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Malignant Tumor
(3) Current Status of High Precision Radiotherapy

Yaichiro HASHIMOTO, Teiji NISHIO and Kumiko KARASAWA
Department of Radiation Oncology, School of Medicine, Tokyo Women’s Medical University

In recent years, technological innovations in radiotherapy have been remarkable, thanks to progress in com-
puter technology and therapeutic equipment, and various high precision radiotherapy have been established.

Intensity-modulated radiation therapy (IMRT) can conduct complicated dose calculations by computer con-
trol and inverse planning and allows sufficient target dose applications while keeping the risk organs within the
tolerance dose. Volumetric-modulated arc therapy (VMAT) is an irradiation technique that adds intensity-
modulation to conformal radiotherapy, which shortens the treatment time. Image-guided radiotherapy (IGRT) is
an irradiation technique that reproduces the irradiation position, which is determined by the treatment plan, by
three-dimensional measurements.

Particle therapy is a form of high-precision radiotherapy that uses protons and heavy-particles (carbon-ion),
which are obtained from large accelerators, such as cyclotrons and synchrotrons. Since the particle does not ad-
vance beyond a certain depth, called Bragg peak, it is possible to concentrate the dose onto the lesion. Particle
therapy has the advantage of providing a low radiation dose to risk organs; thus, the risk of adverse events is low.

High-precision radiotherapy is expected to improve treatment outcomes and reduce side effects.

Key Words: intensity-modulated radiation therapy IMRT), volumetric-modulated arc therapy (VMAT), image-
guided radiotherapy (IGRT), particle therapy
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1. BELHEKEEAAE (intensity-modulated ra-
diation therapy : IMRT)

1) IMRT &1

IMRT &, 1990 FFACICHCR THER S Nz A
F— X MU X 2 EHERBEEO VLD TH Y,
PR DG TH B 3K ICFEARIEGT (three-
dimensional radiation therapy : 3D-CRT) 75 5RE
L7206 HEAT TH 5. ARFBTIE, 2006 451256 HE R HF
ELCARRREN, 2008 412 [ R eI 55 |, [ e SH A
HESS |, [0 SR BEES 10> 3 BT O 35 12k L C AR £
BB 2 o 72, 2O, 2009 FFICEHEREHE L LT
R 5, 2010 4E 4 A 2> S [ RIBYE O B EN: RS |
2 U BEBRABRE IS 70 o 72, 2017 4EBE ST, 42
D #y 260 fi i (2 B\ TRIRZHEIZ X 5 IMRT 2%
EESIN TS,

IMRT # 8 #7454 2" Cid, IMRT D%
& T A7 lEan S a2 B~ O BRR 1 7 B
BT, 2RI - RIS A A i L 7o R
MM L, MHAREHRETEIZTY A 7 fsds % 8T 7%
MOEEIEIR E —B L 7zl Ze 3 WOTHk R 5 & 1
B LIRS AL L3 Twa.

IMRT &, (ERDBFFGHICKRE AL E b 72
5 L7z 3D-CRT T LR o72Y R 7 fisids %
WEVT 22 8 O JEB I RIG MR 2 % 5975 2 L ST HELC
7o -7z, IMRT OHEHAMIE, HHEEHH%EE 0 ol
LB oS ELE, £ (xVvF)—7aY
A — % multi-leaf collimator : MLC, Fig. 1) Dk

Fig. 1 A multileaf collimator (MLC)
The MLC contains a large number of highly absorbent
tungsten leaves that can be positioned individually to
create field openings with complex shapes. (Photo is

courtesy of Varian Medical Systems).
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2) IHPEETHEEE O Hed  LEUl O = AL

PER DI TIX, O EOORETFNICH S
MESMIY—TH D LR E S/ 3D-
CRT Tid#maFli s (ICRU ##m?) 2ikEL, %
DOFEHE R 2l & U7z [ALOH B S B 2 i L 72
M OEF SIS b7 OR 2 3E s
5. TORK, KHPOMEZLIT L, BESA X
VR L7212, WOk EAS - 2Em i 2 g5 %
EEZAT > Tz TR OGS HRRGHEET I %
NEJ7 5T (forward planning) & FEA.

Zhucxtl, IMRT Tlida vy Ea—5ifl#lic ks
7 M EN (inverse planning, Fig. 2) & FHEI 5
AT 2479 . IMRT {#ETIIC 351 iR b HE %
A, HRETISHEROE & ME RIS X A ME A e
A b 7 F & (dose-volume histogram : DVH) % flw»
%52 & THb. IMRT Tld DVH & H v 7z @ 0 )7
CRLEEDHEIR SN TV AT, —EYICEER D 95 %%
RIS S B it (Des) B L < 1d 50 %7EAE 2SS
ENDHE (Dsy=Dineain) ZRREE L, &Y A7
g s DR & 72 ) OFFE T HE 2 i 2 f A & 9
L. PERRER SN T2 X 7 e O KD
LHHOMEIZE D PIE SN, TOFMEDEELEAMK
W72, BTAEER O 2 %A RS XD KR
(D26= Ducarma) % 7LEKT 2 S E IR E N TS, MK

W O/N S OB RS Z £, HERME ) KR
EOEETHLENH L. NS OMERE L H=

% & 5 COBHRETHEEE IR T 52 LT,

3D-CRT IMRT

Fig. 2 Left, Forward planning of 3D-CRT; Right, In-
verse planning of IMRT
Forward planning: The dose in each irradiation field
shows a uniform distribution. Inverse planning: The
dose in each irradiation field shows an intensity
modulated distribution, which can make concave
outlines, such as seen in the rectum. (This figure is
courtesy of Yuichiro NARITA at Aomori Shintoshi
Hospital).



Fig. 3 VMAT plan for prostate cancer
This figure shows a typical prostate VMAT plan, which would be impossible to achieve
with conventional uniform beams. The machine continuously reshapes and changes the in-

tensity of the radiation beam, as it moves around the body. The height of the bar graph on
the circumference shows the intensity of the radiation.
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A6 A7 il 2 AR ENICB S 25 2 Lh5
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FRICEDETHREDMZER L TS ND. R
DGR ET & 13 F J WO R TH - 72,

3) MLC 55 D5 BEZ2 i o D e A

EHHY) =7 v 7 (EHRNEE) ORSTIII,
MLC & WHEN % ERREESRE SN TS, MLC
Za o —FHlETE S LR TH D, MG
2B ORIERL, U A7~ % b
TR EAT) CENTE S,

MLC # W72 IMRT 1213 K& 220D HENDH
5. BEOBHTORRKREMAGDE AT S
[step-and-shoot #: ] &, MLC % #f i IC BB S8 7%
H35 B L MLC @ BABCIRIRR & 2 oD IR ] C ot o 0 2
T 5 [slicing window %] TH 5. HialEX
FREATIRE I MLC 251k L T\ 5 72 @ [static MLC
B, %#EIE MLC 28w Tw 5 72®[ dynamic MLC
P LTINS,

IS DOEAI XY [F— PN OB O i %
i B 2 & THEROAMVERIGT X 0 A < $E A
DERZHET DI ENTHETH L. L THEIT
Epo MBOMENAHURRICR D, ke L

TR CBEDAAIMERTE LX) 1% -
7.

2. MEZHMOE KSR A E (volumetric-
modulated arc therapy : VMAT)

VMAT X IMRT OJGHMTH b, KRFTHEHRAT
b T 7 g JFARIR G RS SR OFRRE %2 I 2. 72
EHETH B, L72ds> T, VMAT I3EF%D IMRT
THhb. 5FTOIMRT &, FEL MBS & FFIER
H O H LOPDd O TR G D FEED S G %
fioTwiz, —J) T, VMAT &, EMBINHEE O nlfx
M L E R AL S, MR L 2SS REAR A
179 28T, X0 B#ERETAKOVERAHE &
0, EHIEH OB O XL Z EHEK S X H I
%o 7z Fig. 313, BiZBE IS % VMAT @ 1
BITH Y, K25 OBFHOBE 2T T 7T
ALTWw5%. Fig 413, FEEVERREM %I LT,
VMAT % H\ TR 5 7% % 5 Ot 2 B3
% [a] BE B8 45 38 0 M % (simultaneous integrated
boost : SIB) @ 1 B TH 5. R 60 Gy/30
fx OFS, JFIE IR 50 Gy/30fx @ HG % [ IR 12
To T b, KGR OGN R e, e AR
(planning target volume : PTV)® D5 TH 5. £
2 7 g Ol % Table 1 12K,



SIB

PTV_60 Gy, 60 Gy/30fx
PTV_50 Gy, 50 Gy/30fx

Fig. 4 VMAT plan for postoperative brain tumor
This patient is treated with a simultaneous integrated boost using VMAT. VMAT of 60
Gy/30 fx to the tumor bed area and 50 Gy/30 fx to the edematous area are simultaneously
applied. The dark purple color indicates the tumor bed area, while the light purple color

indicates the edematous area.

Table 1 OAR dose-volume clinical con-
straints of Figure 4

OAR Constraint

Brainstem PRV D2% <60 Gy
Optic apparatus D2% <52 Gy

Dmax <54 Gy

Optic PRV Dmax <52 Gy

Eye PRV D2% <45 Gy

Lens D2% <6 Gy

Spinal Cord Dmax <50 Gy

Spinal Cord PRV D2cc <46 Gy

Brain V57 Gy <1/3 (Grade 1IV)
V54 Gy <1/3 (Grade III)

Cerebrum V54 Gy <1/3

Cochlea Dmean <42/10 Gy

OAR, organ at risk; PRV, planning organ at
risk volume.

3. EfRFEHRSEARE (image-guided radiother-
apy : IGRT)

IGRT %4 K4 vV Ci&, IGRT i, [{HHE#ICHL
55 2 M Eo 2 Ko A mIgR, F 721 3o
AR A T, (GHETEIRE O JLHEALE 2 5 OB
BB 2 SRS EHI LA EMIET 5 2 &

T, {GHEETH CYE L7z BGHE 2 W REZ2 BR 0 T3
T LM ] LEFESNTWD.

PERATBOF B IE IR IS B RS & 2 RTINS
L, BEMEZ®HIET 2 IGRT BAERTH 72, &
ETE, BEERED LSIERECT 2L
A=D Y TTFNAL AT, EBROREES) A2
IEZE DR Y %2 SWICIICIER T 5 2 L AT 2
D, X0 EREOREIEEICR 7. K, MRI
BARA=T T TNA ZE L THWZIGRT b %
SN, BRISBHEN TV,

RIF#R89 (particle therapy)

1. WFREELR

WE ORFHBERITHA SN TS DI ET AL
F—XMTH B2, ToOMIZD S F ST L
(Fig.5) 2Mlib T 5. % OFPBRICEE ST Tn
5 EMNEZRTIX, B2 X IS LR L
TV, EHRMEESHESNDENE, T390 F 60
PR BB 2 © O y & VT 7298, BUE, Jeite
ECTy#z2EBRETH T DR T Y~ F A4
7% MRI 74 FORFEE (X)) 74725 <5
WTdh 5.
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D, BTz L Wb RTEEET. —#ICkhET
LY P& A o 7R R & FRL TR & AL
A4 rararReyrraba sz EORRN®ES
POROLNLETR, BT UEA 4 U &k
DRLF-# % O 7 BGHE 2 hFRaH & v ).

BT, —EORIUEICIIETFTHLEXT
ROMMEMT 79y =2 2T 5720
WEICHEZETIRELEDTE S (Fig6, 7).
IMRT % & O EREEE XSGRO BTV, X o
MEEPIZM ELTW32S, ) A7 EEE O
HHEIROIEDS ) 1T & v, R TRHIRE T Y
A 7 Bt~ OBEN G- % {, ZOMTIIAES

X-ray
\ Gamma-ray Electromagnetic waves
Standard

radlotherapy

Electron
therapy

© Electron

Proton

Particle Boron neutron
w | capture therapy ® Neutron
H

Fig. 5 Types of radiotherapy
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LD A7 DPMEL % b, BT RIBEICBW T, #
FERE, FLRE, FHITENE OWGERBR O RIS O S
BXBEHE R THLLL oz ) HE D B
5.

B F- B FR A @ TER TIT b 72 D13 1961 4F
T, KRE - N—=N—=F ¥ A0 bo U0 E <
PF 2 — t//#Afhbkwa%of ARIBT
13 1979 4RI RREE A A FZe i (REEIE) A3k +
ﬁ@%ﬁﬂn%%%waé.%®4$&®w%
AEIIZFBE R T TG 2 BdG L, 1998 4E1Z1
ENLDSA Y v & —HUEBEASBRAG L 72, 2018 4F 3 HH
1E, DAE O By - RE# ik X 13 hiikic B v Cillia
HCTh D 4R Cltae, R FHUAH R 5 i
HICBVWTEBREPTH Y 2HEFERTTH S
(Fig. 8). M5 T, 73 ik A%E iz CTH ), 45 fiak
MEEPTH L.

1991 4F, WEIFIE S SR RA R R TG %
HigL, HR 7RI X 2 ERIIZEZ MG L7z Sk
T LIZEROKRE LK T ORKTDH B0, WERT
DI R TIROMBML TV D LIRS /Y
W12 DRFEA & VR LEET % H o 72k H
DFEFHEMEL72HO) PBIEZESHWHRT
W5, 1994 4, REAFZ IS TR TRFEA 4 Vit
B ORRIRIIZE Z B4” L, BIAE £ T2 10,000 %1 L
L OBHBERDD L MR E ) — F T 5 TH 5.
2001 A\ 2GR H AR R EE R & v 5 — 3t )
Db F#i & FRFRRDO BT AT 2 % iax & L CHBE

Heavy particle therapy

Proton beam

(Standard radiotherapy)

h X-ray

Proton

(Carbon ion)

Carbon ion

Tumor

Fig. 6 Comparison of X-ray and particle beam dose concentrations
This figure shows a schematic diagram of the dose distribution across the human body.
Darker colors indicate high radiation intensity.
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L7z, 2017 4% 4 AW TS o Skt i 11 2
FiD9) B 5 HERAHARIZH Y, Mo 6 2Eridii &
HE, R o 5 faEid HA, hE, B EICH D,
JEKRKREEIZIZ 1 27 b v, BERFHUIGHETIEH A
AFZERISE L RIS 2 ) — FLTWwa.

Beam direction |:>
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< Proton (SOBP 50)

" Carbon (SOBP 50)

0.4

Relative Dose [% / 100]

Proton (MONO)

0.2
Carbon (MONO) | Tm,

0.0 l l | | |
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Depth in Water [mm]

Fig. 7 Comparison of depth-dose plots from X-ray
and particle beams
SOBP refers to the sum of several individual Bragg
peaks of mono-energetic particle beams at staggered
depths. SOBP 50, spread-out Bragg peak of 50 mm;
MONO, mono-energetic beam.
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2016 47 4 H X 0 /NS O B - #RiG# & UIBRIE
TS O BRI 0 B -8R0 5 2 B PR 0 @G
270, 2018 4 4 HH HIXRI NG 72 & DA DA
DA B @ In Ak Sz, SRS LIk o 55
BCIEEEEN A L B T3 Twa. iR
AL, HABUS R 742 (Japanese Society for
Radiation Oncology : JASTRO) FEIZ X 5 — &
NTEE T EHIBE SN BEIEIC D W TEERDN D
PRE SN 72 A FEEE e > THEBL TV 5.
F 72, SR B, ARE - REMFOBNESS
R 2 EHI S R IS E IS DWW T e b a— b
FHERLTEBESN TS, H—EETHICEDS
BISE DWW TIE JASTRO O — 2 X — DV 2B,
INTW5D.

iR 7E 4 (Japanese Clinical Study Group of Parti-
cle Therapy : JCRT) ®45t7—%"TH A &, 1979
AED 5 2014 4F £ Tk F#IGH 17858 N, Hh 1
FRIGHE 12992 A, A5t 30,850 A BH SR TR
EZFTW5, FHBEERIL, REEotns ki
BIML, HBAETIZAERM 5000 AJE v BE DR T-HR G
WEZITTWAE.

HRTHRS &, BrsaEE, BT 20, 4
XVR, ¥5V%, 79V, AF¥, AL R, H
ECRBERBOEINC 2 > TB Y, —HoREICE X
TERERBREID & o722 1, TOREZZIT LR
HICL S TEIZLWZ L TH DD, WHOMGHHRA

Hokkaido University Hospital

Proton Beam Therapy Center
"

Sapporo Teishinkai
Hospital

Southern TOHOKU

Aizawa Proton Therapy Center

Hospital The Proton Therapy

Center, University of
Tsukuba Hospital

National Gancer Center
Hospital East

National Institute of
Radiological Sciences

lon—beam Radiation Oncology
Center in Kanagawa

Shizuoka Cancer Center

Fig. 8 Proton therapy/Carbon-ion therapy facility in Japan



L DRR
HTH5b.

2. BFREEERFTIT IREEDER

B TG L IR FEA A+ VB EDO b > L b RER
#L, EWFNRIROETH L. XMELE LY
G ORI A R E (relative biological effec-
tiveness : RBE) &, B 8T L1, JKFEA + Y HTH
3L ENRTWS. 25 RBE D552 A< B Wyl
WA HW2bOTH LAY, KFHIEE CREICBT
BN RES XML D &, B T#o RBE &
XMEIZLEALEEDL WD, HERD X BiHEIC
L DRI OGO N MO TH

. RFEA T VR X RO 35O AR
AHE S, BUHHRIC X 5 DNA 5 25mE L i<
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D BRI A FEDSTE SN2 5 Th 5.
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BB OB TEERE 12 OREA 4+ ¥ T, B
MW, REOKREE, itk MR A MK
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. B PRIREEE O X 5 7 BAUMEEAL & N R E AT
VETH 5.

BbhUIZ

T AT BE U RRIG R C B B A SR RA#E, 5
FE 253 Il B O E R, RS E R MG, B 1
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DWMARAEND. ERERSERE W5 Z
LT, B 54 LIEHEGEO M & EIEH ORI
franhs.
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