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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
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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

1 FU&Ic

FYFru Iy 2 VERERHC KD 3 ROUME T
119 %46, —MINIGES: CT (computed tomography)
DWNEED AW HiE L LTHesTWw» 5, L
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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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KD 2RIt E IR 5. s DRz H»T
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JEREORFEDHEETH 5. Lo T, Rfrtssg s
3% /71D WL 7 A b T 6 (L EH o 2 Rt %
FAT, 3RICT A V& v ¥ MriE il 2 17 ) BEE 7
7a—F2REELTE Y SEETIE Z OMERDE
HAY 7 b z7iRICHZNTVw2bDbH %, 2o
D7 7u—F3) =7y 7OiMET AV v ZALE
DI IER ICHZITH 553, EHED 2 Kotz 1
BNCRRINT T 20835 5, 51, BIEEBHT Y b
PEALTHBLZOMEICHIR?D 27O, HKE—
LDOTA VRV IMEZTERICYIaL—varT?
ZEMBTER D,

TR FRIE S 1 & 2 W DAL SOG % FIH U 727 Vi
Bitx, SMESMEZEE 3 TR T LI LT

netOD

Time [h]

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.
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Figure 3.
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F e 2V L TRSR L 72 €7 Vi, ADCpye &
RIAS 7 NAREEED ¥ 7 X )V, netOD (optical density)
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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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FOETIE, 27EZ03MBMLEZEEICEWT
HbIFNX—ART FLDOEIZ/INE L, XKD PDD
WCHEERLEZ R0 EBbhro®, KR AL
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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

ma R AL F
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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%
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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,
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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
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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
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13 0.1 mm DN EFEFITNS oz, £z, 8 DDy
FRINC X 25550 2SD 12 02 mm UINTH D, 7
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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)
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