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1. BR - AW

HHFRIBEE IC B W CTEWIBEIR 2152 72013, BN TH 2 S G Z Eh &2
w3 b, IEHNEER (organs atrisk : OAR) ~DWRH % F/NRICII 2 2 HE23 D 5, K FHIA
HED—fETH 2 RFFIAIE L Bragg peak #H L. X UK ICHAAREERERE V. 72
BHERE S EmNC Lo, BT SOk FHNEEE L L TRWIREIRZG 5 Z &
DTE S, Lo L, KEMIARITE — LR L OB EZ(LICIER ICBIETH b | e L
N3 —LOEFIEEOZIC X Y, FIFE (target coverage) DK T % OAR ~OD EftE
B OME L 725, ZD7D, THEH X ZEJE L 725HHIEERAE (planning target volume :
PTV) ~—Y v OREM, BXUPTV v =Y v TREBHKRAVEEZICOIGL 5 ik
FEatliZ 2835 2 L id, K ) Rk @R BIIERDO FEINCED 5, ATl AR,

[VRIRIRE IR IEGHHIR 2> & DB EZRL DL Z - T A5 E D EHENE 0 1SESF X L5k
HERTH] ) &, [ERR BRG] & ERT 5, HHRENE NI 5 R BAREEE I Tl & FE o
BAEBGFONTE Y, SHRERIZFIEILRPRIAETNE, chE T, HHEERICNT 5K
FHRIREED PTV ~— Y V2 E L 7209813 7 <. ERRIVREERAI X 0 1§ o - fEdfER S
TW3 2, ZOfHZ#IGT 2 AMEARRILIZ 2\, 72, PTV v —Y VY TREEHRAVE
EZALICB L Cld, TSR EI M ORNLICER 2 EtEr® 2, AFFEoHivix, 1
BRI T BIRBIRAF v =V ZIRFEICEWT, BERBEIHOEFELRET 2
TETHB, AWFETIE, IRERICH T 2 EMA F v =V JIRHRO PTV v — Y v 2 5
H L 72%. CT D EHILE 2 F v 7z 1B Rl o A IO W TRET L 72,
2. T

MWNNBSLB A& v X —ICTRBIRA ¥ ¥ = v 7R Z AT o 72 BB B 2 TR I,
Setup error (JEEERFD £ v b 7 v 7345 | Intra-fractional target motion (HEEH T DIFER D E)
% ). Inter-fractional target motion (GEEHARIF COERN OB E) #FHM L 7z, FHll7 —2 B X
OHRSHEEE OFFAREZ b L ic, BHEER IS T 2 IREBEMMA F v =V ZIRED PTV v+ — ¥ v
R L 72, Setuperror (X 2D-3D BIR& Y 27 L &2 FH L T, {BERHE CT 2 51EK L 727
¥ Z VSR (digitally reconstructed radiography : DRR) [Hi{§ & | & BFHEDL Y T v
7 X BRI & OALEFRED O R 7z, Intra-fractional target motion (I H LR T T
I N7z X BERERE AT, ANICHEIN&E~— 7 — (Clip) DERMATOENE
% 3l L 7z Inter-fractional target motion 1. VAR ICHREE X 41 2 10K ETH CT {5 & iR
M IciiZ S 3 in-room CT MifR% A L. RFEIARIHIC 31 2 WIRIAEEARRE (gross
tumor volume : GTV) DALEZNL % M L 72,

I in-room CT Hi{5 % V> 72 G HERF D #2701 il 12 35 0 L BRRIRRE QKT 23544 &
Nz TNIZPTV v =V VICEETE R WERIIC X 2 HELRLOBNTH 5 L HFE 2 b,



ZZT, ZOERICOWTHEL, ZOXEHICOWTHRE L7z, TFHEHREL LT, A
FHARI R IC 51 2 REZL 0B s X e RIARIHFIC B 1T 5 0OAR DfriEZL (Inter-
fractional OAR motion) % 7Fifi L 72, AHEZ L DRZEIL. in-room CT Hi{§ TR AR I IR
DRIE % IBREHEIF & [ Ui 72 2 X 5 FH%E L. inET o BUEHER (AR v MIE, &AF
v P ORTEE) A COREROREN N 2 FEtH L7z, 2ok, REFHBROFRIC LS
EERRRE DAL % §Afli L 72, Inter-fractional OAR motion (ZMAEH, 5V IS0 L CfThbitz, Z
NHIE—ED volume Z ORI TH V| (EZIC K VIENREICHEST 5 LHFE 2720
5 TH b, ANTIZ Inter-fractional target motion [FIER. VAIEETH CT {5 & in-room CT [H{{§ %
T, BRI IC 351 2 OAR DATEZA Z 5l L 72, wi2ic. B mipiatm o5
FiE e L CRESARS X UREE P OMEREL#ICH 2 228 % BERE OV CT H Tl
g 2 FiEeMat L7z, OFEL 260G & OFE#H L 7 WiniiEtHEiZ E L. in-room CT
HRIC T OEBEIH E — A 25 X ¢ 5 2 & CIRERFOBENMEZHEH L. 1BEEETE 2
O DEERFR R D 2L % G L 72,
3. WRBIUEER

Setup error |3 1.0 mm AN TH b | WHE T AT LLBEESHE O EREE 2K L 7z LT,
JeATHFZE & LR L C O AR IIB T ey b T v 7HETH -7z, TN LD, Setup
margin /% 1.0 mm & L 7z, Intra-fractional target motion (%, il i AKZ L& 134 2.8 mm T
HY., ZOfEZEM L 72, Inter-fractional target motion [ ¥HE 5 MIDEE MO 1A L D H K
L RAREMRIEFNSOmm TH Y, ZOMEEZERMA L, Zab0HlT — & B X U4
DIRFHRA F v = v JEHERIC 51 2 M EEOFAHEZ b L ic, &FTEDE Y b T v
Tw—Yv (SM) BLUHEHN=—Y Y (IM) BRELZZ, PTV ==YV id SM 5L U IM
D MOV L Y FT71 TR X AL EETTIANC 6.5mm. R E JTIAIC 6.8 mm TH o 7z,

iR EIE o B ORIEZA LI X 0 | FRRVERE X CTVI T-0.2%. CTV2 T-0.6%DZ{LT
Hotze TNXY | REZHEERNFRERICE 2 2 EBILIEF ITNE 2o 72, IR IC S
7% OAR DATEZALIZ, ke L CHEAMICPLPRE CENONEZL (Inter-fractional
target motion) & FIX[ESFOMHAIZRT Z L3 o7, T XD, IRERFOFEIRE DK
T, BB X CEREFE 02 R % &1 OAR OEZMICX 2 ETH L LE X LN,
INHLoOXKE LT, BREEES X OREEH ORI IC D 5 22508 % BEFEE D1
CT fE CEHMLIE L 727605 1, B Z L 0 o 72 iREGTH & D b, {RERICE T 5
FERIRRE DS KIRIC OGS U 7z, T ALE. IRFEEHH O B C CT o BHLEIC X 0 | JafiF D
BRI R 3510 2 QU BEZAL 2 ZIE L 6 RatE 2 E L 7= C & T, {BER O ZER D
BB D O TEWBESHER I N6 TH DL EE X 5,
4. FE

AWFZETld, T HIRER IO S 2GR A F ¥ =¥ Z7IaKD PTV v — Y v B XS CT fH
DEFILIIC X 2 BARELIGIRGTH O VR FEZRE L 7o, AW TRE L = FiE IR, R
Hrm b, BAERZED 2 2 EBFTE 5,



Planning strategies for robust carbon-ion scanning radiotherapy for stage I esophageal cancer
Makito Suga
Abstract

1. Introduction

Carbon-ion radiotherapy is a type of particle therapy, that has Bragg peaks and is more dose-
concentrated than photon radiotherapy. However, while carbon-ion radiotherapy offers many
advantages, it is very sensitive to density changes in the beam path. This can lead to unexpected
reductions in target coverage and high irradiation doses to organs at risk (OAR). Therefore,
developing a treatment planning strategy that thoroughly evaluates uncertainties and accounts for
them will lead to safer high-precision carbon-ion radiotherapy. Carbon-ion radiotherapy for stage
I esophageal cancer has achieved results comparable to those of surgery, and demand is expected
to grow further in the future. To date, no study has reported the PTV margin of carbon beam
therapy for stage I esophageal cancer, and values obtained from clinical experience have been
used, but there is no clear evidence to support the use of this value. Therefore, PTV margin should
be set with firm consideration of changes during treatment (inter-fractional and intra-fractional).
In addition, for density changes along the beam path that can not be considered in the PTV margin,
there is a risk of the unexpected collapse of the dose distribution due to range changes. Therefore,
it is necessary to make a robust treatment planning method for PTV margins and density changes
on the beam path for carbon-ion radiotherapy for stage I esophageal cancer. In this study, we
determined the PTV margin in carbon-ion scanning therapy (CIRTs) for stage I esophageal cancer.
Furthermore, a robust planning method for density changes using CT value replacement was
examined.
2. Materials and methods

The clinical data from seven patients treated with CIRTs for stage I esophageal cancer were
used to analyze setup error, inter-fractional and intra-fractional motion error. Ultimately, the
determination of the planning target volume (PTV) margin was based on the accuracy of the
treatment system. The patient's positioning error was determined from the positional error
between the digital reconstruction radiograph (DRR) image and the final patient setup X-ray
image. To evaluate intra-fractional target motion, the clip’s movement during maximum
expiration using serial X-ray images were measured. To evaluate inter-fractional target motion,
the GTV positions during maximum expiration were compared between treatment planning
images and in-room CT images.

While assessing the dose distribution during treatment with in-room CT images, it was
observed that the target coverage was insufficient. Changes in patient body thickness and shift in
the OAR position near the target may have contributed to the reduced target coverage. First, we

assessed the changes in the patient's body thickness during the treatment period affected target
g p y g p g



coverage. To match the body thickness in the in-room CT image with that in the treatment
planning CT image, the body thickness in the in-room CT image was adjusted virtually using CT
value replacement. Dose distributions were calculated from in-room CT images after body shape
adjustment to evaluate changes in target coverage due to changes in body thickness. Next, we
evaluated the effect of inter-fractional OAR position variation on the pharynx and trachea. These
are air masses with a constant volume, and we thought that changes in position would affect the
target coverage. As with the Inter-fractional target motion, the analysis was performed using
treatment planning CT images and in-room CT images to evaluate the displacement of the OAR
position during the treatment period. Finally, to evaluate the robustness of the treatment plan with
CT value replacement, we replaced the CT values in the target and air area adjacent to the target
with the average CT values of the target. Then, the change in target coverage resulting from
replaced CT values was calculated using in-room CT.

3. Results and discussion

The mean setup error was within 1.0 mm and, our study showed a good setup accuracy. The
Intra-fractional target motion was approximately 2.8 mm. Inter-fractional target motion was larger
in the SI direction than in the other directions, with a maximum value of approximately 5.0 mm.
Consequently, the PTV margin calculated from the square root of the sum of the squares of the
setup margin and the internal margin in each direction was 6.5 mm in the body axis direction and
6.8 mm in the depth direction.

Our results showed that the effect of changes in patient body thickness during the treatment
period on target coverage was minimal. The inter-fractional OAR position variation was slightly
larger in the SI direction, like the Inter-fractional target motion. Target coverage for treatment
plans optimized with CT value replacement was significantly superior to treatment plans
optimized without CT value replacement. This method can make robust treatment planning for

density changes that can’t be considered in the PTV margin.

4. Conclusion

Our research has presented a method for determining the PTV margin and shown that density
replacement can be used to develop a robust treatment plan for patients undergoing CIRTs for
esophageal cancer. This approach is independent of specific software or equipment, making it
feasible for implementation across diverse clinical settings without any specific prerequisites. Its

adoption holds promise for elevating target coverage and advancing patient outcomes.
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H1E

1.1 WRoER

TR L DS AGBIR D —DTH U | 2 VT AMIEN O 74 F > ) R
(deoxyribonucleic acid : DNA) %#YJWi4 2 2 & THREEITI, ZD7-0, EWIBEE
%135 - DICIIENTH 2 BB IR A P X2 b, EHFNEE (organs at risk :
OAR) ~D WS % R/NRICHN 2 2 LB H 2, R THRIREDO T H 5 R EIRIGHE
(carbon-ion radiotherapy : CIRT) [1]iZ Braggpeak % L. —M&0 72 it SRiA#E i X
N3 X BRI TEE~OMRBETENE V. & D720, HEHHRITIR A SRR
OB 7n & OREHAR ISR L 2 A ERR 2 X SR ICH S TR T 2 2 L AT
%, 7. FUA TR L LA AV SR TW 3G FHIGHRIC LT, B E
& K DAL D DNA ZUIHT L 9720, EWIGEIREZE 2 2 L3 TE 5, REM
BRI ORIHD BT S0 5 K, REELMFIZN % ©— {5 IEi#&E (=Bragg peak)
DEALIT X b, EERRRE (target coverage) DX T OAR ~D EifEHK G2 M & 72 5
[2]c RARIT E — 24808 LOBEIC X W BT 5, ZOBEEEIC X 2 REEDZ(LIZ
KL 7R LB~ EHRER S %5 2 L, S5 3 2 @R RO T 20 cldz <.
OAR DHEELHERRICEDL ) Rk, 2070, REICHED M4 2K %
LWL BB O R BB R TH 5, B T2 K B 7 & DR TG G

BEsE L 7= i X 0BER L LCli, ©— 24 ¢ BEOMERROEND D X, KEED



B & PHREOZ, CT A betHE S 3 K HIEREIL O RE» X R &% T b5
[3]c SO DARHED S XS I/NS HZ 2 BEH D 5 A3, FUR DAL B P Hifli <o 4T
il & Np WEREERBEET 5, A X1 X 28R D FICIG T 2 /7
FEELTUAKHWLNT W B DT, El~D~—Y VY IITH %, X BHAETIZ, FK
(sS4 A% (clinical target volume : CTV) 2% L CULA#ELA RN TN B X 5, CTV %
LEHURL 7z~ —2 v 23 5B CEIERER AR (planning target volume : PTV) % 3%
E L. It LTI MEEZIRE T2, 2hicX ), AiE»Z O TDH CTV 28 PTV
WIZH BIRY . CTV ICHT 2 A58 EIZHIR I N 5, =B, PTV ZiET 5 FRIC CTV
IfmEnz~—Yv% PIV ~—Y v S, Lo, KAHUBEOL&RIERET 3
AEDPTHE — LI LTI T L EES [ TRER S0, PTVY—Y v CTV %
LHUKRT 20T, BEBNORMED» X BEFE N PTV ~—Y VB E—LJ7
MHEICERIE T B DB B,

BT AR B T 2 BEEE I X 2 CER D 6 FHICAIE L. 2o 5.3%
b0 T B [4], WHRBERARAN ORI PN RERE & 2 S 02 EG IDHEF
BEML T3, R ICRE ST 2 WA T, Y v H#ilsBo Y 27 835 5701
JEPTiERE O NHREERVIER Tt 7n < FICFM £ 72 1ML AR aEI fTO N B [5], L
L. FnIRERMES S < L AL AU BRGEE S Wi o 0F I X 2 FBRED . Wfilgss. O
TR EOHERRRB I NS, ek L, DB I 2 REGAE L
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R B AHD 20 L s BT o URIBIRIC B W T, Tl LRk EHRE L
L CGHEED R CERE]SF 5N TV B, & D720, [KEIMEEITFM e L ik
Hok 2 WIEFNIC 5 C O BEIEA R S B ) . SBERZHFELALRIAT TV 5,
INE T, WIREEICH T 2 REMIAED PTV ~— 2 v 2t L2583 4 <. BR
PRSI X V3 N7 PTV v — Y VOfERfER SN CTWE, LAL, TOPTV—Y
¥ 7% TR B8 (S EIG 3 2 BHAE 2 ARHL I 72 < | S~ 0/ NI E 35 X OF OAR ~ DK
BREGORNED %, 72, PTV = — v CREBHERVWEEZIZ, REZLICX
2iRERHE D S O P AR EN M ONICELR Y AR, oo, HAREREIC
32 IRFAERD PTV v — Y YO R BXUPTV v — ¥ v CEFEHR G WEE
ZAIT RIG L 9 BIRHFEETHNE, K2 7 RS LR R ARG IR D FEHLIC [ 1 7- B o FVE &
2o T3,

AT LARE, e (B - eI ) 1o, JRBGETHEIR 2> & O (B - OAR
DOEZAL, AR - (EOfLE PR OEA, KREZE R LIGER L 72) BEESET -
Th. JUTTHEE A EHEREE D IS X B iERENE 2 [EA (moN R b)) ZeiBdat

LERT Do
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1.2 WEOHB

RWFFE D Higid, BAEERR IS 2 REFEMA F ¥ =~ 7I6H (carbon-ion scanning
radiotherapy ; CIRTs) 1[C3 T, BRAERIGEHOVEFEARET L2 L TH S, )

DI, HABEEICNT 3REBAF ¥ =V VIBED PTV ~— Y v AEH L7, XKiC.
PTV =~ — ¥ v TIIEEH KR WEEEL~DXGIK E LT, CT EDEEULEE % Fvs 7=

R A TR D TR L 72,

1.3 ARG DL

K IFESEL LMK E NG, F1FTICT, AMROERERVPHNZR~72, 52
BECIE, HHRERICN T 2 RFEMAF ¥ = v 7o EIc O Wik~ %, 53 EIC
BT, WIREEICHT 2 REMA Ty =V 7IHEDO PTV =Y v R HE L7, F 4
BT, PTV = — YV TREFREHR R WEERLICNT 230K e LT, CTED &R
WU % F > 72 iR BT O FHTEIC D W TRRET L 72, IRIRICEH S HICT, 2N b DR %

IS F 2 T ARWTSE Dt i % ik
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H0TE RFEE R F o = L

RETR, RFEBIBFICE T 2 W BHEGEDE 2 A L, MR)INEZ A 2 v 2

—ICB T I EER N T 2 IREMA F v = v 7RO E 2T 2,

2.1 RHEHEEGE

3RTTHI (% H 3 2 IR LINESR 2 DB HE izl iRFEMR e — 2%
M5 27203, MY Iz v — o Z2EPRICEDETRE T 28821 H 5, K
FERAECIRTIC, Tu—Fe—a (JERe—2) BEEE (Rvvre—L4) ¥y
= v ZHHEHED 2 ORFIET B,

7'a— F e — LZHBHE . MR ER E — L2 HELE oy ) Y v YT 4R
(z7718) TIAERNTHER L, BEEAOME 7 s v 2LBEa YA -2 THLT
W4 2 5k CTH 5, b, E— LDIERICHERE AL <7 77 BB E2 V3 )
K&V 77 —HREMWR, ZOWEREDR A, ERIC X )N O AT A%
ERETORET 2L TH B, Kanai bt Hibd 2 2% v = v 7 IEEE R OB
T RARZETH & [FIHA U C U I 28 B 2 17 5 BB R IR A7) 2 e %S L7, 2tk b |k
RORKMIEFERTE 2D DD, 7 u— Ve —LBHNENEARICR o TV E 2 LITZED Y
FaK L BEEGOME 7 a2 0BE ) A — X BT 220 ORI L 7 5,

—J7. AF¥ v = v 7 WEEHE (Figure 1) (301EER 2> HHLY H L 72fl VR B E — L%,
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EBEBWAO Axrx=vr~Z%y b)) EHOUEENTELET 2 2 & THERELF
KT 2D THDL, 2Nk, 7 u—Fe—nl@ghke ik L COEFKSE (OAR) I
3 5 MEEA 7R BN & I 2 72 A3 & L A AR SR IS G AT RE . @ B EEH OfiE 7 4 v
£ A= ZHPAECTH Y | R H B E OREMEA T, @2 ) A —XTDr —
LBFDNIR N2 DI KR (P77 L) oFERE D 7 <L ST o #i <
B KRR EOREBETOoNDG, kb, AF ¥ = v /A0 R THES S
ICB T B ER OREZH) 0EVICEk-T, LYYy 72—AR (ZALF—%EEL
DOL VYV T E—FHwE), "M TV PR (AL F-—FHLL VYL T X —
). = AAF - (ZAVF—EHDOL) »bHb, AF v = v 7L,
WIRBEME — L& A% ¥ v T 2 70 IC QRS v — LA7E - B OEB)IC X 380K
V. OWEHARRICIS L TAF v VIR 0252 5. @R K v MEIC Y — LEE AR HE - B
Y 2 0ERD LR EDREADPFEF LN, TS FEAMICHHGATEED L < 13ZR
TE2bDLEEZLNTWE[8], MFRIENZAA Y X —DREMAF v = v 7IHE
7% (ion-beam Radiation Oncology Center in Kanagawa ; i-Rock) Tl¥~4 7'V v F KD

2% v = v 7IREHE (Figure 1 ©b) ZE#HLTW3,
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(a) St:::;ri‘l;% range shifter

Toensos® _Jf X
Beam ON/OFF | || || || |||||||
(b)  Hybrid scanning

Scanning

range shifter
magnets 9 .

Synchrotron
operation
Beam ON/OFF | II I || ||l||||

(¢) Energy scanning

Scanning
magnets

Synchrotron
operation
Beam ON/OFF | || |||||||||||

Figure 1 Depth scanning with carbon-ion scanning therapy. [9]

In carbon-ion scanning therapy, its Bragg peak is shifted along the depth direction either by
inserting the range shifter (Range shifter scanning) or by changing the beam energy of a
synchrotron (Energy scanning). Hybrid scanning is a combination method of Range shifter
scanning and Energy scanning. (a) Range shifter scanning, (b) Hybrid scanning and (c) Energy

scanning.
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2.2 JURRRREETHIIC B 1) 2 A

TECRHRRIBIR T 35\ TR % B 3~ AR & 7 2 FHIIE. ICRU report 50 35 X OF
62 [10]IC B\ TER S LT\ 5 (Figure 2) . IRV IESES 4 (gross tumor volume ; GTV)
(R 7 & CHEE A AR ICIERE C % 25 CH U | BRRIYIEES AR (CTV) X GTV
JEBH DR % & U Rz LN 2 Il 2T, 2E V. 2D GTV & CTV [3f#
BBHTEL T B, XUIFFTEL T B ATREME D & 2 I C & b iR % TR 3~ & 1%
We7d, Z LT, BEDIEHROIELE LI OB & 72 &, IGFRICBET 2 D X
FEB L7 BT, ENICAUTRESEE NS X ) CTV 2FHIEK Lz~ —2 v
N & 7= tEI & GHEER (AR (PTV) & WER, 20 PTV IChf L T 2175 C &
T AMEDZTDOHPTH CTV ITH L TG RESHERICIHA I NS X513 5, b,
X MR L R EREE CRIFHUAIE) KB 2, PTV ~DE 2T DE W35 3 80

JUINC R
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CcTVv
PTV

a\

Dose distribution

Figure 2 Volume concepts used in photon radiotherapy planning.

In radiotherapy, the PTV (blue area) is obtained by adding isotropic margin to the CTV. PTV
margins depend on a variety of factors, including the patient setup system, inter-fractional patient
setup error, and intra-fractional tumor motion error. Abbreviations: GTV, gross tumor volume;

CTYV, clinical target volume; PTV, planning target volume.

2.3 JafEalHE

B 5:0~ > F L X (BlueBAG : ElektaAB, Stockholm, Sweden) _EIZINEAZF X
MREM TE 22, Ba[¥PE > = v (Shellfitter: Kuraray, Tokyo, Japan) CTEE L 72, 6%
AIHIH CT 2% (Aquilion LB, Canon Medical Systems Corporation, Tochigi, Japan)% >

T, 2flic 3BT TR RRERE (In-peak) F X WERAFEXEE (Ex-peak) @ CT [H|
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BRAME L 72,

ERSRHGH 1. MIM maestro version 6.9 (MIM Software Inc., Cleveland, OH, USA) % F\» T
1o 72, GTV (Figure 3 D7Rt) @ LNk, JGEEEHE CT OFGZRTIC NN ICHE D
IAFE 7z Clip (Figure 3 0%t8) 28fFE I CE 0, FEMIZ S Clip 1 & Clip 2 ICXHI L
72o CTV X, GTV IZFiE Y v <Hfiflif % & ® 7= CTV1 (Figure3 D& ) &, GTV ICIR
J§L 72 CTV2 (Figure3 DAL v Pf) D2 2 FCHREI N, CTVI ICED LN S
FE Y v EifEI I, JRRE OB I U CEE S h, SEH R cSEE. $HE . it
W&y v ocgfi, RERES ol e b AR Y v oS ETREEL IS fE T L TR
ek PEREN Y v o 12 BiREIR. N ERIE A E © MR, IEIEN ) v oS EEIE AN
Nz, BHEFOKEZ X (20x20cm?) [11]D720, HEEHIAD Y v A HifE % 5Eeic &0
% T L BHEE R Do TAEBITIEL CTVI ZIEYIR 2 b BHETMICHRAK 20 em & L7z,
CTV2 Z CTV 1 OFEIMNTHIC GTV IZfRF L 2B CTERE S 1. GTV 2> b BB D K7
MIC 3em, 773 X EFETIAIC Smm LK L 72588k L L 72, s KIREIRES X OV KIE
SUWFD CT R i GTV, CTVI, CTV2 %#fil L, Z 1o Ol % &K L T Internal
GTV (IGTV). Internal CTV1 (ICTV1). ICTV2 Z{ER L 7z, Hod{batEICfHA 3 2 KA
R4 CT IR IC X, OAR & LCHifi (Figure 3 ®/K), Uik (Figure 3 0¥ th), &HHE

(Figure 3 Ofkth) % il L 7z,
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Figure 3 Axial (A), sagittal (B), and coronal (C) views of the target and OAR structures in

CIRTs: for stage I esophageal cancer.

The GTV (red), CTV1 (blue), CTV2 (orange), Clip1,2 (purple), Lungs (light blue), Heart (yellow),

spinal cord (green), can be visualized. Clips were classified as clips 1 and 2 from the cephalic

side. Abbreviations: GTV, gross tumor volume; CTV, clinical target volume.
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TBFEETHE D A7 1T 1Z. Monaco version 5.20 for carbon (Elekta AB, Stockholm, Sweden) %
AL, E—2ABOH Y Y —AEEIZ0°L 180°T, #¥HRE T 50.4 GyRBE /12 )&
(Figure 4) & L. iBEEERTE A 6 MO0 & L7z, HFIT2BRICH 2T
BY. ZLBIC GTV KB Y v Hifiilx & 7z N Wil (CTVD) % Bg L 72 .
GTV IZBRJE L 72588 (CTV2) ZIRE L7z, PTV (X CTV ICJE LT, CTV 1 &% 72 PTV
1HX, CTV2 & ® 7 PTV2 & LCERE I Nz, WHEEIL, PTVL XL 33.6
GyRBE /8 77|, PTV2 ICxt L 16.8 GYRBE /4 73l & L7z, 7xds, KIS E T % iR
X, PTV ® 95% % ML HRED 95% THAN—F 2 X 5 ICVE L7z, OAR 28 PTV icfk
BLTwaGaIE, UToMERIF 28T 2 X 5FHE L 72, ifi (Figure 3 D/KE) T
IZ 20 GyRBE (RBE JMEARE) %32 2 AR OE A (V20) 25 10% A, L& (Figure
3D M) TIEFEHE (Dnen) 75 20 GyRBE Kiii [12]. &t (Figure3 Dfkth) <Tix
0.01 cm® FEIKIC 1) 2 R AFRE (Dmax) 28 30GyRBE [13] & 72 % X 5 BB HE # TR L
7z
ZZTHWHILS GYyRBE &\ 9 Bif7Id, X #RiGEE & E TV O 2 RILEE (Gy)
IR Y EYEREhRIL (Relative Biological Effectiveness ; RBE) % & & L 72#E D
HAITH 5, D RBE IE. Microdosimetric Kinetic Model (MKM) & X 1¥4L % 4455 £
TNAEROTHENMICERINTYS[8], £7-. ZOHMITFICKG TP FMR R L
DR IR D /T EFIC BT ARICHRS X 7= fiE 2 5Hili 3 2 BRic R S 5,
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Figure 4 Total dose distributions for an axial (A), sagittal (B), and coronal (C) plane in

CIRTs: for stage I esophageal cancer.

The total dose was 50.4 GyRBE/12 fractions: 33.6 GyRBE/8 fractions for PTV1 and 16.8

GyRBE/4 fractions for PTV2. The gantry angles for beam injection were 0° and 180°, and the

beam was equally irradiated six times from each angle.
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2.4 JREREO KRR AR

ERRORIERFIC B T 2 RN 2 il 32 720, IHEENICHRE I N TV S in-room
CTHREZHWTCTRE 2 EM L 72 60K TRICEERAFRFOREBZHEFF L 2 £ £,
BRI CT fg ki35 2 L T, EEOIBRRIC B T 2 (RNE#RZ IS L 72,
FBF OB XL B2 FE L QaBihic 7 < & b 1\ (4 12 [BIEEH
ThE, AR TICE 3 b)) oME TR I, &b, L 7% in-room CT %
B REEETHE CT & L Rl — D TH 5 . Bl X 4172 in-room CT Hi{{ 12 GTV,
CTVI, CTV2, OAR Z ] L, HEGHEREE ~RE L 72, IO isocenter fLE 13
in-room CT HRICKRFE INT~— N —% b L ICERE L 7z £ D%, in-room CT H{{RICIH
PEGTHCRE & MBS (AR y MiE, & AFy b ORTHE) 2w CHEHE

T3 LT, IBEROMEN ZFHE L 72 (Figure 5).
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Plan CT in-room CT

/ Carbon B Iculate
arbon Beam ; $
Template Calculate

Optimize B

@ isocenter

Figure 5 The calculation workflow of fractional in-room CT images.

Plan CT, treatment planning CT images of the maximum exhalation phase; in-room CT, in-room

CT images of the maximum exhalation phase; Beam Template, irradiation conditions set (slice

position, spot position in the plane of each slice position, and number of particles per spot, etc.).
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H3E PIV~—Y VOREH
3.1 #s

KR A F ¥ =V 7Y QA 4 F 74 VBl X 3 &, ki FHiGED R ICE
D AHED X OFER & LT, ©— 24 & BEOMBERGROE & LD, X | fikgs D)
& RIREZAL. CT flio bR S 1L 2 K FHRBHIERELL O AT S R E BB b5, <
WO DAHED XK 2 7202 2 BER D 5 A3, BUR O R < I8 T 5 el
EERDPFEET 2, 20D, INLEZFBLEHNDS CTV ITH L TUTHRE 2 ST &
NEXIBERITHAEVET LI RROONE, AMEP X EZEET 2720 L HVDL
NTV2DlE, CTV~Dv—Y UITH 5, X FHEER E TR, v—Y VIECTV %
FHIERT 2L ic~—=Y vt ng, L LR#ARTE, BFoxy Ty
TR AR OB ¥ | RAROFIERE 72 &, EIEORRICBHES 284 A D S 2%
EL7ze— L FgEO~—Y YR 5, Tid, B — 2 LTI 7 & HEE
HRTHMENE~—V v PRZFTHE D, 2B s 2 Lichkd 5[14] (il :
FEE ST — L L BEOMBREROANHED & 72 & % E R, X J5 113 I RE L O ANHE
DI BERZRE), Tod, HER (EHP BERIHES) 0B ICBRERZ X ¥ =
Y VIRFBMIAREE % LR T B 72T, RIS TIIL 5 3 A X R HEE L.
ZODOHTCTVICH L U MESRF I NS X )i, ¥ — LT AEICPTV—Y V%
RETDILEDRDH D, b, WETIHCTV 2FNe LTREDYF U+ REL & v
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FT v TONHEREY) EEEL-u X PE [15] BREINTHwE, Ll Z
AT EEBE M % [FR izl 32 2 & CHEMWO HIEZRE 2#E/ 2% Multiple Field
Optimization MFO)D & NRE Lizb D TH b, KiFFEOHIFHITH %,
ARETIE, PTV—Y v ORHBIEH L LT, O Setuperror GHERFD HEF B R
#£). @ Intra-fractional target motion (FEETH 12 3517 2 i 0B % ). @ Inter-fractional target
motion (GABHAMIHIC I 2N 0B &) ZFFliL 72, WIZIC, AR X VF SN2 fE
FLOMNEEOFAME b Lic, IRERICN T 3 REMAF v =V 7HHED PTV

~—YUvEREHL =,

3.2 NWREH

ARIFFE T, 2020 4 9 225 2023 £ 4 A TICUFECTREMAF v = v 7IREE R
F 78R L7z 7 A OUHREREO BEEZNRE Lz, YEoARERICN T 2 CIRTs ©
EREEEAE L, 1) AR 1R P BB (squamous cell carcinoma 5 SCC) % 7z (E A
(adenocarcinoma ; ADC) & #ZWi X 41, ii) UICC 28 7 fRIC X D cTIBNOMO & 2 & i1,
iil) BRI T B IEHRER RV L THh oz, OB~V VX ESOH
AR T4 vichto TEEE L, FFINEL2A L Y 2 — GKREES 1 2021eki-101) &%
HERY OKE#FS 1 21-310) DX BEERAROKR L/, TXCOEH» L HME

X324 v 74— Favey  2HEL, T—xiELLEI N,
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ARSI L 72 & DN

R% Table 1 IC/RT, HFFESINE X EM: 5 &, Ltk 2 & <.

Pl 1L 69.4 7% (HPH : 59-82 %) TH o 7z, JWEMMAN 2 2 4 T IZ2TOEH

TSCC THotz, JRFEFEDONEIT, SAHBED 1 4. EHMEEED 1 4. FHEHE

BERSHTHoT,

Table 1 Patient characteristics

Patient Age Gender PS Histology Location Number of
No. (number of clips) in-room CT scans
1 77 Male 0 SCC Ce (1) 4
2 59 Male 0 SCC Mt (2) 4
3 66 Male 0 SCC Ut/Mt (2) 4
4 82 Female 0 SCC Ut (2) 3
5 59 Male 0 SCC Ut (2) 3
6 73 Male 0 SCC Ut (0) 3
7 70  Female 0 SCC Ut (2) 3

Number of in-room CT scans is the times a CT scan during the treatment period.

Abbreviations: No., number; PS, performance status; SCC, squamous cell carcinoma; Ce,

cervical esophagus; Mt, middle esophagus; Ut, upper thoracic esophagus
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33 J5ik

XU ®IC, Setup error (GHERFD BHEMLEROFE) 2Rk, HbETld, BEIDIH
BHTICITb N B BB A I, BEDIERS X I AICKE XT3 flat panel
detector (FPD) X b HUfF & h 2 X MR (2D) &. HEGHE CT Wiff (RAMLFE) X
DR X 77 & 2 AERERL (digitally reconstructed radiography : DRR) [Hif (3D) %
W7z 2D-3D BIA Y AT A[16] AL T3, Zhid, BE X 7z X RREiHR % I -
[R5 E) 3% Z & C DRR iR & OF (REDHEE THIITICEITHER) 283—8F 3 &
SICEBMNEBEZMIEST 2bDTH S, FIRERICIH T 5 Setuperror 13, HHATET (A
JRIEAT) BRIC 31 3 X BRiEI{R & DRR Eiff & OEAMA17)%2. U ToRX (1) 3L Q)
D HRDIz, Tod, BEAREIINME (target registration error ; TRE) 3 X U[uliii (angular

error 5 AE) B4 Sz,

TRE = \/Ax2 + Ay? + Az2 (1)

AE = \JAY? + A2 + A62  (2)
T T T Ax, Ay, Az 2 NBE LA R, RSN, BT Ao, BRETE T (A
JEIEHT) FRICE ) 2 X ARE{R & DRR H{R & OERRHEAZEEZ LR T, £72, AY, Ap, AITZ
NZNx, y. zHITH o 2[R A O RREE A KT,
KT, Intra-fractional target motion (IREFHHICIH T 2N OB &) %FHE L 7z, & D)
V. TRIEEHEIREIC B MR O & iz X BUERHREEIR (X-ray serial imaging)
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& F v T IS O VIR RS B & A ICHEE T & 2 X O BRNICHE S Wiz dfd~— 71—
(Clip) DIRMLFEICE T 2 REFVEMN E%FHi 32 & TRk bz, ik, Clip 1k
GTV O L FicHEINTEH Y, FHAIZ 5 Clipl, Clip 2 & L 7z, X-ray serial imaging (3.
EEICR L TERTHEICHE X 21T\ 3 Dynamic Flat-Panel Detector (DFPD; DAR8000T,
Shimadzu Cop. Kyoto, Japan) % H\>T{T 5 Cine f&f o <. A ([EE., KAL)
% P L 72 IR A8 CyRETIE CT O TERTIC{TH 72, DFPD D HREHEITIT 43 x 43 cm,
HFE ey 713 0.15mm, HELEWETITEL 77 ALY (aSe), 7L —LL—}d
RART1IHH720 30 TH > 72[18], FED isocenter 2> & DFAHEIL 155 cm, F1-324%
ARfHEEAfE (source to image receptor distance ; SID) (% 213 cm T& - 7z, X-ray serial imaging
EIER &I T A S 2 W2 nAThiv, &I7EIC 30 £ (58] o Zz i 23
sz, b, MROBEENMHBET 272010, BE 1 ABL Y EI7ATES [
DR &A1 0T WG I N2HGZ VT, RIFARED Clip DZN7E % 20l L
7zo 7. Clip k4 (LR) J L HERE (SD J5 A ORI & I IEmER <. B
(AP) J7lm & SI /717 D #ERFZEAT = I3 T {5 X 34 L 7=
B2, Inter-fractional target motion (AEEHARIHIC 51 2 A OB X ) % FFAf L 72,
Z DB E 2S5 2, BHEETH CT Hiffds X BRI H I S X 117z in-room CT
B % 72, IEHRETE CT HifR Eo GTV 7 2 &#E L LT, in-room CT Hi{{ T
GTV D&l BT 2 E M E%EK® /2, inroom CT HfRiZ, HEROEE LY F T v 7
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FHEFEL - SMIPRRRICHE S Nz, 72, SEFOKRHC X I EEZZEL
THEBMTR I 2 L il 1 o (412 [ CcH I, ABEERTIcER 3 E) o
B CHRE S N7z, b, A L 72 in-room CT 251E (3, ARG CTREE LRI L D 0
TH 5,

Intra-fractional target motion ¥ X UF Inter-fractional target motion ® 7 — & % F{i 3~ % &,
BT — ZBERAITHE S 2> (EBUE) %33 2 2o 0, IEBIEREZ EM L 72, K
ETIE, v ITAF A DN WGEITHRDEL T3 & I 5 Shapiro-Wilk D IEH
PWE 28R L 72, Z DGR, &7 — X ICIEBERZED bk h o7z, Lo T, IEHME
D3 HOTEENT — 2 %2FHli+ 2 7-0ic, Jv¥F XY v 27 D Friedman H7E %
FHEL 72, 3 BEOLLEIT 3 [MFHi S 5 72, 55 7z p fiH X Bonferroni 5% T 3
il p<0.05 ZAFHICHERE L B L7, HEHHENTIE SPSS (Statistical Package for the
Social Sciences software, version 26.0, IBM Inc., Armonk, NY, the USA) % {#F L 7=,

wgic, THIRERICN T 3REMAF ¥y = v 7HRED PTV ~—2 v [1012EHHE L
720 PTV =— VX ICRU Report 62 [10] &£ V. BEALE O IEMEE-CHREZEE L 72
€y b7 v 7<=V (setupmargini SM) &, KN TEZ 2 EF LB X 2 FE L 7
AN~ —~ (internal margin s IM) X VI T2, 3, AWK LV ELNfH

(@ Setup error, @ Intra-fractional target motion, 3 Inter-fractional target motion) ¥ X U

Table 3 127~ 3 IS E  (CI-1000, TOSHIBA Corporation, Tokyo, Japan) D FFA{E (grayed
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out) V. HEHEDOSMBIUOIM Z2ZxnFnEHLZ, 20%. UToRX 3) Bk

U 4) #HWT, ©—4J5AED PTV~—Y v EHEBL 72,

PTViane = \/SMmaneZ +IM? (3)

PTVpepen = \/SMDepch +IM?  (4)
SM (F &' — L JF AR ICHE JE TN & A HED X 23572 572 (Table3). & — LHilIC HEE 72 /7
6] (SMpiane) & € — LEHICIR 2 72 R X 71 (SMpepen) 12531 TR 5 72[19], PTVI,
PTV2 I3 ICTVI, ICTV2 IZZNZi~— v &l L TER L 72,
AR & B0 X BAER ETHWLNS PTV ~—Y VX CTV 2F KT 3T
& 2 28, IRFBEMRIGHE K T-HAR) OBAICIZE — A AIC R 2~— v

&z (Figure 6),
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]

5 @
CcTVv
PTV
Dose distribution
Figure 6 Volume concepts used in particle therapy planning.
In particle therapy, beam direction-specific margins (blue area) must be set to account for the
various uncertainties associated with actual dose delivery, such as patient setup accuracy, organ

position variation and accuracy of range calculations. Abbreviations: C, carbon; GTV, gross tumor

volume; CTYV, clinical target volume; PTV, planning target volume.

FREFEOEB X CEFELRICET 5 Setup error DfEi% Table 2 I3, EBEEEDFY
Setup error Dfii (X TRE T 0.4+04mm. AE T02+02°CTH > 7z, (EREGRICHEA X
N3 2D-3D HWA Y X7 L DR X, AER T 0.3 mm MU, [BIER T 0.3 °DAK
Thd, iz, BEEXEH»T 6 Win Ry b7 — 2 ONMEREIL, EE 0.5 mm B i

NTH %[17], Mori S[2013 LD > 2T L% AT, (REERAEG] (i - 5 H. FFig : 5
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B) @ Setup error & fEHT L 72455 (TRE=1.1+12mm,AE=0.6+0.4°) &L TH,
AR L D FONAERBIER ICRIF ALy P Ty THETH 572, TOERE LT,
KR CRAKOBE Y AT L ZHHLTWE b0, Y Cflif L T\ 2 BEFEEE
25 Mori b DY) & iz o T Z & A UEREHERCH N RIS R R > Tl &y
BEZONDL, BEREDV Setup error (TRE) (0.4 +£04mm TH Y, HELXEZRE
LTHHmAO08mm %7 °—T&2751FD Setup error # RFED 2 0B H 25 L Ex T,

TNk, PTVV—y v oRHICHW 2 Setup error DfEiiZ 1.0 mm & L 72,
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Table 2. The average setup error and standard deviation for each patient across all

treatment sessions.

Patient No.

TRE (mm)

Mean + SD (Max—Min)

AE (deg)

Mean + SD (Max—Min)

Total

0.6+0.3(1.3-0.3)

0.5+ 0.4 (1.1-0.1)

0.4+0.2(0.7-0.0)

0.5+0.2(0.9-0.4)

0.3+ 0.1 (0.4-0.1)

0.3+0.1(0.5-0.1)

0.2+0.2(0.4-0.0)

0.4+0.4(1.3-0.0)

0.2+0.1(0.5-0.1)

0.1+0.1(0.3-0.0)

0.2+0.2(0.6-0.0)

0.2+0.2(0.5-0.0)

0.0+ 0.0 (0.1-0.0)

0.1+0.1(0.2-0.0)

0.1+0.1(0.3-0.0)

0.2+0.2(0.6-0.0)

TER and AE values were calculated from Equation (1) and Equation (2).

Abbreviations: No., number; TRE, target registration error; AE, angular error; SD, standard

deviation; Max, maximum; Min, minimum
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MG Ic B 1 25 OB & (Intra-fractional target motion) & L TRl & 7z, HRITR
B i1C 351 % Clip DR E % Figure 7 1SR T, A BT 5.0mm MU TH b |
HH DR KEN = IIK 2.8 mm TH - 7z, FEMID Clipl 13, EHGTRDOEN LK E
W TH o 72, L, DIROHEIOFEICX 2D E X 5, BHlO Clip2 I135EE
T~ DEN D RLKEMAR TH 72, Thid, WREBEOFEICLb0EER
%, SHEHHOD Clip IC2WT, RAENMNEDH 2.8 mm Z K& LRI ZEHD T — X,
PRNTIR P D R A A 75 & R RO MR & 3R Z2BEIC L WV FonzdbDThH B &
E bz, Sl EICE T %, Clipl & Clip2 DA BICHEAE X R > 72, HHEER
TicE T 2 BEOH) & (3, FEUlfEs DI X b gAY/ X [21], Intra-fractional target
motion IZ2W T, Jin 5[22]20% H HIFIL T O @R EE 20 B I AL 72 60 o~ —7
— O Intra-fractional target motion % 4DCT THEHT L 72455, BT 1.5/ 1.6/2.9
mm (ZEA/MES/BERE AR . REPFEET 1.5/ 1.4/3.7 mm, EEEMET2.6/3.3/5.4
mm T&H o7z, Lever 5[23]1Z. Cine-MRI TEEMOF X 2L, EALES A X
D HTHRHFOMEBEOBNE AKE N L EZAL T Lz, 20 DRGRIIAIIZE Ot H
L, BE 0T BmEIIEREEEICER T 2 &b DE X b B[24], KR TR
N7 KD RARZNREITH 2.8 mm UNTH Y, ZofExHv5 2 & ClgHIcs T
LEMNOBE 2 ERTE D LE X, I, TR EOfEIE, SFHEEOIEIRAER IE L

CIRBRECE TRZp WABEMED S Y | IS Ic B 1 2 R 0B & 2@ KM L T L % 5 W]
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REMEDEZ DN, ZNX Y, PTV v — v OHEIICHV: % Intra-fractional target motion

DIEIX 2.8 mm BEYTH D L& Z 7=,

p = 0.609
70 . F p =1.000 p=0.418 |
' — — |
6.0 + p=0.265
[ p=1.000 p=0960 |
50 | — — 1 &
T °
£ .
(]
g 407 g
& o ° M Clip1
830 . m Clip2
-
=2} °
()]

10 r i i
0.0
LR

Figure 7 Intra-fractional target motion deviation between different directions.

AP SI

For each direction, the median, first quartile, third quartile, maximum and minimum values, and

outliers for displacement are presented in a box-and-whisker plot. Statistical analyses were then

performed using the Friedman test. LR: left-right; AP: anterior—posterior; SI: superior—inferior.
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BB Ic B I 2N OB % (Inter-fractional target motion) 3. SHEE /23t /7
ML) RESRKMEEFAS.0mm TH Y, FARBICHEEEIX 2257, (Figure8), <
i, IBEIARIIC 1) 2 EREEDE VL 23BEfR L T 5 & & 2 5415, Inter-fractional
target motion IZ2\>T, Wang b [21]|OBERE I3 205 Clx. SFMNC X 2BE&EICH
BEEREDLNRD 572, L L, Wang S[25]D BERE I3 2% Tk, SHEH D
Inter-fractional target motion 2377/ & V K& < AFFEHER L Rtk TH - 72,
Inter-fractional target motion (XiGEEHAMIHIC 51T 2 FRUGRAE DB V23 BfR L T 5 L&
Abh, COBEEEET 201150 m BEOBEELY D 2 0EAH 2 LE

ZTzo TNEY, PTV v —Y v OHEHICHW % Inter-fractional target motion Dfi% 5.0

mm & L 77,
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| p=1.000 p=0608 |
— I— |
100 | .
50
E o
=
Q
% W GTV
O
2 ° o
2
5.0 |
1100 |

LR AP S

Figure 8 Inter-fractional target motion deviation between different directions.

For each direction, the median, first quartile, third quartile, maximum and minimum values, and
outliers for displacement are presented in a box-and-whisker plot. Statistical analyses were then
performed using the Friedman test. GTV, gross tumor volume; LR: left-right; AP: anterior—

posterior; SI: superior—inferior.
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Table 3 1c. OUHBER T 3 IKERA F v = v 7B FIE (Setup error, Intra-
fractional target motion, Inter-fractional target motion) . @4 FED R FEHEA ¥ ¥ = v 7 iRIFE i
RIC BT 2 HHTEE OFFAME (grayedout), @ZNHDEL VKD HN D SM & IM, ¥
LUO@ETTED SM & IM O M DOFHRE Y kp oz, FHD PTV v — v
D% RT, 7, BHEEBEOHAMIT L — L2 L3¢ 2MIETH V. EROMAREE
FHFRMEL D /NS v, L2 L, PTV v =Y VIZIBERI ICED 2 ~—Y v TH 5 7207
REERAL 7z, 72, WEHICE T 25 OLLEZE) (respiratory motion) (& IGTV &
LICTV TEEEI NS 79, 0.0mm & L7z,

Setup error 35 X OHREFREE DO A X 0 SM IZTEE S A1 3.2mm., X /7T 3.7mm
Td o7, IM (X, Intra- / Inter-fractional target motion @ 2 FEHIDF M55 5.7mm & 7x
272, Z DR, FTMD SM & IM D 2 FHDOVHRAoHE LI NS PTV.—Y Vi

FEE AT 6.5mm. R X 51AT 6.8mm TH > 7=,
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Table 3. Irradiation system allowable values and the SM, IM, and PTV margins derived in

this study.

Setup Margin Plane Value Value
Internal Margin (IM)
(SMPlane) (mm) (mm)
a Beam axis 0.5 Respiratory motion
m 0.0
b Spot position (X) 2.0 (included in IGTV)
c Spot position (Y) 2.0 n Intra-factional motion 2.8
d Isocenter 0.5 0 Inter-factional motion 5.0
& X-ray tube 0.5
Jm? + n? + 02 5.7
f FPD 0.5
g Patient setup 1.0 Value
PTV margin
(mm)
JaZ+b2+c2+d:+et+fi+g2 | 32
PTVpiane = JSMPlanez + IM? 6.5
Setup Margin Depth Value
(SMbepih) (mm)
PTVpepen = JSMDepch + IM? 6.8
h CT-SP table 3.0
i Range 1.0
] Spot position (Z) 2.0
JhZ +i2 + )2 3.7

Irradiation system allowable values are grayed out. SM and IM were calculated considering the
irradiation system allowable values and uncertainties that depend on each margin. The value
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related to the treatment beam indicates the allowable value of interlock occurrence. PTVpiane and
PTVpepn were calculated from Equation (3) and Equation (4).
Abbreviations: SM, setup margin, IM, internal margin; FPD, flat-panel detector; CT-SP,

computed tomography value-stopping power ratio; IGTV, internal gross tumor volume
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AT BRAERRFERAF ¥ = v ZiaEGHE O TFE

F3FEOML LY . IPRIER IS 2 RBMAF ¥ =V 7BFEDO PTV = — Y VA
Hani, LaL PTV ~—Y Vi, [EE OB & Ll EE O RiEr» & 7 & g~
BFICEREN 2B L 52 /T L2ERINTWARY, 207k, EROMEP R -
RIEDZACIC X 5 v — L% O BEEZAL &\ o 72, I LS 0 B 28 S ~ o T & i
5 2 BN BB FEEI N TR, TALD PTV v —Y Y TIEFETE R 0E
KT & % v — 2 #%80% FOBEZIL IRERRFICE T 2B DK T ~B2 2L E2 5
Nize Z T, H 4T CRBEARENHZLET 57201, BEFICE T 2 RNHRE
ZEHli L. ARRRE ICEE 2 52 2 HRICOWTHE L 2, 2Dk, PTV v —Y v Tk
EETE R OWEEZL~DORIGEE MG L 72,

47 TiE, O in-room CT Hi{ % W 72 16RO ME AT 2 170 72, % D&,

RO RN E I E L 52 28RN ATAE T 2 720, @ HEPIRTICE T 2 REE
b, @ EEWEB D225 D E T OAR MLIEZNL L 72, KiC, BEE{L~DMIGHK E LT
RS X ORI ORI IC B 2 E5EE . BRIEFEE 0T CT ECERT 2
FHEERE L., BEROEWRED CT OB X ) SGET 2 225l L 72, x

TEHETIE, RUFFE TG T X 722> o 72 gantry angle ICDWTH 4 TEEL 72,
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42 Jiik

WL oI, BB T ICES X 72 in-room CT ERICH LT, BB CTHREI N

g

7 WSt (Spot fZiE. % spot DRI THEE) %\ CHEBEDR 2 HaHHE L. BRI O
Rt E % V95% X 0 3§l L 72 (Figure 5). V95% 3. FERIN CTULITHRE D 95% LAk % I
HEn2EEoE&ZRT, KiC, inroom CT HEif§2 & 156 N7z iHERF O E
(V95%) DikigEatHEi2 H DZ L8 (Atarget coverage, ATC) %, N (5) X VKo 7=,
ATC = TCrer — TCpian  (5)
Z ZC, TCrer & TCpian 13, Z #1Z 41 in-room CT HfRICH L CHFHE & L7z fRE i I
BB VI5%DIE & iaEatl CT BRI L i l S - &0 iIc B 1T 2 VI5%
DEZ/RT, AR Y | BEHAZE Tl CTV ~OUMESHER T LS X 512 PTV
ERET D, XD, IBEGEHEICE W T E 2 BT 2 1Rk PTV TH 5, L
L. IGHREREOEERFRE 2 3Tl 3~ E N RITIEREOIEN TH 5 CTV TH 2720, ATC
X CTV IZD W T T o7z, /2. BRI CIXALTHES PTV] (33.6 GyRBE /8 43##)
& PTV2 (16.8 GYRBE /4 73&|) ICa T I N T w5729, ATC X CTVLI B XU
CTV2 DZNZFNITOWTHHM L 7z,
KT, HRFOENMEICHEL 52 BN EZFE L 72, —2HIC, HEMEHIcE
F B RIEZACOERRE IS RIT TR L RA L 72, 2, REIE T o R EZ ic X

% v — LR E OIS RER OB ICEEEZ E A Tw b L EZA L, LT
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%, P CT Hiff & in-room CT Hif§ & DIRE ZHiEk & L C/ER L. in-room CT [H
% EOEREERI O CT HE MO CT EICERT 2 2 & T, RERFOERENIK
TR ORE L % L 2 3 X 9 ic L7 (Figure 9 DHhiR), 2 OREHREEZ D
in-room CT IR IZ 3 LIAHRINF DR & FFa TR L (RIS 72 L O AR & 0 2L

(ATC) %ZFHi3 2 & & C. JAFRIAR T O RIEZAL A B R I SIS 3R 2] 2 A L
2o 2F 0, HREFEE (Figure 9 O b)) OREMFREZKRET®E R L (Figure 9 O f
i) OFEMMELFILTH 2740, ©— LR EOEREZEIENREICHEL Tuik
WEF X5, W, REOTIEIC XV EERESUGE T 5 o ch L, BRI b ok

JEZACHRRFR RIS ZE L T b L2 %, ATC Ok, CTVI 53X U CTV2 %

NE IO W TEH L 7=,
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Figure 9 The influence of changes in the patient’s body shape during the treatment period

on target coverage.

The body shape difference between the initial plan and in-room CT images was prepared as a

contour, and the body shape in the in-room CT image was virtually matched to that in the plan

CT image by replacement the CT values of the contour with those of fat or air. The change in

target coverage from the initial plan was calculated to evaluate the effect of changes in body size.
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Figure 10 Axial (A), sagittal (B), and coronal (C) views of the target and OAR structures in

CIRTs: for stage I esophageal cancer.

The CTV1 (blue), CTV2 (orange), Clip1,2 (purple), Pharynx (light yellow), Trachea (light blue),

Esophagus (red), Esophagus area without clip (pink), Air area around the esophagus (light green),

can be visualized. Clips were classified as clips 1 and 2 from the cephalic side.
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Figure 11 Assessment of treatment plan robustness when esophageal and air area are

replacement with mean CT values of the esophageal without air.
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Figure 12 Evaluation results for variations in clinical target volume (CTV1, 2) coverage

(ATC).

ATC values with (a) Not replacement and (b) Replacement. For each method, the median, first

quartile, third quartile, maximum and minimum values, and outliers for ATC are presented in a

box-and-whisker plot. Statistical analyses were then performed using the Wilcoxon signed-rank

test. The asterisk (*) indicates that there is a significant difference between them. CTV, clinical

target volume.
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Figure 13 Interfractional OAR motion deviation between different directions.

For each direction, the median, first quartile, third quartile, maximum and minimum values, and

outliers for displacement are presented in a box-and-whisker plot. Statistical analyses were then

performed using the Friedman test. LR: left-right; AP: anterior—posterior; SI: superior—inferior.
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Figure 14 Schematic of a robust treatment plan using mean CT value replacement in CIRTs
for stage I esophageal cancer.

Difference between not using mean CT value replacement during treatment planning (top row)
and using it (bottom row). The use of mean CT value replacement allows robust treatment

planning to density changes during treatment.
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