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Introduction of the special issue on three-dimensional gel
dosimeters is described.

Keywords: gel dosimetry, radiation therapy, MRI, optical
CT, introduction
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The development of three-dimensional gel dosimeters
for dose evaluation in radiotherapy has been vigorously
carried out. In particular, optical CT-based radiochromic
gel dosimeters are attracting attention for their conve-
nience. Recently, PVA-I and PVA-GTA-I radiochromic
gel dosimeters utilizing the color development caused
by the complex formation of polyvinyl alcohol with
iodide were proposed. This paper reports on their basic
characteristics.

Keywords: radiochromic gel dosimeter, polyvinyl alco-
hol, iodide, reusable, optical CT
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Table 1. Compositions of PVA-I and PVA-
GTA-I gels prepared in this study. The concen-
trations of water, PVA and GG are in weight
percent (wt%). The additives were added on a
molar basis into a constant amount of water (per
1000 g). For convenience, this is represented by
M (mol/1000 g H,O).

Base solution(100 wt%) PVA-I PVA-GTA-1
Water 98.6 wt% 90.0 wt%
Polyvinyl alcohol (PVA) 1.0 wt% 10.0 wt%
Gellan Gum (GG) 0.4 wt%
Additives
Potassium iodide (KI) 100 mM 100 mM
Fructose 100 mM 100 mM
Glutaraldehyde (GTA) 10 mM
Glucono-¢-lactone (GDL) 100 mM

Figure 1.

Samples irradiated at 0 Gy-25 Gy.
(Reprinted with some modifications from
Ref. 19, with the permission of Elsevier publish-
ing)
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Figure 2. Absorption spectra of the samples ir-
radiated at 0 Gy-25 Gy. (Reprinted with some
modifications from Ref. 19, with the permission
of Elsevier publishing)
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Figure 3. Dose-response of PVA-I and PVA-
GTA-I gel dosimeters irradiated at up to
25 Gy. (Reprinted with some modifications
from Ref. 20, with the permission of IOP pub-
lishing)
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Figure 4. Dose-response of PVA-I gel dosime-
ter irradiated at up to 200 Gy and the sample pic-
tures. (Reprinted with some modifications from
Ref. 19, with the permission of Elsevier publish-
ing)
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Figure 5. Dose-responses for 3 days after irra-
diation. The data points almost overlap, respec-
tively. (Reprinted from Ref. 19, with the per-
mission of Elsevier publishing)
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Figure 6. Dose-rate dependence of PVA-I and
PVA-GTA-I gel dosimeters for the absorbance
at the same dose (10 Gy). (Reprinted with some
modifications from Ref. 20, with the permission
of IOP publishing)
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Figure 7. Temporal stability of the dose distri-
bution in the half-irradiated PVA-I gel dosime-
ter. (Reprinted with some modifications from
Ref. 19, with the permission of Elsevier publish-
ing)
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Figure 8.

PVA-I gel dosimeter irradiated with
a relatively intricate dose distribution (left), and
its processing image (right).
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Figure 9. Absorption spectra of non-irradiated
PVA-GTA-I and PVA-I gel dosimeters immedi-
ately after initialization (annealing). (Reprinted
from Ref. 20, with the permission of IOP pub-
lishing)
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Radiochromic gel dosimeters are used for three—
dimensional (3D) dosimetry by measuring absorbance
with optical computed tomography; however, their clinical
application is not widespread in Japan. The possibility of
clinical application of radiochromic gel dosimetry is being
investigated using a general-purpose flatbed scanner as
a reading device of optical density.
3D Winston-Lutz (WL) tests have been introduced as

a quality assurance (QA) for stereotactic radiosurgery

In this paper, the

(SRS) for intracranial lesions. PVA-I radiochromic gel
dosimeters based on a polyvinyl alcohol-iodide (PVA-I)
complex, which can be reused after annealing, were
used for the tests. A WL gel phantom was prepared
by embedding a small tungsten sphere in the gel as a
position detector. A flatbed scanner was used to analyze
the isocenter position which was determined from the
distance between the center of the irradiation field and
the sphere. The 3D isocenter positions obtained by this
method agreed with those measured by the electric portal
imaging devices, which are commonly used for WL
tests, with a deviation of less than 0.1 mm. These results
demonstrated that the WL gel phantoms were highly
reliable and capable of detecting the isocenter position.
In addition, long—term SRS isocenter verification using a

WL gel phantom exhibited good reusability after repeated

Clinical applications of radiochromic gel dosimeter —Three-
dimensional Winston-Lutz test using reusable PVA-I gel
dosimeter—

Kaoru Ono*, Sachie Ikepa, Keisuke FuisNvo, Ryosuke KURIHARA,
Yukio Akacr and Yutaka Hirokawa (High-precision Radiother-
apy Center, Hiroshima Heiwa Clinic),  Shin-ichiro HayasH1
(Faculty of Health Sciences, Hiroshima International Univer-
sity).

T730-0856 A U X 1 % 31 %%

TEL: 082-532-2211, E-mail: koukun@ms4.megaegg.ne.jp
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irradiation and annealing. The 3D WL test developed in
this study provides an easy and rapid process for accurate
isocenter position analysis, and the excellent reusability
of the PVA-I gel dosimeter suggests its usefulness in SRS
routine QA.

Keywords: Winston-Lutz test, radiochromic gel, gel
dosimeter, PVA-I, SRS
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Figure 1. Photograph of PVA-I gel dosimeters

irradiated with 0, 1, 3, 5, 7, 10, 15, 20, and
25 Gy from left to right (a), and the dose re-
sponse curve measured from flatbed scanner (b).
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Figure 2. Results of the temporal decay of the
net OD of PVA-I gel dosimeters heated at 45 °C
in an incubator. The net OD of the PVA-I gel
dosimeter irradiated with 25 Gy decayed to the
background level (< 1 %) by 7 hours after irra-
diation.

]8R b



ZIYAVOI YT IIREFTOBRKIGAE — RIEFIFAL PVA-| 7' )LIREE 2 A\ /o 3 RIT Winston-Lutz 7 X k —

E5OEHIN TS, FRIC, K 10 FRI B
MIEEHC XD RT3 FIERTIPA /v vy
PR ORI ANATONTE 7212719, 554,
xRV =7 a— /3y EEIBERICE D
¥t % 73 PVA-I (polyvinyl alcohol-iodide) 7 & 4
a7 VikERt 2% L 7. PVA-L 7 VG
RO, ZefLEtE, KEYE, BHE, BXO
INSOIRERBIRKAAEZ R TR ELDEE L VWREZ
HLTW2, E5ic, 7==Y v 7ick i (4
) T2-OKEMHATES Z EDPRETRENTDH
21510 7z 2T, Tk ld PVA-I 7 VR E O FERE R
EHRDI0, AX v FERGEANDEELE L THWT
W21 Figure 1 1% 2 Xy b (1 cmx1 cmx4.5 cm)
WV AL TERLL 72 PVA-L 7OV EGHC R L C
1Gy-25Gy &L, A¥ v FIc X DEIDEZFHL
Te—BlZmd., HFREIZLUNICR T eq. (1) 20 6 1B

@ ¢ mv (x-ray) |

6 MeV (Electron)
9 MeV (Electron)

12 MeV (Electron) |

100 [ —PVA-I gel
—lon chamber
80 H -
<
S 60
(o)
[a)
a
40
20
0 1 1 L 1
0 50 100 150 200
Depth [mm]
Figure 3.
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Scanned images of PVA-I gel dosimeters irradiated with 6 MV X-rays and 6, 9, and 12 MeV

electrons for PDD measurements (a). Comparison between the PDDs measured with the PVA-I gel
dosimeters and ionization chambers ((b): 6 MV X-rays, (¢): 6,9, and 12 MeV electrons).
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W X N4 TR 7 REEIAR IS RIS 7L & RIS e
RE (<1%) &N T3 2 Ehbhotk,

Figure 3 |2 PVA-1 7V iRGT & BEBEREIC X DGRl L
7o XM (OMV) LETHLO6, 9B XU 12MeV) DIE
%Rk B 43 (PDD, percent depth dose) % /v 3, & H
Filk X $cHgUHAY (0.13 cm?, CC13, IBA Dosimetry),
T CIAT P (0.046 cm?, PPCO5, IBA Dosime-
try) ZfHH L 7. PVA-I 7 ViR EGHE Z 2 il
W77 ) ILER (X B 2 cmx2 emx25 cm, #E T HR:
2 ecmx2 cmx12 cm) 127 )V EFRIE LU CEHLL %, PVA-I
FOVRREEE T IZ IR R & IR L o i BhiBY
RD3D 57, PRI 2 HEWINI R IR LA
IR R 2179 2 &3 TE S, KR, BT
BRI TI RN —DEEICET 270, EEERIC
& % PDD FHHIlIC &\ THE S T2 T % SR 220 N
D2 LK E DI IERE AR R R B % &, M
AP AT E T 5. —71, PVA-L 7 Vi aH 3 s
E AR DK T & 5 7 DM HIIEDAEE T, B Al
iE(p~1.03g/cm®) ICXDEI R =V v I %ITIHE
IR E DT TE S, 2o Ers, Ll
PVA-I 7 VtmEEl & A % ¥ FI2 &k % PDD iHllE, 52
RO QA ICB W T Y — NItk Vi35 &%
ZTW5, L, PVRHIETFETD 53 F L g
PREVWITEZMEIRFIML T 5740, ZDHENC
BIEENBETH L, ARG L-eyTFALag
FOETIE, 27EZ03MBMLEZEEICEWT
HbIFNX—ART FLDOEIZ/INE L, XKD PDD
WCHEERLEZ R0 EBbhro®, KR AL
72 PVA-1 7 OVEREEHCIZ 2 7313 0.1 MBI L 7223,
INHIZOWTIIMERE L 72 FEDSRELEEZ T\n» 5,

P EDXIIC, PVAL X LEEEFE AT v FIc kD
RS SRR 23T 2 5 2 E b o TV B8, K
P CIEMEZ B3 E L, JEFIcI=—7 7%
friEm g & L COfiHTEZEN T 5. BAERNICIE
SRS, B XU SRT OFWEEIY —L & L TPVA-LZ L
77 L zFL, 3RICWL T A FDFELZER
L7, &5I1T, PVA-L L7 7~ b AICRT 2 4T E
TZ—U Y ITDEIELICKD, KD SRS £ 2 2
L—ya v L EEMEL—F Y QA DFEMEIZOWT
H PRz,
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Table 1 1Z73¢ & 912, PVA-L 7 )VIEHtK, #07 ~
fLPVA, 29V H L, DEO-7LV7 F—X, BXU=2
T A YT L (KD SR INTE, 2O VD
BRI 2 EBLUT R 1220 TR T4 D DLRT O S 1 30 #
LTw319 Kgfgecix, iMooy v 725
VER (ERE2.4mm) ZHEL, MEMREEHRTH S WL
P77y s LREBL 7, 7 VIE Fig. 4 1287 &9
IR VW7 7 U LA (2 cmx2 cmx 12 cm) (ZFRHE L
72, TDTNIEH 50 °C TRELEBHR T 228, vk
YEEALTHLZREMLL 221y v 7 AT Vv Ek%E
HiEl, 2o Ero)or Ve ALz, Ry
NOWBLE SOOI ATy L Alla—F 4 v 7%
L7, WLAZ L7 7 b LIFEEARRIC 15 °C ofE &
TIRTFE L 7228, EBRATIC I O MR T 45 °C, 12 KF
MR % 2 Lok (7=—=v > 7)) L, WEHE
AN % (24 °C-25 °C) & FHRIRAEIC L 72,

22 3RXRITWLTAKDES

WL 7V 7 7 v b &%, Fig. 5(a) 12”33 X 91 3D
TV TTYyF AV PREHEL, u—fLty
Ffik 01° JEICHETEL 6lin Ry bA YT
(Brainlab) IZ[H%E L7z, WL # )V 7 7 ¥ b LD,
Ay VY, ayx—=%, BXOEARDENEFL O
RELUTREENL = — TER I (LMW 7 4

Table 1.

cated in this study. Concentrations of polyvinyl

Compositions of PVA-I gels fabri-

alcohol and gellan gum indicated in weight per-
cent (Wt%).
molar basis into constant amount of water (per

KI and fructose were added on

1000 g). For convenience, this is represented by
M (mol/1000 g H,0).

Base solution

Water 98.6 wt%
Polyvinyl alcohol (PVA) 1.0 wt%
Gellan Gum (GG) 0.4 wt%
Additives
Potassium iodide (KI) 0.1 M
Fructose 0.1 M
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ZIYAVOI YT IIREFTOBRKIGAE — RIEFIFAL PVA-| 7' )LIREE 2 A\ /o 3 RIT Winston-Lutz 7 X k —

Tungsten sphere
(2.4 hm diameter)

PVA-I gel

N

crylic container
m X2 cm X 12 cm)

Figure 4. Reusable WL gel phantom consist-
ing of PVA-I gel dosimeter.

Ve v ZIThLEA DY 21T o 7. Figure 5(b) 12T
kI, V= —LtERRDEEZHVY - MIRET S
LT, BRAIEREERT 74 XY PHENTE .
WL Z V7 7Y FAERE Iecm Da—r2EEEL
72V =7 v 2 Novalis Tx (Varian/Brainlab) % H\»C,
8IMmDA Y MY EEAEAEDOMAG O THRIH L
72 (Table2), 22°C, WLZ V7 7 ¥ Lg% c+
TRITNVIHEEEGD O, v YA &£ 180° T
1% 300 MU (monitor unit), %> & Y i 90° & 270° T
& 900 MU (&3l 3600 MU) &7 = A %L 7,
I3V X — IR T T 2 6 MV-X 1, M=k
600 MU/min THS L7z, 2D, 7E1L7 7 A2 Y
a > EPID (Portal Vision aS1000, Varian) % 150 cm D#f
TR AR I 2 b L, SIEHC X 2 B
% f0d%k L 72 (0.261 mm/pixel), EPID (ZFEHERD ¥ X —
CERET D70, K ay FTIOMU B S Bic
Bl £/, vy b7y 72 o—%2lgEICy 2
L—avd sk, ET7A4 YRy 5 1mm e
AT BEE L CHEO T A b Z2{To7%, TXXTOT
AME7 7 oty b7y TDIRXSOERFHGT S
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Table 2. Eight combinations of gantry and
couch angles for EPID- and gel-based WL tests

for irradiating gel phantoms uniformly.

Shot number Gantry angle Couch angle
1 0 0
2 90 0
3 180 0
4 270 0
5 0 90
6 180 90
7 0 270
8 180 270

720, 8Ny FOWLZT L7 7V b LZHAWTTo %,

2.3 EPID XR—X 3 RJt WL TR MNE#T

NAYV =77 L) LIk VA4 XL~
EPID [ (0.1 mm/pixel) LT, WHGE LRZNZFN
DELMFHTERINS 2 KIG7 4 V& v ¥ LN
ZENT A0 Y—HEICTEN L2, BT A e
® MATLAB (MathWorks) 7’0 7' F & % W Tiiw, x
fihE yHlCBITZ 2RIGDOT AV vy ¥ B ZRD
7o, ZOEE, HHHOL Y 21350 % WETERL -
(Fig. 6). Z D%, Low & DEFE TN ZH\, 81K
DIFEHER» S 3 RILT7 A Ve v ¥ EhizHH L 7%,
AETIEY) =7 v 7 DMERERD Low 6 DER &
K570, ETVHOIEEFNSZ —EE LT OfT
FIX 2 TR L 72,

- sin (¢;) 0
cos (6;) cos (¢;)  —sin(6;)

(5) = (coscamrsincen
22T, x by ZEEE ERROBELR D 2 KICEL,
6; 13 WL 7 A b THWZA Y FYAE, o 3EAMA
JE, ik 8 Dy ay FESERT. ALR (£f),
ASI (BHEE), B XN AAP (Hifg) (&R 3 KILT
AV IDEMNTHD, 3RTLTA YV VI EMND
FHEICIE MATLAB 7' 0 7' L% My, @A 5RO
fRzRko s Z L TR L, EB, Zof g3 ER
E—a%yIal—Yav @Ry )RR
AETORMEZREICT 225, ABFZE T3z 8 >
DFEDAG DR ZEIRL 72,

ASI
) x [ALR ?)

AAP
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6D robotic couch

Room lasers

White sheet

Figure 5. Experimental setup of EPID- and gel-based WL tests. WL gel phantoms were fixed onto
a six-dimensional (6D) robotic couch with 3D-printed attachment (a). Tungsten sphere in WL gel

phantom aligned to room-laser-defined mechanical isocenter (b).

Sphere center (room lasers)

Isocenter
displacement

LI

Radiation center

Figure 6. Schematic illustration of analysis of
2D isocenter displacements (black thick arrows)
defined as distance between radiation—to—sphere

centers. Morphological operations of an in—

house MATLAB program were used in isocen-
ter analytical techniques.

2.4 “ILR—2ZR 3RTT WL TR T

WL 7V 7 7 v b LGS 1 R, 7 Lo s’
ZOE LR CEBEM L=y FERBRLAX v
(ES-10000G, EPSON) % I\ T IE & i & A ¥ %
v L7 (Fig. 7). 20O, 77 v b ofllEn 5@ AT 3
2% v FHRIFOBEEZ TE 2 TR T 5720, H
TEDB R Z M L 7. WifRlE TIFF 7 # —< v T
AUk L 7. A ¥ ¥ v %9 X —4% 13 254 dot per inch (dpi)
(0.1 mm/pixel), 48-bit RGB (red, green, blue, £ 16-bit)
ICERE L7z, Z D, RGB {25 blue F v %L
AL, 2 HAD R X v iR S HEE L RO
LM Z KD 2 2 ET3IRILTA Vv Y EN%

18

Iransparency unit
/ = Light shield
f

7
[=]

WL gel phantom

M

Figure 7. General-purpose flatbed scanner
with transparency unit and light shield to read
out WL gel phantoms. WL gel phantoms were
scanned from front and lateral side. Scanned im-
ages were recorded in TIFF format (254 dot per
inch; 0.1 mm/pixel).

AT L 72, fEFTALERICIZ EPID R— 2 WL 7 A k CTH
WELDEELELT7 40P —HEIC X 5 MATLAB
7ar s arHvi, BHEEFOT Y 2% 50 % HET
EF L7, EPID, 8L I VR—ZAWL 7 A FTHH6
NE3RILTA Vv ¥ EMZNZNDRETIL, Welch
D t—test 2 AVTEIR L 72,

]8R b
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Gantry (couch) angle
350-190 (290) 10-170(70)

190-350 (330) 170-10(30)

350-190 (10) /\ 10-170(350)
/B

Tungsten spheré
WL gel phantom

Figure 8. Experimental setup of long—term
SRS isocenter verification by irradiation with
six non—coplanar arcs simulated clinical prac-
tice. Test was repeated 24 times, once every
week, over 5 months via repeated annealing of
WL gel phantom.

25 RHEAFE® SRS 7Y Y Y IERIE

FNR=Z3RILWLTAMERUERLY v 7>
7T, WL L7 7Y bAICHiEZY T 2L—va v
L7z 6 7—27® SRS W4 %# 1T\ (Fig. 8), 3 XIL7 A
Vv ZAEMEEE 5 1S - AR, 24 Bl DK
L7, &7 —71% 6 MV-X T 600 MU (600 MU/min)
W L 72 (451 3600 MU)., WL 7L 7 7 >~ b LIZHA
S 1 IR I A ¥ » F THeAH > 7214, 45 °C OfEk
T RIFHO7? ==Y v 7 #iTo., 7=V
BIZRDOWG D 72 DI B DO HURH T 15 °C THRE L,
W B 1 HERET RIS 836 (24 °C=25 °C) & iR IZ L 72
(Fig.9). WL 7 V7 7 v b LFRIREIC X 2 K5 D
KIERI T8, EZIVERTEH L TRE L 7.

3 @R
31 WLZILZ7 7> hAD EPID BiffE X+ + VER

Figures 10(a), (b) IZ 8 > a v FdD WL 7 A MITE
W C EPID CTHUfS L 72 iR (0.261 mm/pixel), (c), (d)
WAL Y 7RIS X D U Y A R U 7 SRR R
(0.1 mm/pixel) D—HlZR"T. HIFHEZDORE VS~
TATVREFHALTWS 20, W ERo&E
Bzt ary s 72 A 3EoN, BRGELTZD
Iy Pk hHBICEIZE &/, £/, Figs. 10(e), (f)
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| Stored at 15 °C }

Stored at room temperature
(1 h before irradiation)

Irradiation

&
XJ

Annealing

| Irradiation ‘

| Reading (1 h after irradiation) ‘

| Annealing (45 °C/12 h) ‘

Figure 9. Irradiation and annealing process of
long—term SRS isocenter verification (a). (b):
unirradiated or annealed WL gel phantom. (c):

irradiated WL gel phantom.

Gantry:0°  Gantry: 180°
Couch: 0°  Couch: 270°

@) (b) (e) (f)

ol . .
© (d ) (h)

Figure 10. Example of recorded EPID images

8-shot WL  6-arc SRS

obtained from eight—shot WL tests which were
irradiated with various gantry and couch combi-
nations (a—d). Pixel size was 0.261 mm/pixel (a,
b), and the high-resolution resized images was
0.1 mm/pixel (c, d) by a bilinear interpolation
algorithm. Example of scanned color images (e,
f) and extracted blue channel images (g, h) from
the scanned RGB images of WL gel phantoms
using flatbed scanner. Pixel size of scanned im-
ages was 0.1 mm/pixel. (e), (g): eight-shot WL
test; (), (h): six—arc SRS isocenter verification.

IS 1 RERBRICA X > F THISF L7 WL 7L 7 7
¥ 4@ RGB W&, (g), (h) 12 RGB Hi{§2> & il L
7z blue 7 ¥ F I )VIH{RDO —Fl 2R T, A ¥ v VHERD
B35 A X3 EfREE EPID MR DY A 2 & [k
12 0.1 mm/pixel TH 5, 8> av D WL TALF L&
6 7 — 7 DK SRS 74 V& v & fiEMEEc X b &
SNMWERT, b MIB O RS HIPHIC —3 L 72k

19



NEE, EE =, B £, BR RE, A Bk, B 8, #E—R

S| AP
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T (b) ,- 0363 (©)
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]
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Figure 11. Relationship between the EPID-measured 3D isocenter displacements and the gel-

measured 3D isocenter displacements. (a), (b), (c): sphere at isocenter; (d), (e), (f): sphere at 1 mm
inferior from isocenter; (a), (d): LR, (b), (e): SI, (c), (f): AP directions. (Reprinted from Ref.1, with the

permission of IOP Publishing)

EFAHFICBZE I N, RGB lik»roEma s b &
b 7% blue F ¥ FIVHERDSHHH T & 7=,

32 WLTANMNCKZ3IRTLFZAYVEYIEN

Figure 11 I EPID X"—A WL 7 A b £ 7 )L R— 2
WL 7 A FTRDZIRILTA Y &y BN (A,
VAR, B XOHIAIR) OKEZ/RT, WiHIETRT
DIANIZE VW TRIFIZ—HLTwE 2 E8b05 (p<
0.05). EROMLER L — —TERINLTA VLY
Iy P LT A LESGA, EPID E 7L TRDI 3K
LT AV vy EMDEZ, B, HE, BXOHiE
HIETZNZFH (0.04+0.04) mm, (0.07+0.04) mm,
L ¥ (0.04+£0.05) mm TH > 7= CE¥E +2SD). %7,
BRofiEz2 74V 2% H 5 1 mm BATAICBE S
¥, 2NZ1(0.03+0.03) mm, (0.06+0.06) mm,
B X (0.05£0.05) mm TH o7, TN HljHDE

20

13 0.1 mm DN EFEFITNS oz, £z, 8 DDy
FRINC X 25550 2SD 12 02 mm UINTH D, 7
77 v b LDEEREIC X BZEBIIREB T, I
5DERPS, WLTZ L7 7Y PAEAF Y FEHW
723RILTA Vv IMEGMOGEEED S S b
Nz,

3.3 RHEAE® SRS 71V > ¥ (IEREE

Figure 12 12 WL 7V 7 7 ¥ b & &2 T, fiEl
1IEl 5 » HiE, 24 Fl#E DKL 7% SRS 74 VX v &1L
EMGEERS R 2 8 9. 3 RO X O il o vhuly i
74y lE, &£7ay MIFBEHREL - —
TERINLBRTA Ve ZiEZRT. 24 9
TDIRTLTA YV v ¥ ELIET XTI T A
ISR OSmm LAICINE>TED, 21
5 ONYfE L 2SD AL, BHE, B X OB
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Figure 12. Results of the long—term weekly
SRS isocenter verification simulated routine QA
which was repeated 24 times, once every week,
over 5 months via repeated annealing using WL
gel phantom. 3D scatter plots of sphere center
displacements with 0.5 mm radius from radia-
tion center are shown. (Reprinted from Ref.1,
with the permission of IOP Publishing)

TZNZN (0.16£0.15) mm, (0.17+0.22) mm, & L
(0.15£0.19)mm TH o7z, [iREZ> T 2L —>av L
7= SRS W O WAL E RS L 1%, RIARICE > TEfS
JEICHERITE TV B 2 bbbt £k, ZhFh
DD T A Y X v ¥ A 2SD 13 0.3 mm PN &
o 2F/NEL, WA L7727V D7 =—Y v
Sk AHAHERENTWSE LY HbE TEHHT
ESA

4 ER

ek, SRS IZHT BT A VLY FREDIL—F v
QA7 4NV AIZEkD WL 7 AN TH -7,
—J7, AR Z O FIE & R T — & Glik o JEHE S
75, EPID ZfH\:72 WL 7 A BTt s &)
o, L2L, IN6DFHEIEIE—LTED2X
LTA VeV IMEHMITH D, E—sGED 3 K0
TAV Yy Y ENEBEBCRET 2 2 LBRETH
5, 2D, WL TAFTL—F—DFTNDHERS
NG, 2RILTA Vv ¥ B DR %t
AATEERR L 2SR LR I, ZucxiL,
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Low 52 3= F>ay Ficksd WL 7R MTHES
N7 2RKTCTA Y 2V I B 6, BEANATHIGHA
XD 3RILTA Y vy ENEENT B0 THA
BRPERIRELE, L, INSOFETIIERD
2 RICHR Z N F SO W CENT 21T 9 LD H 5
—HT, SHRETZ7VR—=Z WL 7 A FTlX, A
¥ v S OFARD 2IEM &M D 2 HHDATHET
L, BEEOE 3RIGT7 A V& v & ALiE Tl % R
DORGIATI 2 EWTE S, EBICAIE DR T
¥, EPID R—Z WL 7 A F £ )L _R—Z WL 7 A b
TRDZZIRIETA V& v ¥ EADH1E 0.1 mm BN
EIEFITINES Do 7z (Fig. 11)., 7z, 8§ DD Ny Fi
DIFHHDEH/NEL, 2SD 02 mm INTH -7 2
EDOHBEMEOE 7 7 R oy Ty TEET
Rl EBbhb, TOMMBELT, Ay — M=
WL —HF—ZEEL, L—F—IHEIZFFL VWIS
AFVERDELEL L LIy VT v T RiTok 1k
HEEZDL, WLTLT7 7 ANOEEERZ EHEE
BLEBoky b Ty 7 TEL LR, BN ERE
W7 o2AFy 7807 7 o EHELT? RNV
T=U0b 5, Fl, FVITATVORDET-FHZH
74 £ RE W7z, EPID H{RIZE W THRDOIBIREZH
BT 2 L8 TES, 2D, WL L7 7V

k23 BAYY 72 EPID % 72 WL 7 A R I2 A
HETH 5. 7, EPID HERDMGE I - B 2R
EIFEEEAS 100 cm T 0.392 mm/pixel TH 1, AHFIET
X 150 cm & KE L % 2 &T0.261 mm/pixel DR
MG SN0, /N A RIS H 5. —F, A
¥ v 7 TIEFEAR D BERARRSE (dpi) BFETE, K
2Tl 0.1 mm/pixel D =R LR O FENTHE % T
L 7. §XHhCid 0.01 mm/pixel i e A5 5B B
EMTHELTwAD,

— MRS, HFECT IR )= I7 470
Sy VR E AX Y L, 3 ROCERE N2 1T
DA I NG, RYNCTRE I NIHY CT X
Gore 5 !9 & Maryanski 5620 X > THEIN, ZDk
FTAY—AFyrr®7u—FE—LRAF vy, BLXO
A—VE—LARAX Y Uy EIFIFEREMTE S
N2 Lo, AR REoOES e, Y LVHD
L —H =W, #EL, B X O X % 8L 7 —
F7 77 bV EOBEPH L, I LAF YT
&, 3RILTA Y kv I HAIEOBT 2 RS DI
192 EDTEL, A THMALZ WL Z L7 7~
F 2% 0.1 mm/pixel O EFREERTA X ¥ v § 28
B, 1 AFX Y vdHORN RBTRETTs. —8, A
X v F ORMECEMNAHED BE L 2T uEz s i
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Han, A A=Yy —
HIAT—=7NICHEIN TS, 2D, WL
W7 7Y PLADEIRIEADHLHDEAX YT 5
By, A% v v Loy ei 5 miciing 5. 7272
L, @R TlE L L —_ATr— L2 HWET A b
T, HEHOME/ND30.1 mm MU FTH - 7720, FHll
FERICERERHELLE 2 wEEZLLD, £, A
¥ v 27 4V L RHTCRIE & 72 2GR D
ZAUIC X ZHFEEOFEAD) 12O 0T H, KifFiTik
1G5 1 cm O WESHIFH 2 Gl 2 7 o EH T E /-,
EPID R— 2 WL 7 A b Cl&, BH#BY =7 v 7
BERICTHTA2-0—20ADHIRINS, i
XL, WLZ L7 7 b AEZ BRSO e
THLD, BhoTHrsdhiv—nfoAHhE
DE, 207, HKZHBE L SRS 74 Vv
FERAEY LY Y —ZV FF A FDHEETH 3.
Figure 12 12 1 2D WL L7 7 ¥ F A%z, IS
T=—=) Y 7GR LT 2RI OEAK SRS 7
AV Xy ZALEBGEDFE R Z RT3, 3RILTA V&
VEBMIBNEL, TRTOSmm MNTH-72, F
72, TRTOT7A Vv ¥ZEAD 2SD 75 0.3 mm BN
ENS S ENHAAE DRI N, ZofRIciE
V=7 v 7~y FADa—VIYHITHBERPENL —
YF—DOHELBHOEIND LD, HFLHAAEZ

il g 2 2 L IZNEETH 53, A FI7A4 v THERS
NBFAME (< 1 mm) ITHENTIEFIChS W, PEX

D, WL V77 v b 2aZHeCcREBIMGED R LGHI
L7 A Y vy ZAEOBEREE X, F25 ERE? %
WwWekWwz b, F, ARETIEWLTZ V7 70 kA
12 IRl 7 == >~ 7 L 7243, Fig. 2 DFEFRD & i talks
LTt oThotctBELoNS, 127L, 20D
IRFRE VRIS & DR IKAET 2720, 55D
Hl & EMat T2 083 H 5. £/, #HDIELAHMR
BlcowTid, BEm RAERT 2 L3y) RE, KO
BASRCHIRT 2 9 P h VIR, BIKITH B 7LD
F—A2ADORDBFLL I LIEDIELAHTES LT
HMLTw210 L, WL L7 7 vk oz
OB LAAT 2856, ZOHEICIFERPHET,
RHZ KRS DEIER VT ORI ELREZC LI I
TRLESTE ARG R Y, TORIEHLTIZES S M
NN TH 5.

ARBFFRITIZ VDD limitation 23H 5. 5 1 D
Elx, SHICH 72 EPID R34 ) = 7 il 7 L
Y A LT X - T, 0.261 mm/pixel 2> 5 0.1 mm/pixel
WKV A ZEINTWBEIETHS, EPIDR—RES

22

R —Z WL 7 A M X 25HED 2 I3 IEH 1T/ X
oty ZOFEEICIZ 0.1 mm FRE DO AMED X D3
bo TV I EZEMBL 2 TUE RS2\, FH20
M#EIX, FE2cm D WL V7 7Y A% AX Y )
TAX YV LI ETHD. Ar—=Y 7T A FDfE
B, FEEEOME/NE 0.1 mm A & IEF IS/ Do 7225,
A% v VREDOHERRE L A S b EANE AR
fEPZE LTIRAZBENH S, H3 ofEIX, 7L
R—=ZAWLT7AMIBIFLZ7A4 YLy IBEITOMDE
FICOWTTH S, HELZWLZ L7 7 b LDk

CH L 2732 RETlERVwD, 40% &
60 % DMETER LB LI-HDOTA Y & v ¥ 24
120.1 mm AN D% B 72, ARl DIENT Tl 50 % i
JEZ IR L 7203, braefFic X DR h 5 2 LI
HEEVPBLIETH 5.

DED ki, |eADBEFE L WLTZ L7 7 b4
EAX XY FDOETE S 3RILT A Vv IIIEIC
X, BHEZIEDRHEPrIBEENTVS, LaL,
NS DAHENZIZSRS 74 Vv ¥ QA ICERX

NBEFAEME (< 1 mm) IZHERTIEFITHES L, 74 Y
U ZMEGNICB T RERFEE IR 2w, £
72, RAEFHTREZ: WL 7L 7 7 ¥ b ok, — %72
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ARFZE THIFE L 72 PVA-L 7OV 2 Fl w7z 3 ]t
WL 7 A FIZEWT, SRS L—F ¥ QA, BXUOZY
RY—x2Y P57 A FOFHEDNRE I,
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IR —HL T, sz, WL7Z L7 7
YEAZEBENTA Y ey Y AERTEE & SN2
AL, ¥, 1OOWLTZ L7 7y P AEANWT
fTo7-RMMD SRS 74 VX v ZHGEETIX, HEE T
=YY I EEEDIRYT & TR DR X
i, ARBFZECBIFE L 72 3 RICWL 7 A b TlE, &5
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The gel dosimeters are expected to be a useful quality
assurance tool for radiotherapy because of their unique
advantages in which they are the only tissue equiva-
lent phantoms that can perform three-dimensional dose
measurement. On the other hand, one issue is to im-
prove the sensitivity of the gel dosimeter. Recently, we
successfully applied the most highly sensitive aqueous
fluorescent chemical dosimeters to gel dosimetry. It is
named nanoclay-based radio-fuorogenic gel (NC-RFG)
dosimeters prepared from by incorporating a few wt
clay nanoparticles into aqueous fluorescent chemical
dosimeters. This paper reviews our recent works related
to the development of NC-RFG.

Keywords: radio-fluorogenic, nanoclay, fluorescence

probe, irradiation, dosimetry, gel dosimeter
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WP O X ERTE S Z &,

F o, RN OBEHRE R R T 25O 3R g
TR D & SRR DR S N TV 205D 5,
it EG72 LoD, B Gy 2 NLUT O
A2 L 72 WA, XD KBETOERYOE R
DTN 2. % 6, GRS O BRIH Al &
%%, 1k ZIE, KRS 2 AN DI (G fE L FFIEN
%) 12 0.1 umol/J DA —=%"—TdH D, 10Gy Z M4 L 7
BB D7 ) E O RISED ERYIEEIX 1 umol/dm?
DA—=F—=ThH206Ths, I5IZ, 0.01 Gy TIX
1 nmol/dm® 4 — 4% — LB DRIE L2 S, Dk
&, —MRNLERRETIZ 1 DDKGRES P AN
SEPIC G2 TS B LIk > T, PO
GEZWMIET VDS, EZIE, 7V vy 77 LiEE
RFD GEIEAKER 7 V v 7 HEEEFD 6 5D G(Fe’t) =
9.74 umol/T12, KV < — 7 VIR EGFOEAKIG G 1
1% 103 umol/J¥ (KGR 7 ¥ A NmDR 103 £%) 12H
5, L, WS OMEITICIZE T £ TIC
BRIRE 2 5 Z gk D, KISETFIc ok
FHRDO W E 2 Z T, BREREDRERDO W ELZT %
k9w ns, 22T, EEMICEFIHL 2 WT, KR
i 2 HIE ATRE &3 ARG & LT, 1958 4RI
o7 a— 7z Mol ALER BRI P REI N, iH
JERE R TIX, — IS 1 pmol/dm® DERDIRFTH 3
FHNEFHR LT, 10° 5D 1 nmol/dm® T
DEBRDVHHEE 2%, RENLZ DL LTI VK
W EEI DD 5 (Fig. 1), JFHOWETH S 7 =Y
VE, BERBEEHC X DR T KD P AL (*OH)
EDRIBICTE > T, BMOEEYMEHTH S 7-e Fu X

. HO

N OH X
»

o O o 0

Figure 1. Coumarin fluorescent probe.
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U=V v ER D, HOMYWE OREIIPINFR RIS U
TS 270, HOGREE & WIS 13 O EARE 2
AT HOGEREE O WA & SO R EERHC X 0 SFff
L, W AR 2,

D& ot 7 e — 7k A IcE W TA
CHIHINTED, & ZIECHS 22 Cwik
EV, ZOMOAEBIR 2 H v e — M H 22t
fPE LTy v F 1L —%—, TLD (thermo-luminescent
dosimeter), OSL (optically stimulated luminescence),
RPL (radio-photo luminescence) Z23%81F & 41 % %3, 4if
HAKIET AR E G L TS T B 2 KD G R A B %
FIHLCE D, SHrEBTFIIRERR S, £, %4
R AL G I a] & Fe A B % s [ A = 5 RPL
EEBILCw b0, 7=—Y v JIUBEIC X B
BEFOMHAETE 2w,

D &) BAEKIFERMREHCN L T, 2RO
WALKNZ X D P bS8, 3 Koozt o Am sl 2
HFL 72 d oL LTHDEY VT “radio-fluorogenic
gel dosimeter” 73d% 5. HUOGT WVHREGF DO H O T D
TlE, BURBMLAZE TEL R TV 7 TREREED J.
Warman 512 & % 2011 FEOHETH ™Y, 2 Tl
HAMEE 7 < — (tertiary-butyl acrylate 55) & JEHOEY)
"B @D N-(1-pyrenyl)maleimide D H & S & % 406Y)
BHAERKGZAHALTED, ARAE»FoN 27
LVTKRDBEGEENTOHREVLLOD, BEICHIET S 2R
JLHOGHIER 2 W LT 5, 2019 I, BRERICHK
U TR ICEER DS B 2 039, 3 ROGHIE FIAE 75 24 1E
IR E TS L 0319 7, KE TS E L
JerVEREGGEE LTI, 2016 4EIC P. Sandwall 57237
< VRIBHARER 2 X 7 F v Ic X D EHL L 727 Ui
BitzHE L Cwa ), 2720, HEIcE 100 Gy b
DRBEVBLIEE SN, KIBEREEDRT L) &E
RELREERR2 2 LN TE TR,

2D &I, BB VERER T O MR R, R
WMESINTDDTH 2D, b F HFIEA TR,
ZAUTR LT, A, 2018 FITHTHICHER S Lk
KlchHdF /A RO LA &0 EDE 7 ViEE!
DTt 2D, AKIEWREGT & FIRRE O 2 - 7o
F 7 7 LA BN VRS (nanoclay-based radio-
fluorogenic gel, NC-RFG) DBFAFEICHI L 7212719 H
Wet /A XD 7 LA IFER 25 nm EA 1 nm DH
ERD 7 LA KT (B9 ~7 F 7 A b Laponite XLG)
ThH 5. JEIRTH 2 BB T RIS A S
T % Nat A A Y HVKATYT % 2 &I X o TR
TREWTTEL, A— N7 AREDIZRIZ X D T
¥vbuvry rkrnvkhs, R0 VikEEHCH

26

WHENTWBEY T F i EDHBET VLA & R T,
KR T 2 H v & DR R & T, EnziEH
HEERELTWS, £, ¥7F VRZEEICRET
LYBBE S N TH DD, 7 LA X VIFREIC X 57,
REIICKVRIENELT 27V Th D, RO
mEREE L, oy ViR~ F 7 714D
BHIZOWTIHINETOFEES ORE0 2%
e akw, REHFHETIZZDT /7 LA HRINEOE
POV ERF NC-RFG DBFEIC DWW TR ST %G
REMFNT 5.

2 NC-RFG DRI
21 ZHRBEALTO—TADISH

NC-RFG 7 VigEET DT IcH 72> T, £THIDIC
KIBWMESHE LTS w38t 7 —7% 7
LA VIS Z, MERAICRREZ TR L 2. ok
AL 70— 713 L EE® (BA), 7V 7 YV (TPA),
FU XS VEE (TMA), Er XYy Mg (PMA), 7=
Vv3- VRV (CCA) FHEoHEFELEMTHD,
EDQHOE T v — 7 H IR I X o CIRHOED & o
HFEZ R T LIRS, 7L AT INVHRIZBWTY,
Fig. 2(a) HOGMIE ORI B O MEINERETRT X9
12, #% Gy OFEISCHUEERIINIC U 72285 72 H0OGERE
ERRA B2 B 5 2 L 23T, fEEE LT

T . : ; 6
Clay 1.5 wi% (@)| |[ccA0.1 mmolidm?| (b)
16 {Fluorescence probe| » Y A
0.1 mmol/dm?® ’ r Clay:ﬁ.5 w% -]
2 =12f = p
L .
£ > A
[ORe) ,
2 &, 8L / Gelatin 0.01 wt%
3
g - 1T ‘ g —12
5
i 4+ Gelatin 0.1 wt% |
< Y
";', 'I tin 2.5 wt9
01 2 3 4 5 0 20 40 60

Dose [Gy] Dose [Gy]

Figure 2. Dose responses of change in fluo-
rescence intensity of NC-RFGs under X-ray ir-
radiation. Comparison of (a) several fuores-
cent probes and (b) several gelling conditions.
(Reprinted from Ref. 15, Copyright (2018), with

permission from Elsevier)
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BT3B bhrolk, 22T, CCAZHWT, 7L
{LFIDEN DWW TEENC RS L 72, 2 0 BRI )5
Pald, SCHER'Y ICRLERE 41T\ % . Figure 2(b) IZFEH D
—Wz2RT L), BICHEZEFE DX 7 F v DR
JE2.5wt% % H\ % & 40 Gy BLE% BEET L T b A0t
ozl cEsrotz, 20X, —RICEIF
v EDOHBET NVALANZ *OH & S RIGHE R T 7
&, HX7m—7L *OH DKIGZFEL, WEWEH
BIRL B %570 TH5. £7F VIREE 0.01 wt%
FTHOETILET, HIBREORAICEEZMHERT S
EWTELLDD, KIFEDIRETH -7, T
LT, 2L A7 NMEAITIE 7 LA REICH F 0 IRE
9, BRERSENHBIBEE2E2 2L TEL,
B ALFITIE *OH W MIBEZ B L TE D, 4%
WA RGO ED 2 D12 &, ERE R HEET
ELTHERET 2. 2 CCA ZHWHE7 VR EE
& CCA /KA EEF E IR BEZHF L T3 2
LhbhroTng,

22 2 RITAENDHH

HOE VRGO 2 Zoth EOFHli TR I E T
L E N T Wi o720, B{LFEoHcHws AT
IR D ERIKEN 7 )V DOHNEA ¥ ¥ 7 — (GELSCAN-3,
iMeasure, Japan) Z¥RH T2 Z LI Xk o TES &
b« ERALTE 2 RInOMBEIIHE ZIT2 5 Z &0
blrot, —J, MEOZEMIGMRZ HA S BRI,
TOVERER G DTSRI 2 1242 U 5 RV DI D
IO WTHGETT 2 05035 5,

ZZC, BETR L2 ToRNE 71— 7% ol
Bz amtz, KR, 7 LA X ORI 2 R Y
DIRELZ B U 7. IHCEB DG 1%, WEhE 2z
DEHD S D% Z B L 7 HlE BB 2 503, 1H
RO T CHELSICAF ¥ F—%2FfoTVE, BEOE
DDOET N TNz LCTRED IR L oMlE% 1T
)T EDWEER Z LS XD ARSI TE LD
7o, 22T, EEMDOIREED 72 e 7 v — 7 Dt
DT, 22T, F/ LA ADE S —DODF]

H2N\©[Oj©/ NH, HoN o NH,"
‘OH \©[ J:/j
) c
©/COOCH3 ©/COOCH3

Figure 3. Dihydrorhodamine 123 fluorescent probe.
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MERAWE ZETERT LI EE2EZL, 2, F
P IVATND T LA JERICEA A v 2 WRE LR
LZEMTERLEHWETH S, X DEEIcE, 7
LA EEIcIcASNTOUEKMLEZF MY
DAFET VLA NNICINAZ B HF A v Dk
BEZALAY & DA & v RIS X Y, (LEY
DIEEE 1, WS S, RISl S s R T
HB, Lo T, AFAvEout 7T —7 %5
BUCBE T 208035 50, CRZFARLE 5, K
IBHHREENE Lot dnd o, 22T, fkEk
DHlE el e LT, B EaBoMEE S5 L
T, Y Fuu—%3r123 (DHRI23) %\ 7fs
R%Z/RF. DHRI23 (Fig. 3) 1I#Ilic e, JEHOLET
H Y, *OH IT X B2HLDIKFEL ERE RIGHKIC, itk
BADMEITLZ D, 450 nm ISWIN E — 7 Z 78 T
Y E e —4 2 >~ 123 (RDI123) &% %, filaAND
H,0, DEBED - DH N7 u—7L LTIASLHOWS
NTn3,

Figure 4 121%, DHR123 100 umol/dm? IZ 2.5 wt% @
F 7 7 LA V%N Z T DHR123 $#0G7 VAR EEF D5

1 .5 T T T
=
B (b)
2
[
° Post-irradiation
e 1r ]
8 ——7 day
§ ——8 day
9 ——9day
[ 05k —— 10 day
B VY[ ——73day 1
N
©
E
o
z
0 1 L L
0 4 8 12
Length [mm]
Figure 4. (a) Fluorescence image of DHR123

NC-RFG after irradiation of X-ray 3 Gy. (b)
Normalized fluorescence intensity profile of ir-
radiated gel for five different post—irradiation
times. (Reprinted from Ref. 14, Copyright

(2019), with permission from Elsevier)
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| Dose planning ||

Radio-fluorogenic gel dosimeter \

Figure 5. Complex dose distribution planning
(left) and fluorescence image of DHR123 NC-
RFG (right). (Reproduced from Ref. 13, with
permission from the Royal Society of Chem-
istry. Radiation therapy planning image cour-
tesy of VarianMedical Systems, Inc. All rights
reserved.)

DR % FAMl U 7245 %2 7R 97, Figure 4(a) 1336+
JVZE A L 72 DHR123 4067 VR RGO B2 D 2 )
TR ZRLTWwW5, 22T, 2LDx vy 7 Ll
O3 X # 2 B LT\ %, Figure 4(b) 12 13 2
5 OHMNE N ORGENMEZRL T0D, ZOKD
5, T3HEG > XD L 7 HEHE O 5 AL 2 i85
52 EDBTE, YOI HZIIHITETWwE I LN
bbb,

DIEXD, 2RILAF ¥ —% o7 il 2 R e
fili2STIRE & 2o 72, 2 ROGHEIRIC BT % 5l 22 i
BRSSO 2 SIS N0 £, ERIAE
SEAOIBAGE LT, TEAFB AR (IMRT)
D> 6 DBEHE 7 G REE T & 3L SRR HDE 7 VR R IE
L, HE7VAX v - — X DGR 72l % Fig. 5
IR,

I 61T, BHEMRFIGIEANDOIGH 1T > T 5222,
FEAEIE, AGEHIRE TEXO0n7 VRGN X 2 miE R
NG RE DM A HNE  (JEE thh3) ) TRREL S
NTVLEDT, 25 6% ITBHBLEE,

2.3 DHR123 &#¥XT )L DE#EEL

DHR123 HOG7 VARG 2 w7z 2 ROt e fit oy
fAaHili Z2 it 2 1T, BIEFETI3E Gy AT OftEGE
flilcBWVTIE, /A4 RDOWENPKE L, SO
MALETH D Z Ebhrot, 22T, ST LR
HitoEglbz et Uz, 9, BERE 2T
BNRIRA=FIZOVTE LD D, EEE R & 13K
IR ISR 2 HOGEREE D BEMNST Ig /dose D3R E W T

28

EEREWT S, D Ip /dose ZBEEMLEINER G, €
WIENARE €, BHEDGIREE I, H0GETFICE &, HE
o, BRI time %2 F W T REBIRE (1) TR 5.

Ip/dose cc @ X G X [j X € X p X time (D)

HOGHEEDRERETH 2B D—2TH H 57D,
JihELYE & B ED PR D357 % 72 o, I GEREE I,
TR time 2 B3 2 LT, RGICEER RT3 2
EMTES, —JiT, SWNWETH 3 ERY DR
HE G DAY D JEA BRI\ B T dp 2 b B3 5. R
TlE, B LADEEPHOEER TR 2 & I HORY)
HONREZEEDOM EZK S Z LIk > TE 5% 5EK
bz ED FERICOVTE ED S,

24 N\OTYZIHILDOIIMIE

DHRI23 LB L G FR 2 EHT 520 A athk
Leuco Malachite Green 5> Leuco Crystal Violet & i 4F
FAEEHC X DAL % *OH OKEL SR EKIGIT XD
T2, ZOREEHGEOESVERTR 740V
LROFEF G INTEBY, £, "ar iy
DI X D SRR OEEDIIMN T 2 2 £ A5 T
W3, 22T, S VEEREHCB LT e AL
VI OB A E I 2 3t L 7. Hl\viea 7 e
X Y 7 vz (TCAA, pK, =0.09), YV 7 1€
& (TBAA, pK, =0.22), 222-bV7mux¥/—)
(TCE,pK,=12.7) TH 5, 7 LA 7 I)VIFIERERN
Ik - THEE L, FECHEKT %729, TCAA 5 TBAA
13K S mmol/dm® £ T, TCE 135k 50 mmol/dm? £
TES 7, MR L 2 X9, 4087 ViR
RFDERESEM L, HFEMORITH L TRAT 2 5
Wtz ¥, WEB/ER I v r ALY o Rz X
59" 0.5 mmol/dm3-1 mmol/dm? DA b BEE R
$, 20l ko r AP OTEMTIEE %2 T 5
Mz - 719, DHRI123 % RDI123 IZfgfL§ 2 D i3+
IZIKGIREZ P VD *OH TH %55, Z D *OH ik
TR L, IBEIRIYIC DHR123 DT D ALE I AN
JGEFE T, 24Ul k> T, DHRI23 & *OH £ D
SIGBED—TBDADIRDI23 L7352 ZHUIHL T,
*OH a7 MBS D N a7 v 52 VIS
LI DA &3z, ok FES] & E S 0ERE
DIEIT % 2 LT K o THEHBLAADER D BN 72
LEEZoN,

25 FREDEMHFDARINHR

FAEMEFNZ KRR 1 4 2RO MHI L LT
ESVBREFICHY SN T3, DHRI23 3 LCV
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Irradiation

LGy > 10%mol/dm

Non-fluorescent Fluorescent

DGy, }168movdmﬁ

Ambient affect | Difficult'separation

Figure 6. Problem of low detection limit.

1EE T2 OOEMREIMEC, HE 7 VRS
VB REER OB R T L 721D F v 2 AmEE
A F A4 DR AFH TNV F Y XF LT v
=724 (CTAB), 7=A4 VMO FFYILEEES ~Y
%7 . (SDS), JEA A > M Triton X-100 (Tx100) O
3B TH S, CTABICE W TR I I LIEEDT
? 0.5 mmol/dm? IZE VT 7 LA 7LD - BiKk2324:
U7tcod, Rl W Td - 7223, SDS & Tx100
I 0.25 mmol/dm? 2> & -+ mmol/dm? ¥ TVAMEIEET
Hoto. FER, Tx100 %> SDS DFMIC L 1, EEH
6 fE—10f5bEEMT 2 Z EHE LI ho72, T DK
JERM DTG 13 a7 A ORI X 2 BEEH &
FkaF, FUEIEMEH & a2 AW Ol T DTN
XoT, MARTI6fFICHETLZZEbbhoT, Z
2T, FHIEMERNC X 2RI O BN & X S
7201, BEEREHO RD123 %2 LR R IR %
HIE L 72, F5E, 20 £5-30 5 b DMK E IR RN
ZEML 72, %0, FEEEANFC X 2 EE O
INZHOEYE T H % RD123 DEREIRBIE 2 2 DT
72 <, FEO RDI23 28K DA NICHEZFT %
TEICEkST, HIERIZINTVAEZ EDBDbIoT:,
IHICHFHRNTWL &, RDI23 &) @R EICEENS
FIEBD DHR123 237 L A 7 )L HTld RD123 DG
Kl LTHIWTWTWwWaE I EbbaroTED, FHEE
PE#11Z RD123 & DHRI23 243889 % 2 & TiHEHHER
ZMHIL T3 Z ERBI N,

2.6 HEEMDEM

FIRE R R T 2 L I Bl o, BE
DIIIZHFE L \os, BB OERIC X 2 5009
BOEMDOWELZ I TE R kD L 0)EIBHET
72 (Fig. 6). R, St BRAER I 2 i
XS 2 LENE KA G & R TR BT A3
AEN, 0.1 Gy A —¥—ToOHEICETIE, B
WX BB DEEPBETE RN EBbh o T,
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o
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T
1

el

0.2 E

Efficiency of light stability
[Gy/number of scan]

0.03

. 0.006 r‘*‘j-

Normal NVP Py

Figure 7. Effect of dispersant on light stability
of DHR123 NC-RFG

Z 2T, A lE, UEERIG 2 B L, R
L CORMERWIC OB ZET IS T & 2Mat L7,
XHkE R E 2B, H T v — T ORREEDORNE
AN D 7 P ANV DERICBWTHMEE 2D, 5
B2 HIR I TR, £, ZNETITT LR
Rl ONLEWICH T 2WMED kd o7 7cd, T
WEFE D RS % 0 L 7B e sg % e B 3
filid 2 oD,

fi e, WENEMEACLEE D FICEMTH %
T EAURME T, 2 2T, FRImEERRE 0%
T X 2R D& BT 2 2o, FHmGk
HILLOE D IEFREFHI OB 2 W5 U 7=, o 22 il
RY 2 =7 VB EFOIAEAI L LTHHSsN T3
N-Vinylpyrrolidone (NVP) 13D E R D778 T
SNTVEOHAIEY v (Py) TH S, FEHIX Fig.7
WKRT XIIE, A% ¥ F—TOIRIC X 2 HEHED
¥4 2% 0.29 Gy/number of scan TH - 72 DAY, 47
BADEAC L >THTO—LANICHIZAS I LETES
&b 7P, Gy/number of scan 13 1 [A]D 7 )L DR
12K o TR 2 BOEEEEDS E <6 W Ot ISR
T20%RLIMETH 2.

— Iz, FUETEVEAID I 2 WG R L o TR
ZRTDIH LT, NVP S Py TIEAKERHEP n—n A
Yy IMER EDEEZONS, HET v —T7 DI
DAL ZIIREE DB IR % <, IR T 2 ZENE%E
NEFTZZENTETNRS I LI, D%, DHRI23
P RDI23 BTSN T2 2 &8, HLEEICE W
THETHI I EEZEKRLTWS, £/, 06D
BN ST E A & FARICHOE R TG S BN X ¥ C
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W7z,

WMWHBHRICIE, 7ANAIT—RAHZALET VA
Y= A H A LIS DS, DHRI23 ORI E &
RDI23 DHEHERIIAREL I ERZ I LS, ZDOD
LAY DIHEDIEF I ERICEL 2T 7 A5 — X
AZRALIZED, HAEBHRPEE TV IENEZLS
N, TOZFLIE—BENICE S %\, DHRI23 D%
EWEPEHML TR EHMLTWS, $/4, 20L)
BBRPKERPTIEHEDBMSNT 7L A 7 L
THFICEETWEI En5L 7 LA NVREDRIE
THdHEZEATWVED,

3 F&BH

AL TIEH L EEO S VERE L LTl
0 —7z M VR ZAANL, CNETIHES
NTOLBEREZ LD, KEERT E L MET
D 3 RIuHR AT DI AT RE 72 7 OVEREEHE, Ik
HHERIERE 72 E TR I N D 3 RIUKRE G O B EE
ANDIGHADBHE E T 308, fhofbEr VikEEr &
U THOE S VAR R EOME 2 HE E LT
B, ¥, BRETH IS, SO R MEIC
LI LT3, ARCIREOE7 VENE R E O IR
WL o722, & THlkGmZ TR L 72k 8T
H 5, EDEME S IIENT B, 5B DR
EIEDORHEERHEA v b 7 4 L8 —2 w40k
OB, MEERESEL2HFET L LT, I64%5EK
ERrRtrsFons eI nsg, 4, RksH4E
E LT, BE, HAIEARUEDE T VkEGT o BERLHR~
DHEHZED TS, B Gy & — ¥ — T ENTHRR
BOMIEP TR LT RO NTED, XOEAIC
AWML EELTVRS,

BBIC, Afx & o ISR 038 5 ¥kl
HOG7 VRG22 FH O 72 R RAEE 2 B> 2 Ot
BRI B~ OIS HIIZE ML 2 & 2> T 5,

Gt

AFROMEE X AR THSL 724087 VRGO
FFEEZEDDICHI DL RGN 2R EE L
HLAAFIE AT O AL TG, ACER A BRI A 5
P thAvas A, K b ERBIBOE &N L E T
ARWFFE1Z 2017 2022 FFDRIAT - 7 WFEFE R D —
WThbh, TR ZHRDIEL 2200, £ DEEE
ZITL T IEdhh, ThhvizZuio el R
AR ARl A (R B2, BH &F, ok
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High-dose-rate (HDR) brachytherapy transports the
radioisotope source directly to a location within or near a
tumor using a remote after-loading system. Dose distri-
butions have become more complex with the introduction
of image-guided brachytherapy in HDR brachytherapy.
Dose calculation and source transportation errors can
lead to consequences in which the therapeutic effect
may be reduced because of an insufficient dose being
administered or complications arising as a result of a
high dose being delivered to normal tissues. Therefore, to
correctly execute HDR brachytherapy, a quality assurance
program for the treatment equipment and Comprehensive
dose distribution verification of the treatment process are
required. The usefulness of the three-dimensional gel
dosimeter in HDR brachytherapy is described. In addition,
this paper introduces the dose distribution measurement
of HDR brachytherapy using '°’Ir source using a polymer

gel dosimeter and a radio-fluorogenic gel dosimeter.

Keywords: high-dose-rate brachytherapy, polymer gel
dosimeter, radio-fluorogenic gel dosimeter, 1921 source,

quality assurance

1 [FUsIc

AT X, T, WL 2o 5, BARE
DEAHEDOVEDTH S, HABF RIS 2T —%
R—=2RB2OEMMGERTE T, BERRIGHE % Fi
LT A ENOD 846 figt (HEE) 1I2BWT, 2017 4D
IR BT B EHUZ 23 HATH b, @A K
T3 RRREOEIGRIE 23.5% TH B LY, FEHbT

Dose distribution measurement of high-dose-rate brachytherapy
with three-dimensional gel dosimetry

Yusuke WaTaNABE (Kitasato University),

T252-0373 #i%) [ AR T e XCIE R 1-15-1

TEL: 042-778-9647, E-mail: y-nabe @kitasato-u.ac.jp
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D 50 % DL EI2IES % b 00 B FEEREHE, &
btk B X OAETEDOHE (quality of life: QOL) D
e EoER» 6, IOk L 2l T 55+
Wz, (KRR BTG OKREN IR K E
W, RO HINIX, A DORIA T 7 IEER D%
MThh, ZNEERT 27O IR TH 2 MEEICH
HE2gh ¥, 36D IEFE DM E%Z "]HE
PR D HIHIL A2 04U 2 S 2,

R FRIAEE X, A0 & WS 2 SRS & N2
5T 2 NSRS ICKE K i s, T, JHTH
SO EAMIEE L C TR L, BENBHERO R TH
%, —J7, WEESTH 2/MikIGHE (brachytherapy)
&, BEEBEREFEMOTE (BUR) 2 BN 2 0l
BT —IRFIY F 72 13K AR L a3 5. 2
DI, ZERFREL S ICEN, EEHRCEGZ 5
ZTICHES IC KR 25 TE 5, IIEIRE
FE N2 F 280 % Table 1 (SR 7, FREIZ, (KRR
# (low-dose-rate: LDR, 0.4 Gy/h-2 Gy/h), s
(medium-dose-rate: MDR, 2 Gy/h—-12 Gy/h), £ X O
fE* (high-dose-rate: HDR, 12 Gy/h B 1) 1c &
N5, £, MANO7 7o —F 5L, HEIAT
2 AU NI, (RENICHi AT 2 NS, BCRE o Rh
I IS5 S & % & — )L RIS 23,

Table 1.
clides in brachytherapy.

Physical characteristics of radionu-

Radio- Half-life Photon energy  Dose rate
nuclide (MeV)
137Cs 300y 0.662 LDR
8Au 2.7d 0.412 LDR
1251 59.4d 0.028 avg LDR
1921y 73.8d 0.136-1.06  LDR, HDR
(0.38 avg)
0Co 526y 1.17,1.33 LDR, HDR
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B

ARG, & EEADNBRIE IR (high-dose-rate
brachytherapy: HDR brachytherapy) 12 &} % = X677
WIRREFFOHEHMEIC OV TBRZ L E bz, BLD
e 7V — 707> 7o R ) < — 7 OV EGH L 807
VT2 f L ot 2 KIS X 5 HDR
brachytherapy D#REIIAHIE IS DWW THIN T 5.

2 HDR brachytherapy ND=RXTT7 ILIRESTDE
A

HDR brachytherapy (&, Rt (remote
after loading system: RALS) % M\ CRUEZ ik T % .
AAECHH L 72 RALS (microSelectronHDR V3, Elekta
Brachy) &, it 921 #iR (BRI ASHURHY 370 GBq)
DO EOEMNIN TS, e fEIE, Ly MBI
TAT VLV AHA 7% (4% 0.9 mmg x 4.5 mm) I
BAIN, BROB7 A Yokimicii) fFiFsntns
(Fig. 1). BHEBMZEDFHHAT—T 0V - 77 7 —
% & RALS ZHEfi L T7 A YOBDY - X HILIC X
DIENZBEIT 2, LT EOREIE, BTG
G125 (treatment planning system: TPS) 12X b, #
BOBIFOLEZE L, TRHIR ORI G U 745
I ZHH L Tfibhi a9,

VTAE, TPS S IGHAE B 0 JE AR 0 R NI A A
(image-guided brachytherapy: IGBT) D& AIZ L b, ¥
Mz R T ENIC X 2 MER G TTbNS L) Itk
729, 2L, BEIRIEFR ORHERG IR E (¥
BWIND70, BEDE RSB & RSB
L3,

AW S APEDBNEE) 7 £V C o 76y, THE
RS 2 R AT K 2 IR RERD R DR T P 15 HL%
NP S K 2 B L EEIEBLT 2 G H

(a) (b)

Ir-192  Stainless steel capsule
(R T
3.5 mm

|
4.5mm | Stainless steel wire

Figure 1.
(microSelectron HDR V3, Elekta Brachy) and
(b) a high dose rate Ir-192 source.

(a) Remote after-loading system

34

%, Z41% TIZ HDR brachytherapy 2B 4 % BEEE K
YRGS, HEHGI L EF1 59, HDR brachyther-
apy DL BICFEIEI N D 1 DIHE R TA R4 v
R, BEEEZ 1 mm, SEREZ 1% OFE
L AROVICERE L 72 VB PR (quality assurance: QA) %
FEha L, HRIHE O IR X 2 #EfR L T\w35 7™, HDR
brachytherapy ® QA 1213, TAWEELEOBIEMER, G
& IS T o0 R FERRGE & SRR OMIE, 8 X A7
7 v OEREN R GRRMGEES D 5, FHEICBIT S
HGEY — i3 Z2 O HINZIE U GERT 2 05 23H 5
(Fig.2). #l& L, "°Ir SR EIMNIE 738 HTH
D, 4F 34 RIOZHADSINETH %7, BIFLHER 2
ENCH TR FR VR R AR 1< X D S TR L E
ZEPL, TPSIC¥ET 2. £/, EHIW (6 » HZ
7 I3 RRIE A HalE) 127 4 VoD BE R R LT, RRE
(R ERSE 2 3§ 5. L2 L, HDR brachytherapy
TlE, WEQAICL EZ-TED, FiCEMEREIH
2L 7256, O D R E PR R O
I7—3, HESEEZHIBANSHY, BKT 7~
28T B CE Y 2 B T AT REE DB S 2B TH 5

HDR brachytherapy %, AR 28 RECEIC X %
M e BRI AR 2 IEWEICRAE T 2 72 D12 lE, #&5G-3
N =ZRIUARRTMZFEM L THRGEET 2 2 L
Lv, —RICHE S 02 BEERTMEZI S 7 4 L AT
F, AV M ELRBERILTOWEICRES NS, %
7o, SRS CHI S AR 7 7 v F AT, 20
WA T =T AR T 7V =Y ZRET 5 2 &b
W<Tdh 2. =7 VikEaHE, 7 WLETIRRIE T
HOMEGTEEKS7 7 PAELTHR) T ENTE
570, MEINOAT—F NPT 7Y r—% ORLE
DEGTHD, 200, ZRIL7 VEEEEHE, HDR
brachytherapy D 7% Z X Iuft &3 OWE Y — v &
L CHIRFTE %,

3 RENMOLBFE

VAR, AT I A TR A% (intensity
modulated radiation therapy: IMRT) %43 & 3 % &ils
FERURBIGERANEH S 0, JREERTIC TPS TR I
TR % 7 7 v b A OFEHIE & T 2 R AR
BEE S EE S T2, I, 7 4 v LPHE
FEREEI W SN 5D, ZRou7 VEkEEF ORI D
BEtE N T3, Figure 3 1, LWHEAEASA IMRT 75
T XD B S NABETEIRD R Y < — 7 VikEET
H5.

PRE A & FUi T 2 Tk, SR ofm 255
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DRIE

TR, BYO R DR 72 % Bl 9 % Dose-difference
(DD), SRR ERE (ZNZNDE L Wik

%Y R ORFIERE) % 3§ % Distance-to-agreement
(DTA), ¥ XU DD & DTA AL CaHii§ 2 4>
< ENTESH S0 10 DD I, BLAICE ) 25
L E D7) & HESRER Dn(7) DX ZEZ eq. (1) I
THET 5,

DD (%) =100 X [(Dw(77) = De(i)/De()] - (1)

DTA 13, FHHFRESAIDON R &, 2D R TORE &%

LWitmE s 2 2 WEMBEDMICH 5 M iy & DRI
Bt% eq. () ICTHET 3,
DTA (mm) = |#, — 7 (2)

v @M, DD & DTA AL, Zv =iy %

0A components Tools

A

3D dosimetry

Gel dosimeter
Clinical QA

) Geometrically regular phantom
1D-2D dosimetry Ton-chamber, Film, Array of detectors

Monte Carlo simulation
Ton-chamber, Film, Array of detectors

Planning system QA

Equipment QA Source strength calibration

Machine QA

. . N . Ton-chamber, Film, Array of detectors
(Dosimetric and geometric characteristics)

Figure 2. Hierarchy of dosimetric quality as-
surance for HDR brachytherapy.

Figure 3. Dose distribution measurement of

intensity-modulated radiation therapy for na-
sopharyngeal carcinoma by TomoTherapy (Ac-
curay) using head-shaped polymer gel dosime-
ter.
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eq. (3) THIT %,

N 2 N )\ 2

. \/(va—d fu) +(Dm<rm>A —DDc(ra) .
22T, AdEt ADIZ, ZNZFNDTA L DD D& R
HWTHbh, Wl E LT, AD/Ad TEIN, 3 %/3 mm
P3%2mm EnY, HE, HUelEB1UNTH
TAH, 1 2BATOIIEAEKE Y, FHEE
NOEELBELEDEETH D H v e R AR L
DIBAHICEH T 2. Ay RAERRKREIWIZL, b
LB ESMIEZ =L TR EARLRTIENTE
% . [RIERE O IMRT OFf R AIGEE T, e
HE3 %3 mm, B 2NAHEI0% e LTHEHLT
w%%éﬁ%m,tﬁt,%ﬁv&w,ﬁkv&wk

SICHIEL T EF v AR\ 0, HIEEEORNLZ

QA fERZEM L TR H O HMEL R ET 2 2 &Y
eI T3

4 INUN—T )UIREFT DERKISF

R Y 2 =)Lk EEHE, HDR brachytherapy 123 \»
THRFOL S WG 77 v O ZRouH RS A O I AE
V=Lt L COMMERE S Tw 21719 KfgT
I%, Papadakis & & Papoutsaki & 23H2% L 72 normoxic
N-vinylpyrrolidone-based polymer gel (VIPET) % {# /]
L7217® VIPET I¥, N-E=)bER Y F Y 4 wt%,
NN-AFLYERTZ7IUNLT I 4wth, £7F v
Twt%, 7% 2 (EFBXFT AF)L) KAAFZY
L70Y F 5Smm, ¥XOEMAK 85 wi% 1 THHE L
2. 50T, 04 M OERIE (MgCly) ZIRINL 7 &k

[ VIPET (iVIPET) ZHHIL 721920 %7, A7 AN
A 7V (40 mme x 120 mm) 1ZE AL, P2r BRE %

Y 7VWNICHRE S % 72 ISR OIERTIC K Y 72§ —
VLA T —F)V (2mmex200 mm) ZELEL 72, v
TOVHINC P2 B A 1 RS S, SR L D S
10 mm (2 5, 10, 20, 30, 40 60, 80, 100 Gy 7 HELgY
L CRREIE 2 51 L 72, RIS, HISZERDSAICH T 2
HDR brachytherapy %?‘.Eﬁf L WK 77 v DR
HWE D7 OMfEIEDO A 7 A%54 (120 mmg x 125 mm)
IZiVIPET ZH AL, 18 KD AT —7 )V ZEE L 72
(Fig. 4(a)). IXTHAT—7/)LC 5 mm T 9 s
KRR 2 5 S, BEREE OMlA 7 — T v) 12
10 Gy HREf L 72 (Figs. 4(b), 4(c)). FREIAHIE, RO
SRR D R DI IZ BT, TPS DFHEfE & 4~
<@ty 7 F 7 =7 (Simple IMRT Analysis, Triangle
Products) ZH\WTH v 2t L7, WE L7 VY
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(b)

Transfer tube

40 mm
Catheter
o Catheter position

Tempate | (©)

emplate Catheter 40 mm

Gel dosimeter it A\
3 ";ﬂ HRrE =+
Lk S5mm e Source position
Figure 4. (a) iVIPET simulating HDR
brachytherapy for prostate cancer. (b)

Schematic layout of the 18 flexible catheters
(red circles). (c) The sources (red points)
were placed at nine points across 40 mm,
separated by 5 mm intervals. Reprinted from
Ref. 15, Copyright (2019), with permission

from Elsevier.

100 (Gy)

60 80

Figure 5. Photograph of irradiated iVIPET
with a dose of 0 Gy—100 Gy at 10 mm from the
center of "?Ir source. Reprinted from Ref. 15,
Copyright (2019), with permission from Else-

vier.

v 7V % 24 KE[E# 12 1.5 T magnetic resonance imag-
ing (MRI) & (SIGNA HDxt, GE) 12T, HEkERIKE
(T2) DWHETH BHHAEAHE (R, = 1/T,) #HHL
CHEAM L 72, MR #%f%1Z Spin echo 7512 C, ## DR LI
] (Repetition Time: TR) 5000 ms, T I —IRff (echo
time: TE) % 10 ms & & U8 250 ms, FOV (field of view)
256 x 256 mm? (matrix size 256 x 256, 1 mm/pixel) T
BB L7, ©7RMAE G J) DRy L, eq (4) ICTH
HL 7,

Rij=——=—1 S‘(l:”:)) )
Th(i,j)) TE,—-TE; \S20,))

22T, SiG )k SH )&, FNFNTE, & TE, T
DS FTHETH 5.
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18 T l T | T | T I T | T T | T l T | T |
16 | e VIPET |
-y =0.258 x +1.727 ® VIPET |
14 |- R2=0.998 -
12 _— } E I__
10 -
L - et
N P
x© 8 - — -
- i -
6 - /; ¥ i
4T =T y=0.076 x + 1.860
z/./ Re'=0.998 .
2 —
0 PR T NN TN N T AT (NN AT T B |
0 20 40 60 80 100
Dose (Gy)

Figure 6. Dose-relaxation rate (R,) response
curves for the iVIPET and VIPET. Reprinted
from Ref. 15, Copyright (2019), with permis-
sion from Elsevier.

05 10

00
Gamma value 0 4

Figure 7. Comparison of the dose distributions
between iVIPET and the TPS calculations. (a)
Percentages of the isodose curve for the NC-
RFG (dotted lines) and TPS calculations (solid
lines). (b) Results of gamma analysis. Reprinted
from Ref. 15, Copyright (2019), with permis-
sion from Elsevier.

H#£ D IVIPET % Fig. 5 12/R§, FRERNE &b
IR & DS DS 5 T B 2 & SR IS B
C&7, %7, VIPET & iVIPET 1%, 0Gy-30Gy T
friE & Ry IR \WEYEAHE % 589, VIPET & iVIPET @
RS X, ZZF4(0.076+0.001)s™' Gy™!, (0.258+
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DRIE

0.002)s™! Gy ! TH o7 (Fig.6). iVIPET DFREIKNE
\Z VIPET @ 34 {5 CTH > 7. WIIEZBA 7 IV ICH

\} 2 BRS04 O iVIPET & TPS Dl & o M %
Fig. 71289, HEEE2 %2 mm Ik B0 v /%A
ik, 979% ThHbhH, X —HLk 2L, hT—
7 VR T TPS D itH A & O REEH 4 U 7. HDR
brachytherapy T, #IEILHS TIlE 100 Gy M L ofiE
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Figure 8. (a) Schematic of the NC-RFG

dosimeter enclosed in an acrylic container. (b)
Photograph of the PMMA square layer con-
tainer with the catheter. Reprinted from Ref. 25,
Copyright (2020), with permission from IOP
publishing.
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iy fEne (< 1 mm®) RGBS SRR TH
5. UL, mBIRHIERT 2720, G50
(signal-to-noise ratio: SNR) % & &7z, /87 X —%
DI LN TH 5.

5 WHTIIRE OERRIGA

BILSIC k> TR I N F /7 7 L A RINEYET L
#EFE (nanoclay-based radio-fluorogenic gel: NC-RFG)
Z o 72 1920 BRIR S RT3 2 FERERRE &R o A
EIZDWTHEANT 523, NCRFG 1%, 7/ 714
25wt%, 0.lmm ¥t Fru—4"3 123 (DHRI123),
B L OHEHIK 97.5 wt% I THH#L L 7. NC-RFG % %
VO FOLTHEELL 727 7 VOV (100x 100X 7 mm?3)
DEZ 3 mm DZEFICE AL, MIREED =D H T —
TOERRLEL 72 (Fig. 8). Y r iz ¥~ 7 Lok
I 1 EEE s, BEPO2 S 10 mm i 5, 10, 20,
30, 40, 60, 80, 100 Gy %4 L C, MELE % T

Figure 9. 2D flatbed-type color scanner for
fluorescence image acquisition (GELSCAN-3,
iMeasure).

Figure 10. Fluorescence images of NC-RFG
irradiated from 5 to 100 Gy at 10 mm from
the center of the '°’Ir source. Reprinted from
Ref. 25, Copyright (2020), with permission
from IOP publishing.
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Figure 11. Dose-fluorescence intensity re-

sponse curve for the NC-RFG (a) determined
from the dose at 10 mm from the center of
the single source for each sample and (b) de-
termined from the dose at a specific distance.
Reprinted from Ref. 25, Copyright (2020), with
permission from IOP publishing.

fliL 7z, 512, 10 mm BT 5 SR % 58 &
&, MEDM%E TPS ORIFAE & 7 v < T CHlE I
#E2 %/l mm) 12X DL 72, o> 7 i,
iMeasure % GELSCAN-3 % F{\>C, 465 nm D i
JEIC & b st (600 dpi, 48 bit RGB) % Hif$ L 7:
(Fig. 9).
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L
10 mm

Figure 12. Comparison of the dose distribu-
tions between NC-RFG and the TPS calcula-
tions. (a) Photograph and (b) fluorescence im-
age of the NC-RFG irradiated. (c) Percentages
of the isodose curve for the NC-RFG (dotted
lines) and TPS calculations (solid lines). (d)
Results of gamma analysis. Reprinted from
Ref. 25, Copyright (2020), with permission
from IOP publishing.
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Three-dimensional dose distribu-

Figure 13.
tion around the '?Ir source acquired by the light
sheet fluorescent tomographic imaging system
(prototype).

2 22RO fREE & RGO IER, B X ORREEE O K
MRS OMEL v P Ol % fFikd 2 2 L HIfET
5,

AT, 799 PRy PAF ¥ FITk b RIG
F— & TOFZ KN L 7203, MG VB =
RICT — BB ICHE R ZRICGA A =P v T AT
LFTTIREINTED, ZoFHENRINT
W52 & DOWFYE 2 L — 7% NC-RFG @ HDR
brachytherapy IZFf{b L, v > — bR o Jih il o' e S
75 CCD 7 A J THAR L 7- 8 BT 1 o HOG IR % F
L, “RLT =9 2HET 28774 b —
b REOEWI E IR S A T L DBFEEED T W5,
Figure 13 1B > R 7 4 TR 6 117z 21 SUR R P O
SRICBD RIS, AT —TIVDFEICL S T —
5 DRBERT 3D 253, 192 D> & 5 R fi
INDH VOB DHERTE S,

6 F&oH

ARETIE, EFREER 2 HUFIC X 5 HDR brachyther-
apy IR LT, RV v —7 UEEGHES0OE7 L E D
MR ERE &E MBI MAUE IOV THNL, ZDFH
FHYE & % 78 L 72, HDR brachytherapy T, {4k
1) 72 R IR G I 1 X 2 #E 75 S o0 AT % I RfE (2 WRE
571213, =Rk E A 2 TS YA TR T H
D, ZROUTIVERERGHIE R RME Y — v & L CHRE
TZ5,

%113 5 (2022)

G 3

AFROMESL L OAFR TR L 72X ) v =7 Vs
Al HOBZ VRGO RELEOHERMT B L T, &
BAZ D £ U 72 R EERER AR AT O bR — B
Hz, LB RFPETBOTTL HERE, ALHR A ER
R oK E HBIBICEC E#H AL E T, %
7o, ARWEO—L, FEAVFZEEHIBSIEETE (C)
(FER S 18K07769) 12k >TirbE L7,

(B £ X W0

1) HABEBIEE 22T — 8 X—2ARHR, 2H
TR IR IR D 2017 48 WM G Al (O
180).

2) HABUHBIES 2T — Y X—ARH2, 2H
TR FIE iR D 2017 & WIR G A mE OF
290,

3) DA - HUETRRIEEE 2017 SLETEE 7 B, OKVE U,
LT, FEFE L, AT 1 AV, )
L, 2017,

4) M. J. Rivard, B. M. Coursey, L. A. DeWerd, W. F.
Hanson, M. S. Huq, G. S. Ibbott, M. G. Mitch, R.
Nath, J. F. Williamson, Med. Phys., 31 (2004) 633.

5) T. P. Hellebust, C. Kirisits, D. Berger, J. Pérez-
Calatayud, M. De Brabandere, A. De Leeuw, 1. Du-
mas, R. Hudej, G. Lowe, R. Wills, K. Tanderup, Ra-
diother. Oncol., 96 (2010) 153.

6) Prevention of High-dose-rate Brachytherapy Acci-
dents. ICRP Publication 97, ICRP, Ann ICRP, 35,
2005.

7) G. J. Kutcher, L. Coia, M. Gillin, W. F. Hanson, S.
Leibel, R. J. Morton, J. R. Palta, J. A. Purdy, L. E.
Reinstein, G. K. Svensson, M. Weller, L. Wingfield,
Med. Phys., 21 (1994) 581.

8) R. Nath, L. L. Anderson, J. A. Meli, A. J. Olch, J. A.
Stitt, J. F. Williamson, Med. Phys., 24 (1997) 1557.

9) A Practical Guide to Quality Control of Brachyther-
apy Equipment (ESTRO Booklet No. 8), J. Vanselaar,
J. Pérez-Calatayud, ESTRO, Brussels, 2004.

10) D. A. Low, W. B. Harms, S. Mutic, J. A. Purdy, Med.
Phys., 25 (1998) 656.

11) M. Mclury, P. D. Tapper, V. P. Cosgrove, P. S. Murphy,
S. Griffin, M. O. Leach, S. Webb, M. Oldham, Phys.
Med. Biol., 44 (1999) 2431.

12) Y. De Deene, N. Reynaert, C. De Wagter, Phys. Med.
Biol., 46 (2001) 2801.

39



B

13) P. Kipouros, G. Anagnostopoulos, A. Angelopoulos,
D. Baltas, P. Baras, A. Drolapas, P. Karaiskos, E.
Pantelis, P. Papagiannis, L. Sakelliou, I. Seimenis, Z.
Med. Phys., 12 (2002) 252.

14) O. Senkesen, E. Tezcanli, B. Buyuksarac, I. Ozbay,
Med. Dosim., 39 (2014) 266.

15) Y. Watanabe, S. Mizukami, K. Eguchi, T. Maeyama,
S. Hayashi, H. Muraishi, T. Terazaki, T. Gomi, Phys.
Medica, 57 (2019) 72.

16) H. Tachibana, Y. Watanabe, S. Mizukami, T.
Maeyama, T. Terazaki, R. Uehara, T. Akimoto,
Brachytherapy, 19 (2020) 362.

17) P. Papagiannis, E. Pappas, P. Kipouros, A. An-
gelopoulos, L. Sakelliou, P. Baras, P. Karaiskos, L.
Seimenis, P. Sandilos, D. Baltas, Med. Phys., 28
(2001) 1416.

18) P. Kipouros, L. Sakelliou, P.
Karaiskos, P. Sandilos, P. Baras, I. Seimenis, M. Koz-
icki, G. Anagnostopoulos, D. Baltas, Med. Phys., 30
(2003) 2031.

19) S. Hayashi, F. Fujiwara, S. Usui, T. Tominaga, Radiat.
Phys. Chem., 81 (2012) 884.

20) S. Hayashi, H. Kawamura, S. Usui, T. Tominaga, J.
Phys.: Conf. Ser., 444 (2013) 012094.

21) S. Hayashi, H. Kawamura, S. Usui, T. Tominaga, Ra-

P. Papagiannis,

40

diol. Phys. Technol. 11 (2018) 375.

22) Y. De Deene, N. Reynaert, C. De Wagter, Phys. Med.
Biol., 46 (2001) 2801.

23) T. Maeyama, S. Hase. Radiat. Phys. Chem., 151
(2018) 42.

24) T. Maeyama, A. Kato, A. Mochizuki, N. Sato, Y.
Watanabe, S. Mizukami, Sens. Actuators A-Phys.,
298 (2019) 111435.

25) Y. Watanabe, T. Maeyama, A. Mochizuki, S.
Mizukami, S. Hayashi, H. Takei, T. Terazaki, H. Mu-
raishi, T. Gomi, T. Simono, Phys. Med. Biol., 65
(2020) 175008.

26) A. Thomas, J. Bowsher, J. Roper, T. Oliver, M. De-
whirst, M. Oldham, Phys. Med. Biol., 55(2010) 3947.

27) J. M. Warman, M. P. de Haas, L. H. Luthjens, T. Yao,
J. Navarro-Campos, S. Yuksel, J. Aarts, S. Thiele, J.
Houter, W. In Het Zandt, Polymers, 11 (2019) 1729.

E & B B

BB RN ¢ ARBURS AR A T B, TR (R
2%), 1997 4 4 H-2010 4 3 H £ TSR &
L CARER R ZHRBEIC TEIRS. 2010 4 4 H X b JbH
KPR AR I, B HUR AR I BT 2 BHE
% fHY,

ma R AL F



B & &£ =

REAAVE-LBHRICE TSI CILTIVIREFTO RIS

BEEIIKRE KRERTZEARR
A B ShRE*

HRINEINAEY T —
B BN, 2R B—

BEERPE KM EHEERE, REIRXILF—Y A7 LAXKASH

AENLIES

Micellar gel dosimeters can measure complex three-
dimensional dose distributions. However, they have rarely
been applied to measure radiation other than X-rays. This
article reviews our recent study in which we evaluated the
radiological characteristics of a micelle gel dosimeter for
clinical carbon-ion-beam irradiation. Our results showed
that the positions of the Bragg peak under all studied
conditions coincided with the treatment plan and the
micelle gel dosimeter measurement results. In addition,
chemical species generated during carbon-ion-beam
irradiation were predicted by Monte Carlo simulations.
When the measured and calculated results were compared,
the reaction amount of the micelle gel dosimeter showed a
correlation with the amount of OH radicals generated by

the carbon ion beam.

Keywords: Carbon ion beam, Micelle gel dosimeter,
LET, OH radical, PHITS
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IZ% > TETW 5, BURBIAEE L, 2SARED RIS
ThHY, E, HEZFLOLEEZZT LD, R
Z 3 RIGMICIEE I S T LoD, FEO
IEF A O MG 2 KK T 2 Blinshide S 1, 16
IR ERER ORAMEZ N, SE 2 2 EMThbiiTwy
5. 2D L) BHEEE L WHELZIZRT TS IERIED
—ON, BFFRREA A v E— L% oG
EThHhb, U, TRANX—ZTIvITE=T LW

IV TRFTICET IR Z I ENTE, =7 v +D
B2 IC & 2 s 2 ifr U 2 28 S JEB IC B 32 2 &8
TEZY, I51T, RFEALTVE—LIEFRERVHEI L
¥—fI45 (LET) Zfo7%0, Bkt XEnL)
ICHRTI EIE RN ED H 523,

WA B 7 i DS MR 1 70 20206 - €, RRE A E S5
BOHEIC R 2 ko o2y, BURTIEE
bdH 5, 2015 FITHRINBRNLDA & > 8 — THRAGHE
H % B L 72 Ton-beam Radiation Oncology Center in
Kanagawa (i-ROCK) (%, KFEA 4 v HAHIRIED 72
DDETH3IRIGR Y NVE—LAF vy 2IFH) N
TE2H), ZOEMBAT Vv Ry LE—LICkD
MENMHZHET 2720101, BEESD 250472
0y 7 74NLYPHeNTERL, A4 V{bF =
UN=RITTPF IR Iy 7 4V LIE, 1 RIGEIE
2 RICDPNERETH 5720, 3 RILD 54 % ET
2 7cizid, [AU S 2 @8R ) B8 8H 5, 2D
7o %, fE{HECIEME IR 3 Rouz ME§ 2 5ikH
RKoOLNTW 3,

3XRUTOVEREEHE, EHARES A EZNETE S
LRI CcHh 5. 2O TH, XY v —7 VR
27V v FOVEREENO X, BT REA A v E—
L7p EDRTEREE L RS I N Tw, L
DL, 26D 3RInTIVEREEHE, BES AR HIE D
72 ® 12 MRI (Magnetic Resonance Imaging) O HI%E 7344
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g 7 91D, BRETEEAH o PRIFE BES IE RFRT 3R <
BRHEIEPASLNTVE, ZHUIKRLT, STV
FREFH 190X, Y& CT (Optical Computed Tomography)
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ME2d by, MEFEHIN TS, 20k RiEEE
i, B4 a2 Y AZLNL ALy b (LCV) PrA a<

Fh4 F 7V —v (LMG) % &, RO IC L -
THRETZI7PHNERE L THROET 2 0EE T
DA ZHET 25D TH %, BRI 5K
EOEIBEE o Ty, Mtzmisz et
BEZA I IV VR DSRE I D,
7, Bit, ¥7F v, HFoMEPEZ R
52 ECEER N LI, IoIELEMNZ L I
W NARBEHDEES DNV — Ik DRI T
210 x50z, FESIZ, ZofEiz2 VT X K
SR A 2 L L 2235 L w2 1718 93, ftho
WM N—T% &0, REALT LV E—LDMIEICK S
MR oA 2 TR MRGEE L 72 iF2E 134 2,

RFEA A v E— L DMEMEICE T, X R
LE—RH v e E R L T 2L X — {5 (LET)
DFEL CEL, IEMEICHNE T 2 1ICI33EsH 5 2 &
HonTwa, & 2IE, BAOEEEE (TLD) %,
kR, o v FL—F Lol SE LUK
Ve =V R R E D 3 RIS VIRESHZIB W T
JEIVFHREIND T Ty T E— 7 HEToMN
FHEDORED D 519, Z Do, —MIIC, IERERR
HHE DR S N A IEWEGH 2 & CIXEMR S E L L
THOSNTWEY, WRD EED, 3 RIGOMEY
MHDOPWEIIZ RN Z T 5.

Pl Eoisxy, FES5F I VFLVERETZH
TKFEA F v E— LD 3 RILDOME R ME %2179 W
FEEDTE, ARETIE, IFIERR2LE—
TS NERBA A VRV ILE—=L%E IRV IL
FREEHCIE L, ZofESE % 2GR CHlE L T,

Table 1. Composition of micelle gel dosimeter.
Component ~ Weight percent (%)

Water 91.6

Gelatine 4.95

Triton X-100 2.86

CH,Cl, 0.406

Laponite 0.153
LCV 0.00660
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(BYK Japan KK), LCV (E+: 7 1 )V ARG 2
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Figure 1.

Experimental set-up and measure-
ment device of gel dosimeter. (a) Experimental
set-up. (b) Measurement device of gel dosime-
ter. ©2021 Radiation Physics and Chemistry
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Figure 2. Comparison of dose distribution
with the dye concentration distribution at
200 MeV/u (shown on the right vertical axis).
© 2021 Radiation Physics and Chemistry

(1/100mm2/source)

(1/100mm2/source)

1050 1100 1150 1200

Y PMMA container inner size 50mm height X 10mm width X 200mm length, Smm thickness wall

Figure 3. Irradiation system and fluence ('>C®* 200 MeV/u). (a) XZ plane of irradiation system and

detailed configuration of source, carbon ion beam, PMMA container with gel, showing their size and

material. (b) Zoom of a portion of Fig. 3(a), XY plane at Z = 985 mm. (c) Zoom of a portion of

Fig. 3(a), XZ plane in the vicinity of PMMA container with gel, and its size and material. Isocentre

at X =Y =0, Z = 975. Total history is set as 500,000. Maximum statistical error is 2.5 % in region
of interest (Z: 980 mm to 118 mm, X:—15 mm to 1.5 mm, Y:—0.5 mm to 0.5 mm) and is 8.9 % in all
PMMA containers. © 2021 Radiation Physics and Chemistry
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Figure 4. Formation density of multiple
species during carbon-ion-beam irradiation
based on the calculated LET and absorbed dose
at 200 MeV/u by PHITS. The G value of radi-
cals was evaluated from previous studies®”. ©
2021 Radiation Physics and Chemistry
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Figure 5. Relationship between concentration

of OH radicals and that of crystal violet. The
broken line shows the data applied to a quartic
function. Vertical axis: CV concentration was
calculated from the absorbance reading after ir-
radiation and the molar extinction coeflicient.
Horizontal axis: OH radicals were calculated
from LET for each depth calculated by PHITS
and the G value of radicals was evaluated from
previous studies. © 2021 Radiation Physics and
Chemistry
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Gel dosimeters capable of measuring three-dimensional
dose distribution have been attracting attention both in
Japan and overseas as dosimeters especially for dose
verification in radiotherapy. Several combinations be-
tween gels and dose reading devices are conceivable,
depending on the type of gel and the method of reading
the dose according to the reaction mechanism of the gel.
We chose the combination of micell gel and optical CT
(OCT), because of the advantages of capability of high
resolution measurement as well as easy manufacturing,
handling and disposal processes. Leuco Crystal Violet
(LCV) is used as a dye for our gel dosimeters. The
light source used in the developed OCT device has a
wavelength close to the peak of the absorption spectrum
of LCV. Irradiation experiments using a therapeutic X-ray
device were conducted for comprehensive performance
evaluation. According to the results of y analysis, it was
confirmed that the developed gel dosimeter using OCT
can perform dose verification with the same accuracy as
the device using semiconductors widely used in clinical
practice. Finally, we introduce the latest research results
using developed LCV gel dosimeter in the diagnostic
X-CT field.

Keywords: Leuco crystal violet (LCV) gel dosimeter,
optical CT, optical density, 3D image reconstruction,

Feldkamp method, dose distribution
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V=7V e e ZR007 ViR O BRFE I D
AT, HEZIKROTT IR Y =7 VRE DM
B, Tbb 7 VBBILOFEEZZ TP TV &P,
RELFEANLD (29 MRIZE (LUT MRI) O] H3
I EIND L Vo REICMEINS Z LitkoT,
FRIcReAMD ICEERED MRI 28 95 L 32 LWkt
DEBEEZFHIE TR I LRVFHTESZD
DNEFEBRAK TRICHIR SN 5 2, BUGOBURE
ficih iz ko5 2 & & D) IRMNZAHIFI2ARZ W Z
EDMEE o7, 2 2 THRA IV OMEGEAID
i & LT MRI Db D 1T Optical CT 2 (Optical
Computed Tomography, AT OCT) %2452 L%
EIRL 2 OFAFEICE T L 7.

ENAFCRIZES LTV % OCT 1&, IV 2GR IS &
DL —HHzMws 54 7L ZHV25 47
OTFERICTEZEDNTE S, 1996 412 Gore 5
IZ & o THFE S B —1fR o OCT 2L 1%, JEJIC
L—YHZ2HEHL 2 DE 50, L—FEETT—
Y WG T 2 DICK B> T L £ 9 RMEN % i
ZTWwi  ZdD7-® Wolodzko % Doran 512 & > T
A=Y E—LARNRTILLE—LDHENIRS A 7 D5
FEIN, Uz XD EREIR R 2 KIR IR X 723,
o4 OFFE L 722508 L FRLO TGRS 4 7 DN CT
#:18  (e.g. Modus Medical Devices Inc., USA) ¥ 251fiJIK
SNTWV2D, o 2K 2 REHSE L 72610
MG IFOLTIRIF LA EI TR, U4, rotating
mirror % dual galvanometer scanning mirror 7% £ D L —

YD FH 2 TRT2IETL—Y—FEHIAT
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MRI (Z AR K D &0 ffRE O EHIE 23] HE 72 OCT @
DFEE AT, AT 271 60T D
FEBTEICHALTH 2 R <=7 LIcfb b R
DN TH 2 2w ((aF) 7V EEHT LI LICL
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7o, TRV T 2 AR EEITITIEEERED )N i

W LCV (Leuco Crystal Violet) ZffH L Tw3, Z 54.____..54. ____________________ >

anpv%mmhskwfwﬁg%(uTICVVwﬁ oo w

HED) %, BREERZRZIHEFAEOK S 12X > TR

X thn"ﬂ)ﬂz%:é%% LCERLL T\ 210 (i) 7 Figure 1. Top view (a)'” and side view (b) of
POV EBHAMIC LD, /M2 80mm, 15X 146 mm 7 the developed Optical CT device. (1) a LED

W LAME 165 mm, £ S 180 mm @ PET (polyethylene light source (peak wavelength of 593 nm). (2) a

terephthalate) %% (BEE 1 mm) ICE AL T L T
W5,

stepping motor with its controller. (3) an imag-
ing device with a bandpass filter and a hood to
reduce stray lights.

2 Optical CT &£&
2.1 Optical CT ZEIC & 2 IREIRE
= LCV
OCT I X 2 it i, FEAMIZIE X #f CT & 0 Light Source

LAKTH S, Thbb OCT T X Hofb b i g S Ease FIlCE)

B, MENREEB L T 5O ms % £ o

RIBYT =5 % 360° ICbo>TNET 2. Z2h s 2

DG T — 8 % F o CHEFEFRER Z T HE R RN O 3

HHR 72N DRI (OD il @ Optical Density) % 3K oz

D5, ORI X R CT 2BEICE T 5 #IR557% 00 g | . W

B (em™) IHIMT MBI TH B, x DR L S O .

TRV L TUEIP 2 e 15Gy REFX TIRE

FAVDIRIN L 7288 & OD fHD B AT 23R & Figure 2. Wavelength spectra of used materi-

T 20T, WHEHE T 3 HIEEREZ FH VT OD f als. The spectrum in blue, green, and orange

BRI I BT 3 & & TR E D406 & = R0 represents the absorption spectrum of the LCV

Wi T 2 - LS CE S gel dosimeter, light source spectrum, and light
spectrum through the band pass filter, respec-

22 EBEOER tively.

BHFE L 72 OCT TIFHIENRZ A ¥ v v T 5%, X ##
CT D & ) ITHUR - ZGEFR 2 MRS 50 DIk
W - ZGREHREEE LWENRO S 2SS 5 5k 221 KR
ZEH LT, OCT 130, 7Kl - l%]@fi;f:\, Xt Ha NI LIS L Tw 2 EELCY 1E
TR S LS. OCT OIHBLE Fig 11227, 590 nm 12 WLINIE @ © — 7 % o HAH 6 T 2
(Fig. 2). # 2 THIRICIZ LCV DWRINIEREICIT WV E—
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ZRO7 7 v PAXRVHIRT, HROWEE— 71X
593nm THH, FWHM IZ20nm TH 5. ZDNJH%E
T2 ZEICL>TZENETHEHL T AR
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TG S e 7 VEEGH L, BEsRE o T & i 2
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Z Al o TH R ICERE T 5 step and shoot 15 T1T 9 .
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223 =iEs
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%. LY AFTHICIEANY R28Z27 4 0% (FIH S GRR
HAath, HMZ0590) %445 S+ LCV ORI R v —
JIEWERNEDAEZHTEL LHIICL TS, N
VRERRATZ7 4 NYDFEBRPERE—2713590nm TH D,
FWHM ¥ 10nm TH %, I 5L ¥ RHIHICIZ 7 —
FZ2ID AT EHDIREBAZ TS, LCV DY
BREARY by, JeED &S 5 DR O R
AR P, WY FRNRAT7 40V DFEHREAY b L
% Fig. 2 IZRY, BfF 7T =83 DPWRA R P VIR
3% LCV O E— 7RI RIGED T 5 2 & Tlka sy
fREE DI L2 K-> Tw 3,

23 wE&EMH

BROBRITIZFHICRD 2 JUCHER L 2 Tk o6 7%
VW, O HIREBNRELZTNT Y TN HRTD
WERBEENICHE Z L TH D, h AT OWERFEE
DZRATHZ 6312,
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Z T, Dy, D l3ZNZNAIHPERFRE, BI%E
REREE, 6 13Ah X 7 1CEG OFFHEGLIE, Fi3h 2
ZDOFME (Y MH), s 3504 — bR, 71
EHETH 2, FMEUAND T X — & 1 3BEEEF &
25 OWEFIRE R IRET 587 XA —F 1L FED A

&b, Dy <Dy THDHDT, Wi GETELE LTV
VINIZOE SIS AR (U i % B 1 37 N el =i
FE S TREZEL 2 ETE S,

ZOHIZ, BAERICAHNT 2RANEOTECTH
5. TH Y TND X BERIER % T 2 eI
WY 22D IIDUNE W bR AR FRRE D
KTZBLEILRD, Lo, ZoNEEZHET
DEIRILAZWREEFTRESTLZIENERICK S,
CoONBOFHBICIRHEACERTIHEETH S EV
(exposure value) % JV>7z,

ISO
EV =2log, F —log, (5S) — log, ( )

100 “)

ZIT, FIZFfE (D fH), SSIEF> v vy —AE—
R, ISO 13ZBHDEEEZRT. EVICHFEGT =D
DNNFGRA =2 I EIFICBLEI TR 2T T4
W, EV 375 B THIUTH I MBEM L 22\ W4T
T ERAERD AL 2 kA ERME L. #
2T, EV=15 DFEMFEWIGTHEREELZ T VY v T
WO EIZT 5 L) EEDD LT s £ —
% (F/SS/ISO) Dt % fi-> 7. f5% % Table 1 12
N

Table 1.
These are optimized values for the LCV gel

Optimized imaging parameters,

dosimeters with ¢ 80 mm and ¢ 165 mm.

Dosimetersize F SS ISO EV
¢ 80 mm 13 0.5 200 7.40
¢ 165 mm 8 02 200 7.32
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ZIT, IX,Y,0) IZAE eI BRI LCV 7L
FRERT O, I(X,Y,0) 3AE 0 I2B 1T 2GSk
LCV 7 VBt OB Z R L TWwd, ZoKET—
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7o, B L7 4 2 79 L6 Feldkamp % HWC
R PIRERR 2 £ 7> 7219,
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WSS E N2 a— RO — NIk z B8
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BITCE 6T 11 L2088 H 5, XHOGHITIE
CHIEHS IS o EEZ 6B, MEROE
AR L TL 3D AICIFAMHTIR RN, Z
Z T Fig. 3(a) 127" T & 9 IC1HEE 5.0 mm DRk % LCV
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MTXY) 26 2 AL THFEEDO 7e 7 4 Vi
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Figure 3.

Test to confirm the absence of posi-
tion dependence of aspect ratio. (a) Placement
of steel balls used for confirmation test. (b) As-

pect ratio obtained in each plane.

A7 7o E—LE L CTHIREREZIToTWw3,
RS NAEETOR 72 LY A4 RlE1x1x 1 mmd
ThH 5.

4 FEEMERERTME

LCV 7V FEER O BUH FRIGHE & ik L 72 |
Sz i1V, BT L 7R E DM A 2 tRe Rl 2 17 - 7.
BRI X IR TS B 12 04 2 8 M2 U AR (SRT:
stereotactic radiation therapy) ZHUE L, 7 LA DH
DMZHE N2 TERE 2.5 cm DERIR DRSS L 3 F5 17
DOEER BRI RO TA Yy FIZ 14 Gy 2L
Jid 5EHHZ LT, W I N7 LCV 7 ViR EEH %=
BIFEL 72 OCT IC k> TAF v v L, FRICK DS
N TR & IRBEE I E S N7 BRI D
R E L O FARRO IS 2 FHERICHR Tfib it T 325
I L TiTo GBI o 2 aE ot & o
g %47 o 7. IBEEGHH DR E X OVEBE OIS
T HCR AR A R B O 1a R T %S [ (RaySearch,
RayStation) ¥ K OVBUR#RIGH2EE (Elekta, Versa HD)
2L 7.
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Figure 4. Line profiles on the 3-orthogonal planes of the LCV gel dosimeter. The red line represents
the planned line profile, and the blue line represents the line profile measured with LCV gel dosimeter.
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Figure 5. Comparison of gamma analysis results for LCV gel dosimeter (upper) with Delta4 (lower).
The resulting pass rate reached 100% for both detectors with a 3% /2 mm criterion.
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Figure 6. 3-dimensional dose distribution ob-
tained by the LCV gel dosimeter.
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Figure 7. Dose profiles along the body axis
with and without TCM!. These dose profiles
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overlap region, whereas the dose increase was
suppressed to about 10% with TCM.
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In this paper, we introduce our optical computed tomogra-
phy (optical CT) system for evaluating the radiation dose
of polymer gel dosimeter (PGD) and its image formation
principle. The optical CT images with installed water tank
with matching liquid by changing the refractive index (RI)
to 1.33, 1.37, and 1.41 for keeping constant to the optical
path length were obtained and measured these full-width
at half maximum (FWHM) from the images and compared
with magnetic resonance imaging (MRI) and film. The
FWHM measured from optical CT images tended to be
larger than the FWHM measured from MRI and film. The
FWHM tended to be significant when the RI was large.
When the RI is large, the FWHM of optical CT differed
significantly from MRI and film. The RI of the matching
liquid in the optical CT is more suitable to be close to the
PGD as 1.33 or 1.37 than 1.41. Further investigation of
optical CT images for artifacts caused by refraction and
scattering and improvement of the effect on the evaluation
of absorbed dose-response is necessary for precise mea-
surements.

Keywords: polymer gel dosimetry, optical computed to-

mography, refractive index, cyberknife
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Figure 1. Upper (a): The side view of the opti-

cal CT system is shown. Lower: for example,
polymer gel sample irradiated half region (b)
were scanned by this optical CT, acquired sino-
gram (c) of the sample and reconstructed image
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Table 1.

Composition of PAGAT gel dosimeter.

Water
Gelatin

Acrylamide
N,N’-methylene-bis-acrylamide
THPC (tetrakis-hydroxymethyl-phosphonium chloride)

89 wt%
5 wt%
3 wt%
3 wt%
5mM

TR ATRECTdH 2. Fig. 1(d) T3 AMERIRE 12 R
SR 3 & OV HRSRRT AL 3 DXl AT AE 7 A 1 1R 7 A
TETWBILENbN 3,

2.3 PGD E#, X #REEE, X= CT&Mm, ~vFv
7Y £y RD&ET

PGD O#MELE LTk, 77VYNLT I FRXI7F v
572 % PAGAT %[ L 72. PAGAT D#HK % Table 1
/R, PGD {E##%, PET 44 (72 mmg x 88 mm) IZ
BHAL, Y4 NN=—F4 7T XMBEREZITo7 10D
PGD ¥ ¥ 7NV L T4 89— D 6 MV Hi—E —
LEWEE L7, Z20BICa Y X —% —% 12.5 mmé,
10 mm¢, 7.5 mme¢, 5 mme & ZH L TRBEL S 4D
DWESFEIRDSTE 2 X H ICFHH L 7. Fig. 2(a) &,
BEEDLEDED 450K ) A —F —ERICEIT S
HIEE Dz E % PGD EFBICR L TW AR TH 5.
TSR IZ & 100 MU EBEE L 72, 7 X MRS OB
ICPGD 7 7Y b LADHIEICA 7703y 77 4L A
(R-TEC.INC #:#., EBT3) %WCiE L, WHHSZ R
L7 (Fig. 2(b)).

W%, C#2CTYAFLTPGD ZA¥ ¥ v L,
RO E O W R 2 TR L 72, Z DBRICHEA CT I
WELTHIKEDO>y F 7)) Xy Fa (1) 248K
(RI=1.33), (2) 7Vt vK&EK RI=137), 3) 7
Ve ) VRIS (RI=1.41) & Az CTREWIER % 1
=7,

I I CT LK D72 ®, 1.5 Tesla MRI 2% i
(Philips #1:%4, Ingenia) TA ¥ + > L, MR 575 R,
W2 B L 72, Ry RIS D 72 0 O Bff St o 1|
BAEIEIE S E R E R I N/ \0222D Fe, 77
I Iy I 7 4NLIEARAF Y F =Tz, e
CT, MRI (Ry), 7 4 VA D& |- CHRSHIEICA&D
T7u7 7 A NEG &, WHHED full-width at half
maximum (FWHM) ZiHI L, Y64 CT S I i
IZEIT % RI D% 2 KB (1)-3) 8 X X MRI (R,)
BXU7 4 V2D FWHM D&% ST L 72, 7
B, PGD LHIICHEL A 7703 v 77 4 )LAIC
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(€) MRI (&)

(b) Gafchromic film

- —

(a) Photograph

(d)NO matching: water (C)Rcfractivc index = 1.37 (f) Refractive index = 1.41

Figure 2.

(a) PGD’s photograph, (b) irradiated
gafchromic film, (c) MRI (R,) scanned with ir-
radiate the PGD (the scanned plan was the mid-
dle height of the PGD). The lower reconstructed
images scanned with irradiated the PGD using
optical CT with water ((1) RI = 1.33, (d)), with
matching liquids ((2) RI = 1.37, (e)), and with
matching liquids ((3) RI = 1.41, (f)). The po-
sition of the reconstructed cross - section was
selected middle height of the PGD.

DWTIE, A N—F A 7H LS B £ T
WY CT, MRI (Ry) LW %79, J2: CT, MRI
(R,) & [A—JHEEE L CHIIEL FWHM 28 H L 72,

3 MR

YA N—F A 71T X KIS PGD 13 BGHTHz1C
—3 LT, 12.5mm¢, 10 mm¢, 7.5 mm¢, 5 mme DM
EAHESZ R L 72, BREHREAIC L 79 PGD
HAICH T 202 CT & A7 L OFFREKIEG: (Fig. 2(d—
f), #7203y 277402 (Fig. 2(b)), MRI (R,)
DGR (Fig. 2(c)) 27, Z OWIBIEIME & —3 L
72. EHITMRI (Ry) A 7703774 NL0%E
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Table 2. The results of FWHMs (mm) measured the PGD using optical CT, MRI (R,), and the
gafchromic film were shown for comparison. The results of optical CT and MRI were measured in

the same depth (the middle position of the PGD between entrance and bottom). Because the distance
between X-ray focus and the film is different from the optical CT and MRI, the results of FWHM of the

film were corrected.

10.0mm¢ 7.5mm¢ 5.0 mme¢

12.5 mm¢
(1) Optical CT (Water) 12.33
(2) Optical CT, RI=1.37 13.36
(3) Optical CT, RI=1.41 13.20
MRI (R5) 11.49
EBT3 12.12

10.69 7.05 5.12
10.61 7.63 6.82
12.96 7.11 6.07
9.20 7.39 5.26
10.18 7.62 5.04

RWEDLBXZ-H LT3,

FWHM D% Table 2 Ik & &7, Table2 725,
2y Fr7UFy F(1)-3) DENTIZRIDBKE WY
A2 FWHM SR E L R aHmB R o, 74, b
HCTEMRIBIOT 7703y 77 4L ARO IR
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22 CT O FWHM 3 KE W& e o7, RIDKE WY
AH121E FWHM OEfE K E & 22365 D, MRI
BLXOA 77803y 7 7 4)VLDFWHM & D#EITR
X o,

4 ER
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H, XEHMRNTREETH % 7= 0WEERE IR
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N7 tEZ2 5, PGD DN CT HIEICE W TUE, il
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N R -2 7 v &R 1 D5 WW%T
SEIFRMEPBH S TR Y, FERICE
EEEF%%E%%®@%§%KMLTm%k%R
S5NBY, WRITIRY v VDR T, VoY
HHMIZ U0, ®, 2212, HEEMCAT v L Rl
Mkt Z2 o3P a= ARSBEE L 72k
ftrcd b, #era o3 506 Wi
INTWVDE, INFETILH, U0, oY la= it
DEVEE (U, Zr)Oy 122 W TS b p 8 % Hidi L
TELMD, IFY Y 7LD k) ITEMFRDREY
DWW, KO REDI G 2 2 58 BT % 5
HBBZLw, 22T, SB07 7V HLIEESZ
DI DE B I AT, KOS iR D52 &
L CTHEETRNEET 7 oMIRELLZH S 2012 T 2
72 &, BHERELF 7 2 b 2RI ) A 72, A
MR I ALK, HOK &g U T 90 L 72 S RHAE
PO % 556 U 72 T I RbABetlt - AM B HEE S
(201820 4EfE) D—BRE L THEDTELLDTH B,
ARIHTIE, 5630 (2020 4), &5 64 A (2021 &) K
LA TRE LEZNAZ Lo, BT 7Y
B2 F L 725U S o U2 AR Z #E L 72w,

2 BERT7UHER

UO, &£ AT VL A, Y a= LADRAYD
IELERIZ X 0 B DR E L FHA DO R % 6 fl
o 70k 2 8L 72, o aREs L
XRD Z3HTic & O Bl & 7z F 4% Table 1 1SR T
B L BT 77 ko SEM 8122 T, Wik
Blb 7 7 vEEHEBEEHORNIELIREY TH >
7z (Fig. 1). HMFEWEICHWZ AT >~ L AfliE SUS304
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Th2, VA= Ao TIE, USZrO,1600-0 1%
By (2r0,) ZHWTHKL, Znlstoikicix

U Mal

Fe Kal Cr Kal

Figure 1.
fuel debris sample (US1600-0).

SEM-EDX analysis of a simulated

g (Zr) 27z, Table 1 12 L7z k9, B
F7UVRBhOTEEY s vEEMHELTIE, VT U
¥ (U0, - U30g)  UO, 128 )L a =7 4 )3
WL (UOs(s.8)), #ernaloy o gl ((Fe,
Cr)UO,) DIEHDSTRD & iz,

3 H0, IE&BUTYDBHEEY S ZILBRRILYD
AERR

H,0, RIERETIZ, 12 & A EDOEHET 7Y kBT
M@ L Cw 7 oIz, mHELzy 7>
BT B E, —HBOBIIMZDH BB D DL EE
ELTC, ALY 7 o BREHEOREE &
IKRZICHTH L, WRTFOREMETLTWL 2 e
B n, 77 yOREMICBEIL TX, U0, &FERIC
H,0, IZ k> TSI sz 6flio 7 >~ (UVID) %3,
TIINAFVELTHEBLAEDDEEZ NS, #]
WS N7w 7 v OFMIRES, Sk E L CHED
RIEARRZ 1T - 72 UO, DFEHR LR, 21X D b
WHDTHo7, IKHT 7 VIEBEOKETIX, 7=
WERLOFTHICK 26D TH Y, RiEHROBET 7
YRR O 7 = v i T AR DHERR S 7 (Fig. 2).
7 7 =)V x, AR & FRRD UO, D Hy0, 7K
WA DORIET, RICAEME LB NS 2 &
DME SN T 0B, —75C, HHFRE O EEL

Table 1. Simulated fuel debris samples prepared in this study.
Sample Starting materials, Temperature (°C), Phases by XRD
mol ratio atmosphere™
US1200-0O 1200 UO;,(s.s.), U30sg,
UO,, SUS304 Ar + 2% O, (Fe, Cr)UO4
US1600-O U:(Fe+Ni+Cr) = 1:1 1600 U;30g, t-ZrO3,
Ar+ 2% O, (Fe, Cr)UOg4
USZr1200-O 1200 U0,
Ar + 2% 02
USZr1600-O UO,, SUS304, Zr 1600 UO;,(s.s.), t-ZrO,
U:(Fe+Ni+Cr):Zr = 1:1:1 Ar + 2% O,
USZr1600-A 1600 UO,, t-ZrO,
Ar
USZrO,1600-O UO,, SUS304, ZrO, 1600 UO;,(s.s.), t-ZrO,
U:(Fe+Ni+Cr):Zr = 1:1:1 Ar + 2% O,

*The samples were prepared by the heat treatments for 1 hour under the conditions shown in this table.
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Figure 2. Raman spectrum of uranyl perox-
ide species forming on the simulated fuel de-
bris sample (US1600-O) after the H,O, leach-
ing test.
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Figure 1. UVSOR-III electron storage ring.
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inverse Thomson scattering.
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Figure 4. Measured positron lifetime spec-
trum of stainless steel distributed by National
Metrology Institute of Japan.
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Figure 1. Time profile of absorbance at
500 nm of mixed aqueous solution of YGYGY
and KSCN by pulsed electron irradiation.
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Figure 2. Dose dependence of particle diame-
ters of FGFGF, YGYGY, HGHGH aqueous so-
lutions irradiated with %°Co y-rays.
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Figure 3. Zeta potential of YGYGY nanopar-
ticles produced by ’Co vy-rays before and after
fluorescent staining. (a) YGYGY nanoparticles
(b) Fluorescent labeling YGYGY nanoparticles.
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Figure 4. Confocal image of red fluorescent FGFGF, YGYGY, HGHGH nanoparticles in HeLa cells.
Blue: nuclei, yellow: cell membranes, and red: nanoparticles solutions irradiated with ®°Co y-rays.
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Interference fringe analysis in pump-probe imaging for elucida-
tion of ultrashort pulse laser processing phenomena

Eichi Terasawa™ and Masakazu Washio (Waseda Research
Institute for Science and Engineering, Waseda University),
Daisuke Saron, Hiroshi Ocawa, Masahito Tanaka and Ryuno-
suke Kuroba (OPERANDO-OIL, National Institute of Ad-
vanced Industrial Science),  Tatsunori SHIBUYA (RIMA, Na- 5 um
tional Institute of Advanced Industrial Science), Yasuaki Mo-

Rriat and Yohei Kosavasuri (The Institute for Solid State Physics, L i
The University of Tokyo), — Kazuyuki SAkAue (Photon Sci-
ence Center, Graduate School of Engineering, The University
of Tokyo), Figure 1. Time-resolved transmission image
T169-0072 HEUEBHTE R AL 3-4-1 with interference fringes?.
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Figure 2. Measurement method of z-scan
transmission images.
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Formation of organic nanowires with controllable three-
dimensional structures via high-energy charged particles
Masaki NoBuoka®, Koshi Kamrya and Shu Sek1 (Department of
Molecular Engineering, Graduate School of Engineering, Ky-
oto University),
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TEL: 075-383-2572, E-mail: nobuoka.masaki.36e @st.kyoto-u.ac.jp
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(a) Schematic illustration of fabri-

Figure 1.

cation organic nanowires by STLiP technique.
(b) AFM image and (c¢) SEM image of Ceo
nanowires, developed with solvent: wet-process
and sublimation: dry-process, respectively.
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Figure 2. (a) Schematic illustration of fab-
rication protocol for core-shell nanowires
by electropolymerization of bithiophene from
SEM im-

ages of (b) Cg-based nanowires and (c)

Ceo nanowires on ITO-glass.

polythiophene-wrapped Cgp-based core-shell
nanowires (PT@Cgqy). SEM images of (d)
PTCDA-Cly-based nanowires and (e) similarly
fabricated PT@PTCDA-Cl; nanowires. Scale
bars represent 500 nm. Irradiation conditions:
120 MeV "7Au®* at 1.0 x 10" cm™2 for Cgo
nanowires; 450 MeV '2Xe?** at 1.0x 10" cm™2
for PTCDA-Cl,; nanowires.
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Figure 3. (a) Schematic illustration of con-
ductivity measurement of PT@Cg nanowires
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(a) Schematic illustration of fabrication method of two-segment nanowires from bilayer

films. SEM images of two-segment nanowires fabricated via irradiation of (b) TiOPc (top) / Ceo (bot-
tom) and (c) Tp-Brg (top) / PTCDA-Cl, (bottom) bilayer film with 120 MeV 7 Au’* at 1 x 10" cm™2

and subsequent sublimation at ~

300 °C. (b, c) Scale bars represent 500 nm. (d, e) Schematic illustra-

tion of fabrication method of multi-segment nanowires from layer-by-layer (LbL) films. (f) SEM image
of muti-segment nanowires fabricated via irradiation of CuPc / Cgo LbL film with 450 MeV 2°Xe** at

1 x 10" cm~2 and subsequent sublimation at ~
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300 °C. (f) Scale bar represent 300 nm.
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