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Purpose&
Contents

<Purpose>

To develop an endorectal balloon for /n vivo rectal dosimetry in two

dimensions, and evaluated its physical and dosimetric properties for the

radiation treatment of prostate cancer

<Research contents>

O Structure optimization of endorectal balloon for clinical use

O Optimization of radiochromic film holding method for in-vivo dosimetry

O Fabrication and installation of gold powder-polymer markers

O Mechanical and dosimetric evaluations of new endorectal balloon capable of
2D /n vivo dosimetry

Resul ts

A new endorectal balloon capable of 2D /n vivo dosimetry was developed. Unlike
conventional endorectal balloons (ERBs), this two dimensional dosimetric ERB
(2DD-ERB) was equipped with a radiation photosensitive film on the outside of
the balloon to directly measure the 2D dose distribution delivered to the
anterior rectal wall by the treatment beam. The dosimetric effectiveness of
the 2DD-ERB was measured, and the results showed that the measured dose
distributions corresponded well with their respective treatment plans. Loss of
dose distribution in the cut lines of the film was localized within £1 mm on
both sides of the cut line, and any loss was recovered accurately via
interpolation. Prediction of the DVH of the anterior rectal wall was possible
through the measured dose distribution, and this corresponded well with the
DVH provided by the treatment plan. When the 2DD-ERB is inflated, the film
rolls out symmetrically from its fixed position inside the patient’ s rectum;
when the balloon is deflated, it easily returns to its original shape, which
makes it easy to insert and remove from the patient.

The film-equipped endorectal balloon that was developed in the present study
is expected to be used as an /n vivo dosimeter in the same clinical field as
IMRT, VMAT, tomotherapy, and IMPT for measuring the dose distribution in the
rectal wall.

Expected
Contribution

O Minimizing the side effects of radiotherapy by enhancing the reproducibility
of rectum shape and position as well as suppressing the prostate movement

O The Quality of radiation treatment can be evaluated by measuring the
delivered dose distribution daily.

O The radiation dose tolerance of rectum can be obtained through retrospective
research in prostate cancer.

O The 2DD-ERB may also be used in brachytherapy of cervix cancer, and also in
oral cavity in external radiotherapy for head and neck cancer.

O This 2DD-ERB has a strong potential to be commercialized by through
technology transfer.

Keywor ds

. In-vivo Endorectal Radiochromic
Prostate cancer| Radiotherapy ) ,
dosimetry bal loon film
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Two dimensional dosimetric endorectal balloon (2DD-ERB)2 HZEJlssH 7|Z=29| ER
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2AF2 X-ray imaging device L} computed tomography (CT)ollAM A fIxl =telo] 7tssHE
fiducial OFHE &sHUCt. ol ALEE OlH= AHA 72kt article-polymer (GPP) O
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EBT3 ZE2| A7|& 70(L)x64(W) mm® Ol anterior ZZ Ho| MEEZZE =M £ U2 ohE |
ct. a8 12 ZEo0| ZH=HEl 2DD-ERBE HoiF:rCh WA ™ 2DD-ERBL| X|E2 o= 12-14 mm 0|11,
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Target

-~ 2DD-ERB

2 1. Photographs of 2DD-ERB (A) before and (B) after expansion, and (C) CT image of that
filled with air are shown. The 2DD-ERB is inserted into (D) a fabricated rectal phantom and is
scanned into (E) CT images.
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(5) 2DD-ERBS| MEHZHAIH

(5-1) Effect of the film cutting

EBT3 =2 Aole [[H =~ I:I-Aﬁo-”A—I AJEkK‘lEQ_l _/I._\_AI%
ot B0 X=X 2 Sttel HES ME X Igel = WE ol fIX[AIZ[2 22 6 Mvet 15
MV X-rayS APErekollAl 200 MU Z=AtstRUCE EHE2| fxl= 2t ol X[ =[ciMZF 2I0[(dma )OIM_I_
SSD=100 cm, field size (FS)=10x10 cm2 12|11 APEFSFO|A] 200 MUE ZAlSHECH UM Xidlo|M T

Atsh Aol ™= ACE olmf ALSE XSl ofL{X|= 180 MeV, spread-out Bragg peak (SOBP)
4.0 cm, ZE2| ?IX|= SOBPL| ZY0|ULCH.

2 CT scanner (SOMATOM Definition, Siemens, Forchheim, Germany)Z& A
HE[AD X ZAHZ A|AEI(TPS, Eclipse 10, Varian Medical Systems Palo Alto, CA, USA)ollA 15
W X ez AFHHEo MEM Zalof 5 Gyrt MEYEESE EHMSIFCE. SSD=100 cm, FS=4x4 cm2,
AP Hlo| AFSEHJULD 1. calculation grid2 MZFS AHXSIGCH ZMHE SHAM= HELY
rectum T+Holl 2DD-ERBE 4felet = 100 mlel =& 'Z0{ EBT3 EEO0| anterior & Hof| HFE
SEACH. TPSOlAM EfHE HlE =Atste ZEE F2let =, 24A[7H0] XM AJHL (Expression
|

10000XL, Seiko Epson Corp., Nagano, Japan)Z2 A7HSIY
5 £ of

I (e)
3
=3
i

£9| optical density 2Z=&

FH STMTEEZE FHoIQLD o] MHEXZE 2E Y 2 23 5 Aot st
AZAE S 3Rt MTFEZEZE2HE AZ 8 oMo 2AHY MEEEXE YD SYEZ et d| WSk
Ct. X ZAZAAM rectume| Xt MBEZ= CT slice F (2.0 mm)e| 2xt+ A.J%t%E%EI HEo
2 O|FOEIct., Z+zteo| 2kt MBE XM 2T Hol RXE I—PEH—H7I 2?5l radia vector, RS
x=Rcos®, z=Rsin®, R=2.4 cm 2 H|3I¥ 1, azimuthal angle, 6 & 00IM 1807}X | Aoz
MUSES FEOIQUCE FET =2 AEllZ2 siGA7 2k M4”401IA-I°I MBEZE LA EBT3
LEMM S™E MTEx2f d|uwstYct

EBT3 = E2°| optical densitygfs MU= HE517| 2|l calibration curves AFSSIFCH. of
11 a scanning protocol recommended by Devic,et al.[26] & et o] FM-2 00llA 700 cGy
Zkol 1370 MEZtE0 i Yst= EE2 optical densitydtES 41, 2|0l &2 fittingE
Z2M dM=Edct 2E EE2 linear accelerator (Clinac iX, Varian Medical Systems, Palo Alto,
CA, USA)OllAf SSD=100 cm, FS=10x10 cm®, depth=10 cme| D&l & ME LHollAM 2tz 6, 15 MV &2
2 ZAE[ACE Z=ALE HES2 film holderE AFE35E0] A7fUoA &ah SLsH ol /X=EHES
SHL, & 2 WHgoe=z AMEQACEH AME HAME2 75 dot per inch 2| resolutionZt 32bit
tiff o2 XNZE=EADT AAEMol= RIT 113 software (Radiological Imaging Technology,
Colorado Springs, USA)Z} ol-2=AcCt.

=
=
1
o

(5-3) LMX MHEH

M MEFEHAAM ALB=AE HE ZtZE double scattering mode2t pencil beam scanning mode
(single field uniform M2 optimization)el LYAMX EHMSS THSUCt. Each beam delivery moded|
i M= 2tZ single field?t bilateral fields7t AFEE Z2H0| $EIE A Proteus 235 system
(IBA,Louvain-la-Neuve, Belgium)dlM X|ZM&F=S 2DD-ERBO| ™ =5t Cl. %“gﬂ%lol ZALE EBT3 &
S8 XM M¥EHI st ==z AMEJD, HEO optical density EEZ2FE SF&E M

—

>
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ZHEEZE ESHoICE. ZMXIEO| thaiA = Range 26 cm@! pristine Bragg peak2l plateau &0l A
MEHZ AR ZE22 0235104 calibration curves ZHAStgCt =X = physical M2 LMK}
819| relative biological effectiveness, 1.12 1245t0] MESXN MO Z HHASIFC).

—

1) Mechanical evaluation
O HE HaAg o HEQX| ffaiM Al
L 2=HEl 2DD-ERBOl &/ +E ZtZt 60, 80, 10

= — =
T dHlges 2oiFAct. M=ZHE 2DD-ERBE 53| HtE EX™E Hd

([e)
=)

i
ol
10
ol
=]

I e

—
(e)
o
=1
2
[m!
=0
ol
==
N
—
N
»
H
(e)
(<o}
D
=
=
N
(@]
(@3]
N
H
(e)
~
(@)}
=1
=1
(éx]
(e)
(e)
o
H
(e)
N
oo
=1
=1
o
k1
5 o8
Ml
o
o
D

view) 2} FEHXI= 42.16+0.57 mm, 45.86+0.73 mm, 49.04+0.54 mm O|{C}. 2DD-ER
ZIHIE2 10 mIE 2.14 mm O], =o0le] W JIHIES2 10 mIE 1.72 mm 0|t (O2F 2).

56

50 -

45

40

Measured Diameter (mm)

35

Water Volume (ml)

% 2. Outer diameter of the expanded 2DD-ERB versus the injected water volume.

on-board imager (0BI)E HE EMo| ™= 2742 fiducial OFHE ALE3SHo EBT3 ZEE2| fIXE
HEAoz =olg = UJYD HEO 0|52 Soll Yst= Xl two pixels (one pixel: 0.8 mm) Of
Lo 32 88 d8e F UAUCct HEZ 535 dvt=st0{ FHe = F otAHe| X2kt
EZEHX= 242 0.64+0.93 mm 2F -0.48+0.64 mm O| AL},

(2) Result of dosimetric evaluation
(2-1) Effect of the cutted film
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150

(=3
o

AL

i{ A B ¢ D E

Relative Dose (a.u.) (™)
(%]
o

— The cut film
weeeee The uncut film

o 10 20 30 40 50 60
Position (mm)

O 3. Effect of the film cutting for 6 MV X-ray beam: the images of (A) the uncut film as a

reference and (B) the cut film, and (C) the relative dose profile of the cut film along the

central line.

2 SPAHHoO| 6 MV XM HElo
AMME wElM profileg EH,
A

tolel SAM ZE2of HchdolAM

O3 32 X=X b2 sttel EBT3 Z &1 7702 =Ze 2 X2

B ZAtet =, A Halo|ch oy =Zte R O|RoE ZES F
FEe] FdAoM FLst optical densityE LIEHHD ZHED ZHE
peak=0| LtEFGCEH. Zt peake| 7HE H2 =2 tH2F 2.0 mmo|Act. I8 30lM E0iFE profiledlM
peak=2| ==, A, B, C, D, E, Fo HeE 1.92 mm~2.12 mm 0|1, A ZI} FZFHEHXIE
1.96£0.07 mmO|ACE. 15 MV ZHXHEIZE 180 Mev UM XiRlof CHsl ™= 2

mm, 1.55+0.11 mm and 1.88 mm ~ 2.20 mm, 1.99£0.15 mm O[ACt. = EHE2| profi

Mot FHO +1 m YA S H el LHHX| R0 2| optical density= HEHSHA| 22 ZEo
°| optical density2t 0.52% O[UfollM MZ X5 15 MV ZHAHRITF 180 MeV UM XIEIE ZHZb
-0.82% and -1.23% O|L{ollA %[t CE.

»
)
>
=
x
on
= ¥
0

It
N
rir
L]
10

anterior & HollM 2 2xtel MHTE L} 2DD-ERB 2 S SF 2xt@l MHAEXZE

s =T

2y "Wt Zotolch, SSD=100 cm, FS=4x4 cm’e| ALz ZALEl 2DD-ERB 2| ZHE2 ZEH=2 o

AMZ glo] =AM FAde2 o2k 60(W)x50(L) mm?0| AT x| 2 A&t %[5+t T8 4(a)2t 4(b)E

2+2t A 2A S ZEHS2REH anterior A HolM P2 2kt MBEEZE HEoiEct O 4(c)et

4(d)= F MFEZOAM HES BAS X[LHHAM 22 radial azimuthal (©) &0} Jongitudinal

(y) gtz o] M profileES MZ H|WSH ZIE HoiFCE red line2 ZME M profileo]
black line2 EXE MZF profileo|Ct. 2DD-ERBE= ALMQl MBEZE =2 Eijlsez2 & Hof

E (b)oll M EOoizl

a1l rofi

FAD XEA =S MBREEe Z AXSICE T 4
A 7h [

=

=3
— =
AR O, BMozRE TS

=
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Length (mm) Length (mm)

Length (mm)
Length (mm)

500
c 4 D 450

. 450 ,'1 ~ |
& 0] T g
v b =N e ¥ ¥
=~ 3501 54 ! o %
o 7 1 o
0 - 1 ]
O 300 l 5 L1, o]
o iy it a
g 24 M g
5wl W v 5
& 150 e K 2
a e e %
< 100 — - = Measured Dose Profile < Measured Dose Profile %,

50 - — - = Planed Dose Profile Planed Dose Profile ’g

i
0 v T T T J T 0 T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 80
Length (mm) Length (mm)

2 4. Radial and longitudinal dose profiles of photon beams which are planned in TPS and
measured in 2DD-ERB, respectively.

x
o

J8 5= 2zt XM XR|Z2| double scattering mode2t pencil beam scanning moded|Al ZzH el
anterior A& HollM P2 2ALY MBEEZQ} 2DD-ERBZ X ot oAty MEEZE AH d|lwst 2ot
olct. Double scattering modee| Trutsk Hlof CHal|l ZzHx} 4
ZtZt 253.4 oGy, 249.1 cGy 2 -1.7%2| Xto|E LIEMH D, bilateral ®loll CHsiA{= 507.3 cGy, 490.4
cGy 2 -3.3%2| Xto|E LIEIHCE. o|2F RAFSHAl pencil beam scanning model| T 4tsk BlojM = 2+
2+ 141.1 cGy, 136.8 cGy 2 -3.0%2 AO|E LIEFHID, bilateral oAM= 285.4 cGy, 278.8 cGy 2
-2.3%2| Xto|E LtEHCE. Film optical density-M2F Atole| calibration curveE BHE&O| ALSE
pristine Bragg peak (Range 26 cm)2| plateaudllA +£2 mm Zlo| HloA el MEHX= +0.2% O
o|Act.

x|

= M2
oo |_O

profilee] =4 Mgt
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T T T T T T T T T T T T T T T T T T T
A 500 - Double Scattering 2 B Pencil Beam Scanning
2DD-ERB | 300 2DD-ERB
......... TPS weee TPS

400 - 1

300 - 200

200
= o 10
Q 100 V)
L) %)
S S
@ b :
o 0 o 0
(a] 500 - O
Q 3 ]
-t -
= =
5 w0 :
.| 9
< g

300 - 1

200 -

100

0 ot r T r — 0 T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 80 70 80

Length [mm] Length [mm]

2 5. Comparison of dose profiles measured in the 2DD-ERBs along azimuthal direction with
proton plans using (A) double scattering: single- (up) and bilateral-beam (down), and (B)
pencil beam scanning: single- (up) and bilateral-beam (down).

(1 =
FUsh FAel NIEMS WHAZ|IH mAZ Aol o w22 i
a

M 2 IMoZ HWASCE 2DD-ERB=

2 20 20| HES| ZE(top view)ZCt =0|(side view)Z7t & 2t2tstA| S7tst¥ =0 1 olF=
2DD-ERBOl 1A El EBT3 ZE0| HES W0 HaS o|x|7| Zolct, F, AMF4Mo| gles EE2 H
Yotset HEo nHsto HES| WES MetstR 7| mj=Zolct stxjgk ZFo| n¥E ZEEHE A

=
= Mol Mgt glo| 2&st2z F geke| BHX|E X0[= 0.5 mm O[LH 2 of- ZrRUACt.

(2) Film Cut effect and Interpolation

EBT3 radiochromic 2&8 &2 ZZUL=E XE &9 &akEl oA

Ct= A7t ojo] 2=t [27] 2 AFOA A FE22 &4 Z2 2F 2 mm O[HUCEH

MatriXX (IBA Dosimetry, Schwarzenbruck, Germany)oll U= O|=2H A

[29]1}f d|W5tH of =2 &Alo|Ct. MatriXX= interpolation algorithm& O|&3t01 7.6mm 72+

olel MEEEE 01I§EFEF. MatriXXet FAreH YA 2 EBT3 EOMME interpolation algorithm
= & oA &AME MEYEE S = Act. 030 Z3os MBHET &

*J%@E?F U7 2ol MHFEEXE 0= d&gs| 57 5 UL cutted
filmE linear interpolation &t01 XA St interpolated film2t uncutted filmel MZFEZo| Cist
ZobgItollA 2%, 2 mm criterioroll CHali 95% O|&te| FALM S HO{FAULCE.

o

T
Rl
o
1o
) o
12
N
(e))
3
=3
o
> mm 2: N8R

=
ME 9|x Fwoz

mjo
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(3) UAtY Ztzof whe Film M2 SHHR}
2DD-ERB Li2e| EBT3 EHE2 ¥ HElZ EXX|7| [[H—v—oﬂ A ZYAIM 2 Cist ZE2
CF. StX2H EBT3 Filme SHAL AALZ 1 =

iM2l WA= 1% OI'—HE Bzt 28], w2t 2DD-ERBZ FH = Mgl angular deviatione

TEof| YAtet
o 0% Afole]

= 0
1o

E
e °
>L
|-ﬂJ
k=3
0z
St
n

A
B A(b)oIM BERY R0l HSSHE el FHo| LolLd|, ol £ AHE FN2= ¥Ho= WE
B el B RAIBCH WSO Jted LRI M| Y £ FHOR L4E W

[=) =
P ubskol| M Z=ALEL XM HIO| depth-MEF profile A mj&£o|ct. a8 42F 18 59

x
<N

M profile=oll= upper ZreFnt Jower 2HEFO| peak=0| LIEFGCE. upper peak&2

ol M laminated polystyrene filmO| Sh2|=HA AZH Zto| FoiE7t I Ho{A 7| o
gt Jower ek peak== HEo| 2lsf ZEo| HWHoHHAM o|MsHA ZHH0| HOX|1D, O SME AN
ol MoLZt7| mZolct.

O8 4(c)olM ZHEoM SHE radial M2F profile (black dash-dot line) 2 PHHo=z ZAsSHes
o gtstod EMOZRE 22 radial MZF profile (red dash-dot line)2 EE2Q| 7H&AZ[2&
discretestl ZAsict, 1O ol f= 7HEAIZ|olAM el S A4S MBS} radial azimuthal SHEFS w2}
wetst voxel 37| wfzolct. ol2fst ZMEE =435 57| fIs TPSOIA calculation grid gt
22 MYSICE. calculationgridE 2.5 nmmZ A& stH M2 profileO| oS discrete StX|2H 1 gt
2 1.0 mZ E0|H O etsi It

2DD-ERBOIl 2olslff ZH =l M2 TPSollA F&ek M Atol2] ofMiet Xtol= MM =Z 2DD-ERB Lie|l Z&
of eSdelof AYHE uHo| 25| AKX (A7 22z YZEch SHX|2H 2DD-ERBE 21|
Lol A AtSe m AA ZZE2 solid phantomit= E2l MFM HZof WEE 2DD-ERBol & LUAte
Zolct. EEPEM‘I 5@% Mt AFo| S0l F LR AR Uit 5 ot

= A
delels geks m2t SHEEAY| 2ol ZAL

-1 o

—_ |-
sel me 3700 —H ars TS MBYEEES AUt SHE MY profilesl UH JFEAEI0) AL

peak=0| LIEtt Ol = EE2| punching MM F&H FH2| |aminated polystyrene filmo| &fz|
SEHM AZH 2o RElET o "I wi=olct

(5) Dose-volume histogram of rectum




100 v T v T T T ' T 4 T

on}

Relative Volume of
Anterior Rectal Wall (%)

] 20 40 60 80 100 120

Relative Dose (%)

8 6. (A) Dose distribution of a treatment plan using double scattering and (B) the
dose-volume histograms from the treatment plan (solid line) and the 2DD-ERB (dot line).

2DD-ERB= 2%l M2k distribution %2 ot 2} Anterior A& #o| 3xtel MEFHIIE & = U=
O|&™o| AUCt. 2DD-ERBE HHAIZ|H ZZ HE2 g AASH FA Q| Quasi AMBIH 2ot FAbS X[ 7|
mf 2ol ZEo| 2kt MZIEZE QAXE anterior HZA He| MTBREIZZ ZEFSIH jts M
-volumehistogram(DVH) & ¥S = UCl. ZEo| 2x} MTFEZo|A SMEFFMUjo] =Z&h=l DM )
& MM 10~110% HLA7FK 10% ZFH4 22 countingstd AEHA QI VolumeS 7 4H5101 DVHE &
ict. 2|1 double scattering techniquell UYMXIX|ZA &AM 28 6(a)dE =4 2mm 2

a
M e
o

anterior &z #Hg I2{M DWHE Yct. a8 6(b)ollA HoO
= LYMXRZAH A AHLHE anterior &AZE B o] DVHRE H|WSIF . solid line® anterior Z&Z&
Hol| st X|2H =22l DVHE LIEHHI dotted-line® 2DD-ERBE =X $F DVHE LIEtAHCE 5 [ine2
AMetMziol 9o%7F MEE= FI (VI0%)~50%, M ghM 2ol 100%7F ™
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(1) 7I&x Mt
O 2 AFo M= 2xH in vivo dosimetr
= CI2H 2DD-ERB= HE 2Fof SAd ZHLE &

of MEE 2zt MYEEZE 2F M = Ue

, & XM A=l XMXX| =0l chs A EHE
MBEEZESE a9 A=A &2 Lx[sict (3
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