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D& AR AR M ER (2% 2
E AL ET R AR OTL & S

o (BaFRtER)
1695

S IRl e i i

LI

SEAE, BEFIORER Y o SEER 5 & ORI & A b7 O B RIS, PR (TINOMO, T2NOMO
FURMIE B L BB RIES) 108+ 5 BEASRBHBERLIN, BRESOBRESREShTET
W5, ZITH, EVBEHBEEORRKIZOVTIEATA L L LIC, SBOBEIZOWTHEHT 5.

¥, EAASHRRS &1k, FEEREBICEVCHREI N EERES 1~2 mm UPICER D B E R
BOBETHL. BENICIE, BE WTF—7y ) #ERICEEL, 2087y MCERICHSHR &%
FE#BTLICES T, BUOERBBAOBHETHEAR VB X, HoBEOBRIHEEOMMNH
S BEETH D, AL 1960 EEE D A V<47, 1983FEBEN U=T v 7 SV Y=V U—2HE
KISASH, ECMEBICR L CHAESNTEARITES. Zha 1990 ERICA > THREIICHA S h
BE5ITE o TR, Lid LIES & B7s » CHRSIES ICEMBSHERE #1775 ETAXRRE L &
HOE, EECHEREBEIC L AESOB X0OMBTEHS. CHALEEE,L VD L, HRAICKHT B
SHELE TR L BA S N2 HAHEIIRA S, ZORIMARE L BT 525 TH 5. Dk ) RAHERENE
BTN D 1/4 B F 7 & B O BRI R ORAERRIT 1~4% T Th 5. 7 L CERSER
HORE L 7 HEBIIEE 5 cm BRELATHS. RICEE 3 cm OESICH LTT—Y V8 0mm 72 5 4
Bt & 7e A A T % Planning target volume (LAF PTV) dldccTH D, MAIMOEED 1%L T T
H5. LAL55mmOT—IVELFREIEDTAE4emBEEL D PTVA 33cciczy, L 1lcm<w—Y
VEEINITESmBER S 65¢ce, 2cm~—V U/ T6emBER DB 113cc &, EXS5mmO—I v/ T LI PTV
PEBLTOLAOTHS. b >—HT, EABHERBIIIER 3~5 BN EEKCHbh 57D
I 1 EDBSHC BT HRBEOT N, BHBRICEEST 5 TERID L2 B TH5.

FDIzdI, HEINEEIC T 5B RARBEIC 5\ T, R B E b L Ok & g
DRI ORI T B A ORI IR I EIE L 72 5.

TE (MU RR AR ST 0D SE R

PITFIC, BABUHRBEIC 31 52 EEIC DWW, ZTOREEE, PRFAELE, ¥—7y MREE, BERTE
%, BEIREELCHT T 5.

1§ kB OREEEICDONT
BEEMNT, ATTERERH SRR AEERL, Wihbd /3 AF v 78O 7 L — ARICHER
25 0—)VORBEL L EHERBHA— - 2FA LD THS. 71— LWNICEETT R OBEE Z
R —h—REERIN, 7 U—A0ERICHE, AEICEERFROEEL ST —FeERmL 5
bhbhBAAWEEEEE, ATz—F /OB Y VALWBIRERF CHIEI N/ ELEKTA## O
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1 ARHETERED 14
- BRBECEHRREAETANCEEREEL, BEOLERNzFRAGNEERTEEL, BEOTRLBE M
LTV, a: MEE P TEEORMOBERFTS. b EEE (LEX) »EEL, BEOFEMEBH LS T.
c: 7L —ADBER. d: 7V —ACERTEESRONA.

Stereotactic Body Frame Th 5 (K 1)¥. BLa@EREEE, AHHREPEETS-002FEER T L —
LE, ARBEEMBICEET 57-0DOREAF O VERBPTEIN/LE, WELLH FRICBES2RE
L, S OFRE2HEERT S0V —T -8, BEOXELHEBESR ZIH 5T, BE
DZER/ T2 IR OB CHEEEE 7 % /RIS EEHR, £ L CEMBEHR B % 1T > LB E
LEBROT —F T, FEHREORD LBHEOT A VY X —BE B ICHEAT 5 BB 7 —
Fbirh.

HLNbNIEEIOERINCRFOFEAMER BN T, ERLAEOV =7 v 7757 4 —%&RELT, A
BETEROY I 2 V=V a V7 4 VAL DELOBEM T HHERE L. ZTO/RE, REE TORER T 90
% LA EDFEGI CHEAREEE T 5 mm DNOEREENCIFEITTRECTH - /2.

2 || o ek

MEBICE VYT, BEOYREBE 2 ER T2 bICiZd .

BEOWRBENICHIL LcBREEE LT, KEL5TT, BIEDE, FHREIRE (EdkxwL, BRER
A), BETERRBERSDS. INOOWTHLDOHEIL L - TEEOFHREZLE) (IM: Internal margin)
THEANE B ARADEBRIPEM A BERECIITNT R TH 5.

Bk, BECERICL2AN TR Z—FHHICELIR T, ZOMICBH T L2BVETE
FERPMRBHEETH Y, BERIEDEICET. Active Breathing Control (ABC) i3, John Wong 512 &
- C, MFINICEBTREZFIEIR TLOHEDABRKMICESHTHHDT, —HORBREATHDELEZD
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El LungSRT—7b~OK

& el LungSRT-7p-0K

[SHC |

. "} Stiuctures and Layers
78 Aota

9 Bil Lung-PTV
9 Body

Bone

3 Heant

AV

{psi Lung--PTV
Liver

Lt Lung

OL structure

3 PRY_Canal

3 PTY

3 Fi Lung

J Spinal Canal
7 Boluses
Reference Points

i

! | Technique - MackinefEnargy Sesle 68{5?9? " [ ; : (i):(r:\) fenl | tom E(Zr:u _[Z.ﬁ]"'xlc'“l viem | zlond | e MU eo
[¥.- |BSRT1 [STATIC- - |2300CD - 6X-" -|VAR_IEC 11850 - 100 None” |65 - +3.5 {+2.9.16.2 - 432 +3.0]7.9 - 1.4 0.4 50.+ |209 |236.2
¥ |BSRT2. . STATIC- .|2300CD-6X . [VAR_IEC.[140.0 0.0 MNone. " [7.2 +3.9 {432 |6.2 +3.3 [+3.0 |7.9 -1.4 0.4 92.5 213 (2291
[7" §BSRT3- JSTATIC - [2300CD - BX | *-|VAR_IEC Wﬂ 0.0, 13300 None 158 - +2.9 |+30 5.9 +2.9 [+3.0 [7.9 1.4 . 0.4 93.4 |206 (217.5
F BSRT4 *|STATIC-l - |2300CD - 6X VAR IEC {30.0 0.0 70.0 None 5.5 +3.5 {+3.0 6.7 +1.0 1427 7.9 -1.4 0.4 91.1 |206 (2276
Iv |BSRT5. |STATIC-l . {2300CD - 6X VAR_IEC {340.0 0.0 350.0 None. 7.1 +30 [+4.1 B2 +32{+30 7.8 -1.4 0.4 68.5 |204 (2396
[v |BSRTE |STATIC- 2300CD - 6X VAR_IEC {330.0 0.0 90.0 None |58 +29 (429 |66 +3.7 [+28 78 -1.4 0.4 32.2 |208 [244.9
7 JRARRTY . ISTATICU 230NN - GY /AR EC lann nn 260N hinna A9 +A0 i 4GlRA. 49 1+2al79 14 N4 Q1 R 1297 124R A

b

g Eb-4 %5 L 57 6 P90 Non-coplanar B —ATOESIRBHAZITE LT 5.

a: axial view. b: 3

D view
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192 MOOK HEaiRR 2004-2005

GTV=tumor

. CTV
=tumor + subclinical lesion

> IM (Internal Margin)
»SM (Set-up Margin)

- ITV=CTV+IM

PTV
=ITV + SM (Set-up Margin)

Leaf Margin

B3 BFREECEST25 -4 tOFE (ICRU62 ZH)

GTV: Gross tumor volume ; BEERIEE &, CTV: Clinical target volume ; BRI
BEryEss, ITV: Internal target volume ; PREVERERE, PTV: Planning target
volume ; ETEEN AR, IM: Internal margin ; FPESRBEI<— v, SM: Setup
margin; £y F7 v F~v—Y, Leaf margin : <)V F VU —T7 3U A —FEHRET
BizHD<—T /.

Nns5s. INHOBRFBRRDER, BREZITVA2ERDRICEDL LT, BEAELISPMRICERETE L
5. BIE, RIAKFRLWBEXFITITONTVWAHETHS.

HEOOLNHOND VAT LTIE, IWROBEETENTEEETAHILILL- T, BEOKREZERIED
B = 2T AREBEEYRCTWE T Licks (H1). bhbhd, XESET CTBREOR X kA
L, Smm U EOBERBNITHE TS5 LI LTW3B. ZORKR, FRIMHEFNHC 8~20 mm (F#H12.3
mm) DEFEOE &SR oN/cH, WHEE 2~11mm (FH7mm) Lk DEFEREIC (p=0.0002) HHIwEE
TH oY,

LG CTRAEBCHRIIFREZIR® T, TRAKCRHNEELRS ¥ 5FRERESEEIN TS, BAR
id, BEOREBIC L VY — % MBI/, BEERAICEY—A—%FAO L7201 L“C%%%i%@%ﬂbﬁ
DOBET 2 TELHEIN TS

BAEE TIKEATREFICERS TEEOTRFEMEIEERENHEIN, TRAMEELZRIET S A —
A—dHFET DY, BEEPOBUREEBEN TIERERERTHS.

/7—/7“‘-/ b RAEE

ERERETEICBWTIE, BE 3~5mm B THREEI WA CTEHEXZHWT, BREBHEEEDGTV,
CTVAWLITVR XU A7 EBROBHEANTS (H3). 0 CT HEBEAICDWTII EEROKRER
DEREMHICHDORIBBIETITONETH B L3NS, REERPELEOEOHBERZTICE LT CT 2
B35, FFRAHEOBEEITELRTBHBOKMMIGELEI Y2 BN TLH U EO AT~ V%
DT TIRDAT A ABEBREP - < DiRET S5 Long scan time CT |BELHWLN S, ThbHD
CTEBHEICLL > TI—7y FERPRLLILIEEBSLETHS. dbHAHAITV OFBEIZ—ED setup
margin #&HTPTV 2RETHI L L, ZORABMII—ED MLC < — YV ALEL T LIZEAMOEETH
5.
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TR GE/MERENE) b i S KA RIS SRR O ¢ 2 ERRSTHEROIRR L B (BRERERER) 193 |

®1 FREROBIHRE LIEEME

Arimoto 10 1998 24 60 Gy/8 [= 24 A 92%

Uematsu 8 2001 50 50~60 Gy/5 [a] 36 A 949%

Nagata 7 2002 33 48 Gy/4 H 198 96%

Onimaru 9 2003 57 48~60 Gy/8 [{ 18 A 88%
4 || JaEEEtEx

F—4'y FREHIT, Beam's eye view ® Room's eye view 7z Y OB ESE Y H VWA 2 L ic k- T,
BHFTRPMH, BEHBROT RN F - bk« BRTBEAGOE TRHFLRE T 5. Non-coplanar =
WICEE % IR ES SMART (HUGERIREGARMH) SHEVWONLT 8% BE 6 FILL EOREES
FAMBS T 400 B EOEERA CHIZIFEULABRESMPERETH 5. BETEO B EM|IT,
H—7y PROREOH—M (10%LA) & 20Gy LI ERBHMERE (V20) O/ (<15%) TH5. b
N NTEE O axial TE» OB T, B0 20~40ENy FAEX BRI /-BE 45D T,
FEF6~8FID=ZXRTTRBHAET O T LITE ST, TOEFERHELTHVS. d3BAHATV—LICLABED
WEIFIE R, MIC XA THEFIEAIT-> =R BB ERILATH S, 7B ERTREICOWTIERNT
BBERTAVEV/Z—%2BEFEA L T5BE8L VA, BOKTI (80~90%) LUBMHRETERRINSD
BEDPBHLDTHEELLETHA.

5 || JAERIREE

AR BRICE W TEROBHINICE, SUHMICBEINEILE 2 2B LI VF— X BEE S
R—=ZNEY sy, BEREARZE CT S CTREEBEZIER LHERT 5. FRICEMKSGHRBH T, KEED
SEBEHT 570, HAEEBHIOBEETS I EARARTHE. bbb BROEETICRBEOF
BMMRENT, FEEAEOV T vy 7757 4 —%BB LT, BEFTEBOYVI 2 V—ya VT 2V
EDOUMOBFBREZERA L. ZO/KREEOEREINBREICL > T, B 2~3 mm PO TR
2T T LR TH - 7. JCOG0403 £ sk FERRAR Tld TN b setup error # 5mm &35 2
EERDWESME LTS, i, ChODBEIMMVERAGZENE LTCT #REEBL R USEBICRE L
THEOEENC CT THRERE 21T S gk (CT onrails) d#MLTW5,

- TEALETRR IR ST DER R AR & & HHE

1| AREmiE

BEETIC, bphbhI IERE LGy R 4ERHTAHILICL T, TH (T1~2NOMO) FEGI% .l
12, 6N DHATSEBRABHEELZRE LTV 5.

CNOHOEFICHEVBFHIEECOWTE, bMbhOoBRALTWa 1 RIEE 12 Gy x4 @ (HEKX)?D
iz, 1[EHE 10~12 Gyx5~6 [El (BFfER)D, 1ERE 756y >x8E (LRER, k)90, 1EHE
15Gyx3E CGRILK) 72 EORL - I EIBEEIC L - CTh, RMFTHIEZEIL 88~96% & Kk &zl v &
HTHAH (R1). ITNLORL - BHSEIEICOWTE, LQ (Linear quadratic) model # A\ /-3t E
PAEIND L BEL, BED of/f lLEHIC 10 &35 & 12Gy x4 BIOREBEED 2 Gy 5-2l0 88 Gy M
MEs.

KESFEWN I3 RF» SOEFIEERL, TOBREMELRSE L. RATHIHEERIT 86% TH - 1o,
BED>100 Gy DBRHEH Z T\ BP OFMAEETH - AfEM O 5 FAFEIT T AR 90% € I B #i2 84%
& RIFTH - 721D,
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194 MOOK FhEDEER 2004-2005

X EDIE, FAVO WU 7 AU 0 Timmermann HDOIMENRR N B, @B DLOHEERK
T2,

|| IR0 AeHE

EobnbhOBEFBEICE D 20 Gy LLEORFARE (V20) 1 03~116%ThH5. ZTOEEK LD
ReELTATOA FRBHEL TS NCI-CTCGrade 2 LA EDORIFEO D 5 M EHEEMEA T F 2t 4% TH
Sz, THITBEOBEREEICBT 5 EHEQHEED 20~30% THAH I & BT 5 L +5ITE Y. #
K& D BEHREIBRAICOWTHE, BREGRHIFRFLEBICE > THARELEFELZIT 55, Graham HOR
1B L7 20 Gy BAEDRREERE (V20) 2 25% LA OBEHRIER O U A7 4% TF &, +5IcEW
DO EEINTWe. BEBHEBBRSICEOC T, 1EHEEPAKEV DN LOEERLTLELD2 Y
SHPRBEINTVES, BAE CORKERETIER3~4dcm LNOBES 2%+ 3R, BH3h
HIEFMOBBEIHERHEEADOLS>THS. dLAATNIDKEVEEZEBELLCD, FHREBEORR
EFEZBETHAHEE1E, EESLETHAS.

FE/MUADEIHE L LT, MBEGEOESICITBICERALETHS. 2EDHEEZTIC, AELIDIZ
ﬁf&&ﬁ%%mM@ﬁi¢ ERNTOEENZEERBEORENH 5D T, fiEHE (LE - KOE, K
, B, %) OHEBKICBHIATELZMITRITEOBENOBEINIERIL 263 5% 272\ .

3 || Japan Clinical Oncology Group (JCOG) 0403 FEPREER

2004 £ 7 B &9, JCOG0403 I'TINOMO JE/INH B fiinfis 1o 56 9 % MR 3R 2 AL B AT AR TR R 58 T M PR A
LT, ER 16 % CusEay, LRERAS, Fibks, BEAY, AAks, BEZRBAY, BN
TFEKXR, EHEEWBEREE, Wbdmbe, JLEXE, LWEKE, MREGRERLZ VY —, KB XAHOH
P, RERT, AWKRE) LW IEEHRAREBRRRRAMBINL. ZORBKRO B, TINOMO 3
/NIRRT BRI (EA) Fl, BEFRTEAZ N ZNTH T 5 08T EM R RBHOF
Ptk L HEMRFHET A 3DTH 5. OF D BEEFMHARELAH LCTHERERD 1 B 2Gy THEF60~70Gy
DBHEBERIEEICE SO D EREE L 2557, R-FHTHE (FHRIESA) Tk, FHiHETS
IO BEBREESRONE D EIDPORBEMNENTHT 2D THS. TS5ARY—IVFRA VL3
AFET, CAVFY—IZVEFRA VP E L TE4ERE, ERELFIM, BRYN, 5EF55%, £2KH
5. BEAER, 1A1EI12Gy TH3~4EOH 4 ETREHFE48Gy & L, BEERA 4~8 BLHA
EFBEDIT L. IFEMTIS GIDEFAEETFTETHS. ol ORBROEHIT, BMERRIC BT 585
MEFEBEEEAMEL TWAH I L Ths. SMERICKT2EEHE, BHBREBEIC OV TORERIE
% JCOG BMEHRBHRSBERIE L VX —DPEFE L TCW5. TOBRKARIC X2 EMEKMHGRHE OB L&
2 DR PIFEIN TS

BH YIS

R E TORBRMBE IR T 5 EMMEHERAOPIRE 28 U T, ABRIES IS 5 e MRS
COWTHRE Lo, REZEBRTORBERE, "WTRBBICK ¢ R0, Sl 728 SRR RS 0 8lik7z LT
DWTRBRTNEMELY D S0, BORFTHERZEORETEHRERIELZ AN THS. T
16 4 A X O BB MEMKHBBHREREE S hc. ZOREEEL S cm BROY V8, RIBER O
EWREMENRE, 3 BATUAOMBRER O WERBEINE, T OMREEE BBENE SHBHIK
TAHTHD. S8S &0 RETERREMRHBRBS ORBRIC T TE« ORNSEENS.
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5)

6)
7

8)

9

10)

11)
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3R

Blomgren H, Lax I, Goeranson H, et al: Radiosurgery for tumors in the body: Clinical experience using a new
method. Journal of Radiosurgery 1: 63-74, 1998

Uematsu M, Shioda A, Tahara K, et al: Focal, high dose, and fractionated modified stereotactic radiation therapy for
lung carcinoma patients. Cancer 82: 1062-1070, 1998

Lax I, Blomgren H, Larson D, et al: Extracranial stereotactic radiosurgery of localized target. Journal of Radiosurgery
1: 135-148, 1998

Onishi H, Kurivama K, Komiyama T, Tanaka S, Sano N, Aikawa Y, tateda Y, et al: A new irradiation system for
lung cancer combining linear accelerator, computed tomography, patient self-breath-holding, and patient-directed
breath-control without respiratory monitoring devices. IJROBP 56: 14-20, 2003

Negoro Y, Nagata Y, Aoki T, et al: The effectiveness of an immobilization device in conformal radiotherapy for lung
tumor: reduction of respiratory tumor movement and evaluation of daily set-up accuracy. Int J Radiat Oncol Biol Phys
50: 889-898, 2001 -

Shirato H, Shimizu T, Shimizu S: Real-time tumor tracking radiotherapy. Lancet 353: 1331-1332, 1999

Nagata Y, Negoro Y, Aoki T, Mizowaki T, Takayama K, Kokubo M, et al: Clinical outcomes of 3-D conformal
hypofractionated single high dose radiotherapy for one or two lung tumors using a stereotactic body frame. Int J
Radiat Oncol Biol Phys 52: 1041-1046, 2002

Uematsu M, Shioda A, Suda A, Fukui T, Ozeki Y, Hama Y, Wong JR, Kusano S: Computed tomography-guided
frameless stereotactic radiotherapy for stage I non-small cell lung cancer: a 5-year experience. Int J Radiat Oncol Biol
Phys 51(3): 666-670, 2001

Onimaru R, Shirato H, Shimizu S, et al: Tolerance of organs at risk in small-volume, hypofractionated, image-guided
radiotherapy for primary and metastatic lung cancers. Int J Radiat Oncol Biol Phys 56: 126~136, 2003

Arimoto T, Usubuchi H, Matsuzawa T, et al: Small volume multiple non-coplanar arc radiotherapy for tumors of the
lund, head & neck and the abdominopelvic region. CAR’98 Computer assisted radiology and surgery, edited by HU,
Lembke Elsevier, Tokyo, 1998

Onishi H, Araki T, Shirato H, Nagata Y, Hiraoka M, Gomi K, Yamashita T, Niibe Y, Karasawa K, Hayakawa K,
Takai Y, Kimura T, Hirokawa Y, Takeda A, Ouchi A, Hareyama M, Kokubo M, Hara R, Itami J, Yamada K:
Stereotactic hypofractionated high-dose irradiation for Stage I nonsmall cell lung carcinoma. Cancer 101: 1623-1631,
2004

GkEH W oaWEBEZ REEZEZR MAER BFRHEE-
RABE- RAXEAXRFEH FHE &
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TOLERANCE OF ORGANS AT RISK IN SMALL-VOLUME,
HYPOFRACTIONATED, IMAGE-GUIDED RADIOTHERAPY FOR PRIMARY
"AND METASTATIC LUNG CANCERS

Rikivya ONnmMARU, M.D.,* Hiroki SHIRATO, M.D.,* SHiNnicH1 SHiMIZu, M.D.,* Kg1 Kitamura, M.D.,*
Bo Xu, M.D..* SuiN-icii Fukumoto, M.D.,' Ta-CHEN CHaNG, M.D.,* KaTsuHisa Funra, R.T.,*
MasaTaka Orta, R.T.,* Kazuo Mivasaka, M.D..,* MasaHARU NisHIMURA, M.D.," anD
HiroTosHr Dosaka-AKiTa, M.D.*

Departments of *Radiology, 1st Internal Medicine, and *Medical Oncology, Hokkaido University School of Medicine,
Sapporo, Japan

Purpose: To determine the organ at risk and the maximum tolerated dose (MTD) of radiation that could be
delivered to lung cancer using small-volume, image-guided radiotherapy (IGRT) using hypofractionated, copla-
nar, and noncoplanar multiple fields.

Methods and Materials: Patients with measurable lung cancer (except small-cell lung cancer) 6 cm or less in
diameter for whom surgery was not indicated were eligible for this study. Internal target volume was determined
using averaged CT under normal breathing, and for patients with large respiratory motion, using two additional
CT scans with breath-holding at the expiratory and inspiratery phases in the same table position. Patients were
localized at the isocenter after three-dimensional treatment planning. Their setup was corrected by comparing
two linacographies that were orthogonal at the isocenfer with corresponding digitally reconstructed images.
Megavoltage X-rays using noncoplanar multiple static ports or arcs were used to cover the parenchymal tamor
mass. Prophylactic nodal irradiation was not performed. The radiation dose was started at 60 Gy in 8 fractions
over 2 weeks (60 Gy/8 Fr/2 weeks) for peripheral lesions 3.0 cm or less, and at 48 Gy/8 Fr/2 weeks at the isocenter
for central lesions or tumors more than 3.0 cm at their greatest dimension.

Results: Fifty-seven lesions in 45 patients were treated. Tumor size ranged from 0.6 to 6.0 cm, with a median of
2.6 cm. Using the starting dose, 1 patient with a central lesion died of a radiation-induced ulcer in the esophagus
after receiving 48 Gy/8 Fr at isocenter. Although the contour of esophagus received 80% or less of the prescribed
dose in the planning, recontouring of esophagus in retrospective review revealed that 1 cc of esophagus might
have received 42.5 Gy, with the maximum dose of 50.5 Gy. One patient with a peripheral lesion experienced
Grade 2 pain at the internal chest wall or visceral pleura after receiving 54 Gy/8 Fr. No adverse respiratory
reaction was noted in the symptoms or respiratory function tests. The 3-year local control rate was 80.4% =
7.1% (a standard error) with a median follow-up period of 17 months for survivors. Because of the Grade 5
toxicity, we have halted this Phase I/II study and are planning to rearrange the protocol setting accordingly. The
3-year local control rate was 69.6 = 10.6% for patients who received 48 Gy and 100% for patients who received
60 Gy (p = 0.0442).

Conclusion: Small-volume IGRT using 60 Gy in eight fractions is highly effective for the local control of lung
tumors, but MTD has not been determined in this study. The organs at risk are extrapleural organs such as the
esophagus and internal chest wall/visceral pleura rather than the pulmonary parenchyma in the present protocol
setting. Consideration of the uncertainty in the contouring of normal structures is critically important, as is
uncertainty in setup of patients and internal organ in the high-dose hypofractionated IGRT. © 2003 Elsevier
Inc.

Hypofractionation, Image-guided radiotherapy (IGRT), Adverse reaction, Lung cancer.

INTRODUCTION

Small-volume radiotherapy, which uses a small planning
target volume (PTV) margin either with a single dose or

hypofractionation, is widely used for metastatic brain tu-
mors. Stereotactic radiosurgery or hypofractionated radio-
therapy shows an 80-90% local control rate, even for
so-called radioresistant tumors such as renal cell carcinoma
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and melanoma (1, 2). Because of its success, small-volume
radiotherapy has been applied to extracranial lesions, such
as lung and liver tumors, using various techniques (3-5).

Although for patients with Stage I non-small-cell lung
cancer (NSCLC), surgery is the primary ftreatment of
choice, radiotherapy is often indicated if the patients have a
medically inoperable condition such as poor pulmonary or
cardiac function. The results of conventional radiotherapy
for Stage I lung cancer, however, are not satisfactory. Five-
year actuarial survival of conventional radiotherapy ranged
from 6% to 27% (6-9), which was unsatisfactory compared
with surgery, which has a 5-year survival rate of 60% to
80%, even considering that poor-risk patients receive the
radiotherapy series (10). Because some studies reported that
patients with lung cancers who received high-dose radiation
(10-12) and those who received a high dose in a short
period (10) survived for a longer period, dose escalation in
a short treatment time may improve the survival rate for
NSCLC patients (13-15).

Metastatic lung cancer is common in cancer patients, and
its prognosis is usually poor. But some patients with slow-
growing tumors survive for longer periods (16). These pa-
tients are sometimes managed with surgical resection of the
metastatic lesions to reduce the possibility of symptomatic
complications and to prolong their symptom-free status.

We developed a small-volume image-guided radiother-
apy (IGRT) using hypofractionated, coplanar, and nonco-
planar multiple fields for lung tumors 5 years ago. The
concept behind the treatment method is analogous to that of
hypofractionated stereotactic radiotherapy for brain tumors,
which involves noncoplanar irradiation using small fields
with high fractional doses and hypofractionation. Between
1991 and 1993, a feasibility study for lung tumors was
conducted at one of our affiliated hospitals, Kitami Red
Cross Hospital, by Arimoto et al. (17, 18). They found that
image-guided, small-volume multiple noncoplanar arc ra-
diotherapy using 60 Gy in 8 fractions in 11 days with a
nominal volume of less than 5 X 5 X 5 cm was safe for 40
patients with peripheral NSCLC with a follow-up period of
12-60 months in 1998 (17). A localization error greater
than 5 mm occurred in only 4 in 320 sessions of daily
verification using two orthogonal linacographies with the
image guidance of digital radiographies reconstructed from
computed tomography (CT). Characteristic local dense
pneumonitis was observed in most of the cases in the
irradiated volume that received 90% of the prescribed dose.
No dose-limiting toxicity was noted, and a 2-year local
control was achieved in 22 of 24 patients who were fol-
lowed for more than 2 years. Uematsu ef al. have also
started CT-guided, small-volume hypofractionated radio-
therapy, giving 50—60 Gy in 5-10 fractions with excellent
results similar to those just described (5). They have re-
ported that the 3-year overall survival rate was 66% in all 50
patients with Stage I NSCLC and 86% in the 29 medically
operable paiients. These results suggest the effectiveness of
image-guided, small-volume radiotherapy for lung tumors.

Following the plans of these institutions, we have tried to

find the organs at risk and the maximum tolerance dose
(MTD) of small-volume IGRT for lung tumors based on the
prospective dose escalation setup in 1996. An interim report
about treatment results for patients with Stage I NSCLC has
been published elsewhere (19). This article describes the
outcome in respect of toxicity as the primary endpoint for
all patients with primary and metastatic lung cancers treated
in this study.

PATIENTS AND METHODS
Eligibility

Patients with measurable primary lung cancer 6 cm or
less in diameter for whom surgery was not indicated were
eligible for this study. Histologic or cytologic confirmation
was required for primary lesions, and small-cell lung can-
cers were not eligible. Patients with hilar or mediastinum
lymph nodes on CT scan were not eligible. The criterion of
the mediastinal lymph node metastasis was that the short
diameter of lymph node be >1 cm. Patients with measus-
able metastatic lung tumors with life expectancies much
longer than 6 months and not on chemotherapy or hormonal
therapy were also eligible for this trial.

Unresectability was based on the respiratory function,
history of cardiac operations, and other laboratory tests. The
pretreatment evaluation included a complete history and
physical examination, a baseline assessment of organ func-
tion including respiratory and cardiac function, chest X-ray,
and thin-sliced CT scan of the chest. Further eligibility
criteria included tumors with a maximum diameter equal to
or less than 6 cm on a CT image using a window level of
—700 with a width of 1000. Patients with a history of prior
chest radiotherapy were ineligible. Patients with a history of
surgery or chemotherapy within 1 month of the IGRT were
ineligible. Informed consent was obtained from all patients
before the treatment was initiated.

Treatment

Clinical target volume (CTV) was first defined as the
visible tumor or CT under normal breathing using a CT
number window level of —700 with a width of 1000. To
determine the internal target volume (ITV), two additional
CT scans were performed with breath-holding at the expi-
ratory and inspiratory phases in the same table position for
patients with large respiratory motion (Fig. 1). The two
additional CT scans were arbitrarily added during this study
period based on the assumption that tumors at a lower lobe
without attachment to the chest wall may move more than
upper lobe tumors. It was also speculated that tumors near
the anterior chest wall would show a great deal of move-
ment, and so received additional CTs. The three CTVs on
CT at three phases were superimposed on a workstation to
represent ITV (Fig. 2). Planning target volume (PTV) was
determined to include the ITV. PTV margins for ITV were
5 mm in the lateral and anteroposterior direction and 10 mm
in the craniocaudal direction with the three-phase CT, and
an additional 5 mm for patients for whom a three-phase CT
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natural breathing
without holding
of breath

inspiratory phase

expiratory phase

Fig. 1. The computed tomography (CT) image on the left was taken under natural breathing without breath-holding. The
center image was taken at the inspiratory phase, and the right image was taken at the expiratory phase. The visible tumor
under natural breathing was contoured and is superimposed onto the CT image at other respiratory phases. Note that
each CT image was taken with the bed at the same position (z-value is the same as —35.00). In the center and left CT
images, the tumor moves anteroposteriorly because of natural breathing.

was not planned. Prophylactic nodal irradiation was not
performed. A three-dimensional radiation treatment plan-
ning (3D-RTP) system (Focus, Computerized Medical Sys-
tems, St. Louis, MO) was used for treatment planning with
considerations made for inhomogeneity in pulmonary den-
sity. The dose was prescribed at the isocenter, with the 80%
line encompassing the PTV.

Megavoltage X-rays with noncoplanar static ports or arcs
and 3D-RTP were used in all cases. Dose~volume histo-

grams (DVH) were not routinely examined in each case, but
those for many sizes and lecations of tumors were carefully
examined before the start of this treatment (20, 21). The
results showed that DVH and V,, (the lung volume that
receives 20 Gy) improved more with noncoplanar tech-
nigues than with the conventional parallel opposed fields or
three-field techniques. The gain in DVH was obtained for
PTVs with a diameter 3-5 cm but was not apparent for
larger volumes in general. The use of six noncoplanar 120°

Fig. 2. The definition of internal target volume (ITV) using the fusion of three clinical target volumes on three computed
tomography images in normal breathing, at the exhalation phase, and at the inhalation phase with the same table

position.
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arcs with a 30° separation between arcs was shown to be the
optimal technique for PTV with a 4-cm diameter at the
center of the right lung, but the difference between three and
six arcs was small. Irradiation with 8 to 10 static ports was
shown to be compatible with the three-arc technique. in
many situations. According to these findings, beam delivery
was compromised in practice, and patients were treated with
4-12 noncoplanar static ports or three—four arcs.

No immobilization cradles were used because we have
not seen these devices bring about any improvement in
immobilization in our experience. Alternatively, to verify
the setup accuracy, two orthogonal linacographies were
taken at the isocenter and compared with the corresponding
digitally reconstrucied images made from planning CT im-
ages. If geometric deviation was detected by the comparison
between the linacographies and digitally reconstructed ra-
diographies, the couch position was corrected and the lina-
cographies were taken again. We have evaluated this veri-
fication technique using lung phantom in a previous study in

which seven observers judge the dislocation of the field at

five anatomic locations (22). The position of the isocenter
was intentionally altered to 0, 3, 5, 7, and 10 mm from the
true isocenter toward the cranial, dorsal, right, or left direc-
tions a random. Each observer read 50 sets of digitally
reconstructed radiography and portal images to judge the
likelihood that the positioning was correct and to specify the
length of shift after they judged it was displaced. Results
showed that the accuracy of the treatment verification was
88.8%; this method can detect true shift correctly with
<5-mm deviation in 84.8% and <10 mm in 100%.

From the second day, the height of the isocenter from the
top of the couch was used to gauge the anteroposterior
direction and the skin marker was used to gauge the cranio-
caudal and lateral directions without taking a linacography
for localization. Thus the localization accuracy from the
second day was not stereotactic, but rather conventional
verification.

No radiotherapy, chemotherapy, or surgery was adopted
unless there was evidence of relapse or new metastasis after
the IGRT was administered.

Radiation dose

Based on the feasibility studies at the affiliated hospital,
we have started a Phase I/II study at the starting dose of 60
Gy in eight fractions in 2 weeks (60 Gy/8 Fr/2 weeks). This
dose fractionation schedule was used for tumors located in
the peripheral region, which were defined as tumors at the
segmental bronchus or peripheral to it. For tumors located in
the central region, which were defined as tumors at the lobar
bronchus or more central bronchus or tumors that originated
in peripheral lung tissue but were situated near the medias-
tinum, we thought that the dose-limiting toxicity may differ,
and the maximum tolerance dose may be lower. This hy-
pothesis was based on our experience in high-dose intraop-
erative radiotherapy for thoracic diseases in which fatal
tracheal ulcers were observed (23). Thus we reduced the
starting dose to 48 Gy in eight fractions in 2 weeks for

tumors in the central region. Large tumors that required a
radiation field larger than 6 X 5 X 5 cm (typically 3 ¢m in
the diameter of CTV) were treated with a starting dose of 48
Gy/8 Fr/2 weeks. In patients who were treated with a
muitileaf collimator for beam-shaping, the equivalent field
size calculated by the aid of 3D-RTP was referenced for the
stratification of the dose between 48 Gy/8 Fr and 60 Gy/8
Fr.

The dose constraint for the spinal cord was determined to
be 30 Gy/8 Fr, which is equivalent to 43 Gy using a daily
fraction of 2 Gy (43 Gy/2 Gy), assuming o/ = 2 for spinal
cord injury. The dose constraint for the esophagus was
determined to be 40 Gy/8 Fr, which is equivalent to 70 Gy/2
Gy, assuming o/f3 = 2. The 70 Gy/2 Gy dose was used as
the tolerance dose in accordance with previous results re-
garding external radiotherapy without chemotherapy for
esophageal cancer in Japan (24). The dose constraint for the
brachial plexus was 37 Gy/8 Fr, which is equivalent to 61
Gy/2 Gy (25).

Acute toxicity was scored using the National Cancer
Institute common toxicity criteria. Dose-limiting toxicity
was defined as Grade 3 or higher nonhematologic toxicity.
Late effects normal tissues’ scoring system was used for
judging late radiation morbidity. Because, for thoracic le-
sions, lengthy observation is required for late radiation
toxicity to be discovered, the observation period was de-
fined as 18 months before any dose escalation of irradiation
was attempted. Patients entered into the trial were treated at
the same dose level until 5 patients at each dose level were
followed for at least 18 months. If patients died of cancer
before 18 months, another patient who survived more than
18 months was required to obtain 5 patients with an obser-
vation period of 18 months. The MTD was considered to
have been exceeded and escalation was discontinued if a
Grade 3-5 adverse reaction was observed in 1 of the 5
patients in each arm of the trial. If an unexpected serious
adverse reaction was observed, the appropriateness of con-
tinuing this trial was reconsidered. Accrual was allowed to
continue at a given dose level until the fifth patient success-
fully completed treatment and was observed for 18 months.

Patients were seen and examined by one of the investi-
gating physicians once per week during the course of radi-
ation therapy.

Response assessment and patient follow-up

Patients were seen and examined by one or two of the
investigating physicians a minimum of once per month in
the first 6 months of the follow-up period and every 3
months thereafter. This evaluation included a physical ex-
amination, laboratory evaluation, and chest CT scan. A
respiratory function test was obtained in patients who
agreed to do it regularly during the follow-up. Data on
patterns of failure and overall survival were obtained by
continuous evaluation of the patients at Hokkaido Univer-
sity Hospital or by contacting the physicians caring for
those patients who elected to continue their follow-up closer
to home.
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Statistical considerations

Data were collected and stored in the data management unit
of the Department of Radiology at Hokkaido University Hos-
pital. Survival was calculated from the date of treatment initi-
ation to the date of death or last follow-up. The local control
rate was defined as the rate of the appearance of no progressive
disease in the PTV. Because the pulmonary fibrosis induced by
small-volume IGRT makes it difficult to distinguish the tumor
from fibrosis, a biopsy through bronchoscopy was indicated
when a tumor-like, convex shadow appeared in the treated
volume. The regional recurrence rate was defined as the rate of
recurrence in the hilar/mediastinal lymph node, which was
examined in patients with Stage I primary lung cancer. To
calculate the cause-specific survival rate, the event was defined
as death resulting from cancer.

To preliminarily assess whether the small-volume IGRT
might be beneficial, we also examined its impact on local
control for all patients and cause-specific survival and sur-
vival for those who had completed the intended treatment.
Local control rate, cause-specific survival, and survival
were calculated using the Kaplan-Meier method from the
date of initiation of protocol therapy to the date of death or
local failure. The statistical significance of differences be-
tween survival curves was established by the log—rank test.
The Wilcoxon test was used to compare respiratory function
before and after small-volume IGRT.

RESULTS

Patient characteristics

Between January 1996 and January 2000, 58 lesions in 46
patients with primary or metastatic lung cancer were enrolled
onto this study (Table 1). There were 34 males and 12 females.
The median age was 68 years old and ranged from 33 to 82
years old. Twenty-six patients had primary lung cancer and 20
patients had metastatic lung cancer. There were 18 peripheral
tumors with diameters of 3.0 cm or less that were treated with
60 Gy and 39 tumors that were centrally located or greater than
3.0 cm in greatest dimension that were treated with 48 Gy. One
patient with a centrally located tumor was treated with 60 Gy
in eight fractions instead of 48 Gy (protocol violation). In all
tumors combined, the maximum tumor diameter ranged from
0.6 to 6.0 cm with a median at 2.6 cm, whereas in NSCLC, the
tumor diameters ranged from 1.4 to 6.0 cm with a median at
2.8 cm, and in metastatic tumors, the diameter ranged from 0.6
to 6.0 cm with a median at 2.5 cm. The TNM stages (UICC
1997) of primary lung cancer were as follows: Stage I, 19; II,
1; I, 1; and IV, 4. The histopathology of the lung cancer is
shown in Table 1.

Nine patients agreed to perform respiratory function tests
before and after the small-volume IGRT. All 9 patients were
examined for vital capacity (VC); all but 1 patient were exam-
ined for forced expiratory volume at 1.0 sec (FEV,,) and
diffusion capacity of carbon monoxide (DL ). The follow-up
periods ranged from 2 to 44 months with a median of 18
months for all patients, and ranged from 15 to 44 months with
a median of 18 months for surviving patients.
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Toxicity

Grade 1 radiation-induced esophagitis was observed 1 week
after the start of IGRT in 1 patient with metastatic lung cancer
who received 48 Gy/8 Fr to the 3.5-cm tumor located posterior
to the right main bronchus. The pain resulting from acute
radiation esophagitis was relieved at 1 month after IGRT
ended. However, this patient suffered from swallowing pain
again 3 months after IGRT ended and died as a result of
bleeding from an esophageal ulcer 5 months after IGRT ended.
An endoscopic examination 4 weeks before his death revealed
an esophageal ulcer with radiation-induced esophagitis around
it. On the three-dimensional dose distribution in 3D-RTP, dose
in the PTV was distributed from 40.1 to 52.9 Gy with the mean
of 48.8 Gy. The contour of the esophagus was included in 80%
isodose area of 48 Gy/8 Fr (i.e., 38.4 Gy/8 Fr) but outside of
the 90% isodose area for the length of esophagus about 4.0 cm.
However, in the retrospective review, we contoured the esoph-
agus again on the same CT and found that the esophagus was
possibly exposed to a hot spot. The mean dose of esophagus at
risk (34 cc) was 10.6 Gy with the maximum dose of 50.5 Gy.
The high dose given to 10 cc, 5 cc, and 1 cc of the esophagus
was 14.8 Gy, 29.9 Gy, and 42.5 Gy, respectively.

A Grade 2 late adverse reaction, namely long-standing
mild chest pain, started at 1 month after IGRT in another
patient with a tumor adjacent to the chest wall. The pain
lasted for 8 months. The chest wall was estimated to have
received 90% (i.e., 54 Gy) of the prescribed dose of 60 Gy
in eight fractions. No other patients experienced symptom-
atic complications.

Nine patients were subjected to a vital capacity test and 8
patients to FEV  and DL, before and after the IGRT. There
were no statistically significant changes in the respiratory func-
tion tests given before IGRT and those given 3-32 months
after IGRT. The median changes in VC, FEV, ,, and DL
were 200 mL (range —650-650 mL), O mL (range —210-460
mL), and —0.47 mL/min/mm Hg (range —2.24-4.95 mL/
min/mm Hg), respectively. The minus and plus values repre-
sent decreases and increases in comparison with the pretreat-
ment values, respectively. The median VC was 2760 mL
(range 1530-3190 mL) before IGRT and 2420 mL (1430-
2960 mL) after IGRT (p = 0.376) (Fig. 3). The median FEV, 4
was 1340 mL (660-2200 mL) before IGRT and 1350 mL
(640-2080 mL) after IGRT (p = 0.469). The median DL
was 10.56 mL/min/mm Hg (5.15-17.21 mL/min/mm Hg) be-
fore IGRT and 10.62 mL/min/mm Hg (7.18-12.26 mL/
min/mm Hg) after IGRT (p = 0.473) (Fig. 4).

Response

The 3-year local control rate was 80.4% * 7.0% (a
standard error) for all tumors combined (Fig. 5). The
3-year local control rate for NSCLC was 55.1% * 18.5%.
The 3-year local control rate was 87.6 * 5.8% for tumors
=3 cm (n = 45) and 57.3 * 20.2% for tumors >3 cm (n
= 13) (p = 0.1558). The 3-year local control rate was
69.6 = 10.6% for tumors that received 48 Gy (n = 39)
and 100% for tumors that received 60 Gy (n = 19); the
difference between them was significant (p =0.0435)
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Table 1. Patient characteristics

48 Gy/8 Fr

60 Gy/8 Fr

No. of patients

No. of lesions

No. of patients No. of lesions

Age
Median (range)
Sex
Male : Female
Tumor diameter (cm)
Median (range)
Location
Central
Peripheral
Primary lung cancer
SCC
Adeno
Unspecified
Metastatic lung cancer
Bladder
Breast
Liver
Rectum
Renal pelvis
Malignant melanoma
Thymic cancer
Thyroid
Head and neck
Lung
SCC
Adeno
Large cell ca.
Kidney
Total

p—

p—

NUNMON—,O= = O, O~ NOWVBI—= 1Y~

[

67 y.0. (33-82y.0.)
22:10

3.0 cm (0.6-6.0 cm)

73 y.0. (50-79 y.0.)

11:2
2.0 cm (0.6-4.4 cm)

9 0
30 18
17 8 8

9 5 5

7 1 1

1 2 2
22 5 10

0 1 2

2 0 0

1 0 0

0 1 1

2 0 0

1 0 0

0 1 1

1 0 0

2 0 0

5 1 2

1 0 0

4 0 1*

0 1 1

8 1 4
39 13 18

Abbreviations: SCC = squamous cell carcinoma; Adeno = adenocarcinoma.
*One patient had two lesions that were treated with 60 Gy/8 Fr and 48 Gy/8 Fr, respectively. This patient

was counted as treated with 48 Gy/8 Fr.

(Fig. 6). Table 2 shows the patients with local failure in
the study period. All failure lesions were treated with 48
Gy/8 Fr. The 1-year and 2-year regional control rates in

Change of Vital Capacity
3500
3000 % %

E] 2500 - \\;
2060 o__/—-——'
1500 M —
1000 |
500 |

0
Before IGRT After IGRT

Fig. 3. Change of vital capacity in 9 patients who agreed to receive
the examination. There was no statistical difference between vital
capacity taken before image-guided radiotherapy (IGRT) and vital
capacity taken at the last follow-up (p = 0.551).

patients with Stage I primary NSCLC were 93.8% =
6.1% and 85.2% =+ 9.8%, respectively.

The 2-year overall survival and the cause-specific sur-
vival were 47.1% and 60.2%, respectively, for primary lung
cancer, and 48.8% and 48.8%, respectively, for metastatic
lung cancer. The 2-year overall survival and cause-specific
survival for Stage I primary lung cancer (n = 19) were
41.5% & 53.5%, respectively. Among 15 patients with
Stage 1 primary lung cancer, the cause of death was lung
cancer in 5 patients, acute myocardial infarction in 1 patient
(who died 9 months after IGRT), preexisting pure red cell
anemia in 1 patient (who died 2 months after IGRT), and
bacterial pneumonia in 2 patients (who died 3 and 16
months after IGRT, respectively).

DISCUSSION

The primary objective of this trial was to determine the
organs at risk and the MTD of IGRT that could be delivered
within our eligibility criteria and stratification policy. We have
seen one Grade 5 ftoxicity in the lower dose group and one
Grade 2 toxicity in the higher dose group in the study period.
Eighty percent of 48 Gy (38.4 Gy) in eight fractions is equiv-
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Fig. 4. Change of diffusion capacity of carbon monoxide (DLco)
in 7 patients who agreed to receive the examination. There was no
statistical difference in DL, recorded before and DL, recorded
at the last follow-up (p = 0.773).

alent to 65.3 Gy/2 Gy, assuming o/8 = 2 for late complica-
tions in the linear quadratic model without consideration of
repair half-time. Emami et al. reported that the tolerance dose
(5% complication rate in 5 years, TD 5/5) of the esophagus is
60 Gy using a 2 Gy daily dose (equivalent to 36.5 Gy/8 Fr
assuming o/f8 = 2) when one-third of the length is irradiated
(24). A Japanese study of small esophageal cancers showed
that 70 Gy/2 Gy (equivalent to 40 Gy/8 Fr) was tolerable (24).
Thus our schedule was thought to be reasonable in terms of

Volume 56, Number 1, 2003

esophageal toxicity. However, the retrospective recontouring
of the esophagus on the same CT suggested that the esophagus
might have been nearer than we had expected to the PTV and
received higher dose. Dowsett et al. have reported that there
was a large interobserver variation in contouring of esophageal
carcinoma in contrast to a small variation in contouring of
spinal cord (26). The surface of normal esophagus is also often
ill-defined on CT images. Because of the uncertainty in the
esophageal contouring, we could not determine the essential
MTD of esophagus in four fractions. We have seen one Grade
2 toxicity in the higher dose group. The tolerance dose of the
internal chest wall or the visceral pleura has not been docu-
mented well. Fifty-four Gy (90% of 60 Gy) in eight fractions
is consistent with 118 Gy/2 Gy, assuming /3 = 2. This dose
is beyond the tolerance dose of the rib cage (50 Gy), skin
(55-70 Gy), and brachial plexus (60—62 Gy) as reported by
Emami et al. (24). The dose administered to the internal chest
wall/visceral pleura probably exceeded the tolerance dose, and
ulcerative lesions might have resulted. The internal chest wall
may be more accurately regarded as a surface such as skin or
mucosa, for which an overdose of irradiation results in painful
lesions. However, Uematsu et al. reported that no definite
adverse effects related to stereotactic radiotherapy were noted
in 50 patients treated with 5060 Gy in 5-10 fractions for 1-2
weeks (5), except for 2 patients with a minor bone fracture and
6 patients with temporary pleural pain. The area exposed to the
high dose is most likely small enough in patients with T1-2
NSCLC in their series. The present study also treated small
tumors with 60 Gy/8 Fr and only saw 1 patient with Grade 2
pain.
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Fig. 5. Actuarial local control rates for all lesions.
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