;15(4):285-91, doi:
10,1097/PPO, 0b013e3181afbcc,

Uzawa A, Ando K, Koike S, Furusawa Y, Matsumoto
Y, Takai N, et al, Comparison of biological effec—
tiveness of carbon—ion beams in Japan and
Germany, Int J Radiat Oncol Biol Phys, 2009;73:
1545-51.

Mohan R, Grosshans D, Proton therapy—Present and
future, Adv Drug Deliv Rev, 2017 Jan 15;109:26—44
doi: 10,1016/j.addr,2016,11,006, Epub 2016 Dec 3,

b 7)e3e 20199 Al429 A6E 419



[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

420

Weyrather WK, Debus J, Particle beams for cancer
therapy. Clin Oncol (R Coll Radiol), 2003;15(1):
S23-8,

Hall E, Giaccia A, Radiobiology for the radiologist.
Lippincott Williams & Wilkins: Philadelphia, PA,
USA, 2012,

Weber U, Kraft G, Comparison of carbon ions
Versus Protons, Cancer J. 2009;15(4):325—32. doi:
10,1097/PPO, 0b013e3181b01935,

Schulz—Ertner D, Nikoghosyan A, Hof H, Didinger
B, Combs SE, J kel O, et al, Carbon ion radio—
therapy of skull base chondrosarcomas, Int J
Radiat Oncol Biol Phys, 2007;67:171-7,

Mizoe JE, Hasegawa A, Jingu K, Takagi R, Bessyo
H, Morikawa T, et al, Results of carbon ion radio—
therapy for head and neck cancer, Radiother Oncol,
2012;103:32-7,

Yanagi T, Mizoe J, Hasegawa A, Takagi R, Bessho H,
Onda T, et al, Mucosal malignant melanoma of the
head and necktreated by carbon ion radiotherapy,
Int J Radiat Oncol Biol Phys, 2009;74:15—20,
Mizoe J, Hasegawa A, Takaki R, Bessho H, Onda
T, Tsujii H, Carcon ion radiotherapy for skull base
chordoma, Skull Base, 2009;19:219-24,

Uhl M, Mattke M, Welzel T, Roeder F, Oelmann
J, Habl G, et al, Highly effective treatment of skull
base chordoma with carbon ion irradiation using
a raster scan technique in 155 patients: First
long—term results, Cancer, 2014 Nov 1;120(21):
3410—7. doi: 10,1002/cner, 28877, Epub 2014 Jun 19,
Koto M, Hasegawa A, Takagi R, Fujikawa A,
Morikawa T, Kishimoto R, et al, Risk factors for
brain injury after carbon ion radiotherapy for skull
base tumors, Radiother Oncol, 2014 Apr;111(1):
25-9. doi: 10,1016/j.radonc,2013,11,005, Epub 2013
Dec 11,

Held T, Windisch P, Akbaba S, Lang K, El Shafie
R, Bernhardt D, et al, Carbon ion reirradiation for
recurrent head and neck cancer: A Single—institu—
tional experience, Int J Radiat Oncol Biol Phys,
2019 Jul 23, pii: S0360—-3016(19)33504—7, doi:
10,1016/j.1ijrobp.2019.07.021, [Epub ahead of print]
Sawabata N, Miyaoka E, Asamura H, Nakanishi Y,

[26]

[27]

(28]

[29]

[30]

[31]

[32]

Eguchi K, Mori M, et al, Japanese lung cancer reg—
istry study of 11,663 surgical cases in 2004: demo—
graphic and prognosis changes over decade, J
Thorac Oncol, 2011;6: 1229-1235, doi: 10,1097/
JTO,0b013e318219aae2

Widesott L, Amichetti M, Schwarz M, Proton ther—
apy in lung cancer: Clinical outcomes and technical
issues, A systematic review, Radiother Oncol, 2008
Feb;86(2):154—64, doi: 10,1016/j, radonc, 2008,01,003,
Epub 2008 Jan 31,
Allen AM, Pawlicki T, Dong L, Fourkal E,
Buyyounouski M, Cengel K, et al., An evidence
based review of proton beam therapy: The report
of ASTRO's emerging technology committee,
Radiother Oncol, 2012 Apr;103(1):8—11, doi: 10,1016/
j.radonc,2012,02,001, Epub 2012 Mar 9.

Iwata H, Murakami M, Demizu Y, Miyawaki D,
Terashima K, Niwa Y, et al, High—dose proto—
ntherapy and carbon—ion therapy for stage I non—
small cell lungcancer, Cancer, 2010;116(10):2476-
89.

Fuyjii O, Demizu Y, Hashimoto N, Araya M, Takagi
M, Terashima K, et al, A retrospective comparison
of proton therapy and carbon ion therapy for stagel
non—small cell lung cancer, Radiotherapy and
Oncology. 2013;109(1):32-7.

Miyamoto T, Baba M, Yamamoto N, Koto M,
Sugawara T, Yashiro T, et al, Curative treatmentof
Stage I non—small—cell lung cancer with carbon
ion beamsusing a hypofractionated regimen, Int
J Radiat Oncol Biol Phys, 2007 Mar 1;67(3):750—8,
Grutters JP, Kessels AG, Pijls—Johannesma M, De
Ruysscher D, Joore MA, Lambin P, Comparison
ofthe effectiveness of radiotherapy with photons,
protons andcarbon—ions for non—small cell lung
cancer. A meta—analysis, Radiotherapy and Oncology.
2010;95(1):32-40,

Segawa Y, Kiura K, Takigawa N, Kamei H, Harita
S, Hiraki S, et al, Phase III trial comparing doce—
taxel and cisplatin combination chemotherapy with
mitomy—cin, vindesine, and cisplatin combination
chemotherapy with con—current thoracic radio—

therapy in locally advanced non—small—cell lung

Journal of Radiological Science and Technology 42(6), 2019



A oF AmeA FURA RO

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

cancer: OLCSG 0007, J Clin Oncol, 2010;28(20):
3299-306,

Bradley JD, Paulus R, Komaki R, Masters G,
Blumenschein G, Schild S, et al, Standard—dose
versus high—dose conformal radiotherapy with
concurrent and consoli—dation carboplatin plus
paclitaxel with or without cetuximab for patients
with stage IITA or IIIB non—small—cell lung cancer
(RTOG 0617): A randomised, two—by—two factorial
p. Lancet Oncol, 2015;16(2):187—99.

Atagi S, Kawahara M, Yokoyama A, Okamoto H,
Yamamoto N, Ohe Y, et al, Thoracic radiotherapy
with or without daily low—dose carboplatin in eld—
erly patients with non—small—cell lung cancer: A
randomised, controlled, phase 3 trial by the Japan
Clinical Oncology Group (JCOG0301).
Oncol, 2012;13(7):671-8,

Sejpal S, Komaki R, Tsao A, Chang JY, Liao Z,

Lancet

Wei X, et al, Early findings on toxicity of proton
beam therapy with concurrent chemotherapy for
nonsmall cell lung cancer, Cancer, 2011;117(13):
3004-13, doi: 10,1002/cncr, 25848

Vyfhuis MAL, Onyeuku N, Diwanji T, Mossahebi
S, Amin NP, Badiyan SN, et al, Advances in proton
therapy in lung cancer, Ther Adv Respir Dis, 2018,
doi: 10,1177/1753466618783878

Karube M, Yamamoto N, Shioyama Y, Saito J,
Matsunobu A, Okimoto T, et al. Carbon—ion radio—
ther—apy for patients with advanced stage non-
small—cell lung cancer at multicenters, J Radiat
Res, 2017;58(5):761—4,

Hayashi K, Yamamoto N, Nakajima M, Nomoto A,
Tsuji H, Ogawa K| et al, Clinical outcomes of carbon—ion
radiotherapy for locally advanced non—small—cell
lung cancer, Cancer Sci, 2019 Feb;110(2):734—41,
doi: 10,1111/cas. 13890, Epub 2019 Jan 8,

Hong TS, Ryan DP, Blaszkowsky LS, Mamon HJ,
Kwak EL, Mino—Kenudson M, et al, Phase I study
of preoperative short—course chemoradiation with
proton beam therapy and capecitabine for resect—
able pancreatic ductal adenocarcinoma of the head,
Int J Radiat Oncol Biol Phys, 2011;79:151-7,
Sachsman S, Nichols RC, Morris CG, Zaiden R,

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Johnson EA, Awd 7, et al, Proton therapy and con—
comitant capecitabine for nonmetastatic unresectable
pancreatic adenocarcinoma, Int J Particle Ther,
2014;1:692-701,

Okada T, Kamada T, Tsuji H, Mizoe JE, Baba M,
Kato S, et al, Carbon ion radiotherapy: Clinical
experiences at National Institute of Radiological
Science (NIRS). J Radiat Res, 2010;51:355—64.
Shinoto M, Yamada S, Yasuda S, Imada H,
Shioyama Y, Honda H, et al, Phase 1 trial of pre—
operative, short—course carbon—ion radiotherapy
for patients with resectable pancreatic cancer,
Cancer, 2013;119:45-51,

Kawashiro S, Yamada S, Okamoto M, Ohno T,
Nakano T, Shinoto M, et al, Multi—institutional
study of carbon—ion radiotherapy for locally ad—
vanced pancreatic cancer:
Radiation Oncology Study Group (J-CROS) Study
1403 Pancreas, Int J Radiat Oncol Biol Phys, 2018
Aug 1;101(5):1212—-21, doi: 10,1016/j.ijrobp, 2018,
04,057, Epub 2018 May 1,

Zietman AL, Bae K, Slater JD, Shipley WU,
Efstathiou JA, Coen JJ, et al, Randomized trial

Japan Carbon—ion

comparing conventional—dose with high—dose
conformal radiation therapy in early—stage ad—
enocarcinoma of the prostate: Long—term results
from proton radiation oncology group/american
college of radiology 95—09, JAMA, 2010;303:1046-
53,

Schulte RW, Slater JD, Rossi Jr CJ, Slater JM,
Value and perspectives of proton radiation therapy
for limited stage prostate cancer, Strahlenther
Onkol, 2000;176:3-8,

Nihei K, Ogino T, Onozawa M, Murayama S, Fuji
H, Murakami M, et al, Multi—institutional phase
II study of proton beam therapy for organ—confined
prostate cancer focusing on the incidence of late
rectal toxicities, Int J Radiat Oncol Biol Phys,
2011,81:390-6,

Takagi M, Demizu Y, Terashima K, Fujii O, Jin
D, Niwa Y, et al., Long—term outcomes in patients
treated with proton therapy for localized prostate
cancer, Cancer Med, 2017;6:2234-43,

b 7)e3e 20199 A)429 A6E 421



[48] Nomiya T, Tsuji H, Kawamura H, et al, A multi—in— Ito K, Matsui H, et al, Carbon—ion Radiotherapy

stitutional analysis of prospective studies of car—
bon ion radiotherapy for prostate cancer: A report
from the Japan Carbon ion Radiation Oncology
Study Group (J—CROS). Radiother Oncol, 2016;121:
288-93.

for Prostate Cancer: Analysis ofMorbidities and
Change in Health—related Quality of Life, Anticancer
Research, 2015;35:5559—66.

Song GS, Bae JR, Kim JG, A comparison for treat—

ment planning of tomotherapy and proton therapy

[49] Ishikawa H, Tsuji H, Kamada T, Akakura K, Suzuki in prostate cancer, Journal of Radiological Science
H, Shimazaki J, et al, Carbon—ion radiation ther— and Technology, 2013;36(1):31-8,
apy for prostate cancer, Int J Urol, 2012;19:296- [52] Kim JS, Kim JK, Exposure dose of DIPS in proton
305, therapy for pediatric cancer patients, Journal of

[50] Ishikawa H, Katoh H, Kaminuma T, Kawamura H, Radiological Science and Technology. 2011;34(1):59—64,

22 e A x|
o 2AT CHECistm olniehE! My

422 Journal of Radiological Science and Technology 42(6), 2019



