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<ol 3t F8An|7F 7k ok sl =712 b
, A Rk obyE} oA &} Mgkl il
ojEA o] Holof gt w3t AT EL 224 34
off o] &5e HEVv =2 ¥ E3ll5(High spatial reso-
lution)& 7}#]ofF 3k}

Al PAAA Bl A EF 3

% %748 Ael
Z
& Aol 3 mm Al Aol o] 2AH ] 27]7}
125 mm B I o]gd wje FAo] 7hsstARt o A
zAWAE 2 AEdAe] guldog UF )’ 23
S7F 2Aola FHE o] Fob =AM AR FAS
3l qke thololr AEvE ARE &l ¢HA
of QIeko? Abgl Féeuk ke AAEy) EdA s PE
715 A abse] ARAS HAAN olyA] oAl 3
51 %5ell @A} 9lek. ATk 10 mm ek 2 = Ao
A ZA2-E(Total scatter factor)S ol H71E <+ S’,lﬁ]-.s)
New EBT H}AHA =32 52 (International Specialty Products,
Wayne, NJ) 78] zZ-57to]a WAA oA vl 2EA,
= s, el dde] e gle 54 il Al
7z 2o e RAle B8 £2AHE o] et
<= & HEZIZH EAo] glrt”? A E ol =
1SAH 2] 2717wl 2] ufiell A9H W
A g d A g FAd it or Aeigc At
I "kl Slo] oA, AskE, zela ek oAl 3
o AelZo] Al vlel] g 2 dAHEE 7
A3 ol Aoz Fatdel B £ FEE Kol Ak
7} Aol gl whel ARE ) Frkee M 2
v 22 2704 AdAQ Ags FAske 5ol 2
Aol AL 4 gleh. AelwLhol Tl 10 mm o] 4] =4
Holl A= P53 vhole & A&7 aelx Ao FA4L
A2 A2 AT 75 mm oleh ZAUAANE FLHENS
of Aolsh 24 S0 A A 2ol 27k
#o]7} gt
sA R ZHg7EE B (Monte Carlo Method)S EA1%]
AR, o] A B FollA AR A FElA
AL AEdo|lAT = grk” ZHFHEE T =9 GEANT4
+ A A+ Al AkE Al A= ATFAE
(European Organization for Nuclear Research, CERN)ol| 4] 7}]
el 2T o%Ee] Lol A o] 3 n
9t} Perez-Calatayud (2004) 5= % X| 5oll4] GEANT4%}

o

Ho0 o

oetzel M2t M23 2010

B4 Al A (analytical calculation) F& Alo]e] AR F 7} o

A
X3t AL Hol BAA X B Hole o] LoE §-83+S
B3 Carrier (2004) 52 WA X & oA g
o] ¥ T Qe o2 RytSE ZE9t YX3He Felghu}

et

Wl Aolukol = A 2we] A% Aol A HH o
Q93 JHQl Zo| 4 &FE (Percentage depth doses), &<l
(Relative output factors), 7} 2 A &2 (Profiles) 52 &4
thol 9.5 A7) ol o] A ¥ gliul, ¥ ool
ol 9. A% o] §8 Z47T GEANTIE ol §4 7
Agke vlashe AHY A 4SS 9% 24 A%l 4
2 £79 % FFE GEANTIS HE4S YTshaA o

o,

)

=
1]

.E
0=
i3

1. GEANT4

GEANT4= C++oj& ksl Z=2 4ze 54719
& TGl kel v A1 A Ao ALRATY Thssict 2
gl oA Eel, 9w, AAEelE 5 o8] o
A el olgEa glew Arre Ay FaAde A
Toll &% F e ohFt =8 EEE 7HA 3 girh

GEANT4+= ZAA7] 42 28ol tiste] Al 7kA] el
524, & #F(Standard), Aol A](Low energy), H[YZEZ
(Penelope) 2955 Al3-3kch(http://geant4. web.cern.ch/geant4/).
B AT e EFEDS ALt IFEELL 1 keV
oA 100 Teve olvz] HA7HA A& ksl #lLdel4t
ZH(Rayleigh scattering)s Al BE FAe}F ALY 4%
2831 472} o] 2(Atomic relaxations) S EgHstt} o] E=l
- D F daeElEs Adsh] wid At aE
o] F2 Zlo] Aoe|rt & AFelAe Kt F3l A&
ol A& flall B4 WollA] AAFe Zlefof gk w|X|& uf
MNHSE 5 maximum step size®} range cut ZtES EF 0.1
mmZ AAsAch A Akl AE" A 9.2p01 ¥
Aot}

2. AlojH{LIo|Zo| &35}

B Aol A Fy3l Aolutto] Zof] 3t FE|FHEE Al
AR 7 eHAlR A A A dAle ARTEET] =
T3 AEEAN AREZ AXlolrl, FAA HAE
FA Aol sl EH AL 7 2l (Source surface distance, SSD)
80 cmell 3712 4% A Fee] HAE7E AAsl
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™ 16 mm 79 AREEE FvEeR TSI
o] x}Z-2] | o|Ef (Remover collimator) &4 Hiulog =
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1.5 mm Cu /

Electron filter (Al)

800 mm < II

Remover collimator (W)
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=
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A o] Z7)el whe} b A F2] Z717F Wl 9% FHl
2 FAEo] et

Wl g3slo] AZo g QA A oA 7} 6, 6.7 MeV
Uuf) THAAA 2 80 cm] ZHF 60 mm | wo|E S A
£ S90S vl Zol A& vl k) Araki”9]
FollA 6.7 MeVe] HF olUAES 7}A I 3%2] HHzo] A X
<-(Full With at Half Maximum, FWHM)< 7FA& 714t
Helo] AUATEZE 7H4 Aol A4 FE ¥ =W
d Zdel sk B HE olUA = oF 171 MeV
HES T} GEANT4 FEE o] &3 60 mm ZAHS] 7§
A8 AALE 3 B A3 HF 171 MeVE Fig. 20|14 H+=
ulo} Zro| ArakiV9] Q17 ZAzkel UAgE &4 4 gl
Fig. 3at A#ke] QA lUA7} 6.7 MeVel 73$-Z GEANT4
Fro| Ao} Araki'’e) ZAHAIIL 1% o] FUT A
Iels Bl gk 2 AA7E 6.7 Meve] oA &
7HA o AolwifolZ o] ZoldEkgS At dUe AT
2 odFof| o] &3l Aolutfo| 2 Zol k&) ZAZ kT <F
3%2] xpol7} whAsgit whebA E dFellA] AAA oy
AE HSAA =ARE A3 ZolddE ARG & IA
ke olUAI7E 6 MeV & & 7 Adch AAA ] oA
7F 6 MeVY ul] FAA 9] HFllLA = 1.53 MeV7l =9

Primary collimator (Pb)

I 96 mm

4 16mm
A
288 mm
v
A
400 mm Fig. 1. llustration of the treatment
head and the component modules
used in the GEANT4 simulations
v

for the Cyberknife system (not to
scale).
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TFollA g GEANT47Z 29} Tokihiro 599 Z472
agla & Ao FAARTL 1% oo exE Fh3
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3. GEANT4 ZE H|At

A<

Zo|Adskg At Z¢ FHALA= 80 cmollA 5, 10,
20, 30, 50, 60 mme] 67} 7] ZAeA Ml FAZd] o)
g ZoldEgS Asrt. AL AFEE 3x10°
Z A W4 A2 & F2295F([Random number)E 7HA| 2L
< T AlEdolA7te Aol 02% olHE
sl ATE Ak

3.5
30 —=— 6 MeV electron (E,,,=1.527 MeV)
© . avg
! _"'11 —0— 6.7 MeV electron (E,,,=1.710 MeV)
S 251 /"
= | =
S204) %
2 2911 4
o 1.5 BN
o o iy
g J N
g 1.0 S
2 j R
0.5+ ~—
iy L : e :
0 1 2 3 4 5 6 7

Energy (MeV)

Fig. 2. Scored photon energy distribution at the phantom
surface. The spectra were calculated with 60 mm collimator at
80 cm SSD. The spectra were normalized to the same integral
fluence for both beams.
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— Ref 15
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oetzel M2t M23 2010

ZE o digk A 5 mmPE 60 mm ZAH7HA]
% 127FA 24 sl A9 A= 80 em, A A
Al 1.5 cm ZolollA e FFAEE AL ol =
HAE71E ol & FA7T vlwssich AL Aaptel =
ol 02%% FHst= ZAIE At

VAT 75 FHAALAR 80 cmell A 5, 10, 20,
30, 50, 60 mm2] 67}A] ZAH ol tigl] Al4ke] o] Fo] Far
Zo]l= 15, 10, 20 cm@] Al 7FA] Zolol] tiell Fe=] o)

4. 0ol AEJ| &F

thol 2= #Z7|(Type 60008, PTW-Freiburg, Germany)t
Py A AE7E Adsilstl “CotE 25 MV oY
29 BAANA AL 75 1x1 em®PE] 40%40 cm’
718 2A7AA] o] &8 & drtk. w3k thole = AT
o AEHF WAL | mm'o|x FAE 25mE ofF A&
A7loltt. F2 F7F Blle s 7HA Qo] B wAA
T 4 A5 AVHERAAA S AF 4 Al
HAsich w3k ARG Aol FHolur ALty 4
3L upolo] X (Bias)7} B2HA] Yfrt. thol L= FETE ol
okl ZolAwkg, FHEs a8l VMEAREE S5
SRt dolAdwE FA42 THAYAE 80 cmollAl
5, 10, 20, 30, 50, 60 mm®] 67} =7]¢] ZAH| i3t F
Aol A9 Zoldegs FAseh 28U ZAL
5 mm*E] 60 mm ZAHZFA F 127FA] Z2A ol i3l 3
ALdA= 80 em, HHAZF AAHQA 15 cm ZeololA] 100
MUE zAste] ZA43qlch 7h2 A2 2% THA
718 80 cmollAl 5, 10, 20, 30, 50, 60 mm2] 67} ZAhH

110 ~
100 A
90 1
80
70 1
60
50
40
30 A
20 1
10 1

Incident electron energy=6 MeV
e GEANT4

Ref 16

+ EXP

PDD

0 5 10 15 20 25
Depth (cm)

Fig. 3. Comparison between our results and references.”'® with 6.7 MeV (a) 6 MeV, (b) electron beams. The PDD were calculated

with 60 mm collimator at 80 cm SSD.
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0 T T T T 1
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Depth (cm)
€ 110+ d
100 - 20 mm
e GEANT4
EXP
a a
o a
a o
0 T T T T 1
0 5 10 15 20 25
Depth (cm)
f
€ 110-
100 - 50 mm
E e GEANT4
9 EXP
80 -
70 1
O 60 a
a a
o 50 o
40 -
30 1
20 1
10 A
0 T T T T 1
0 5 10 15 20 25
Depth (cm)

10 mm

e GEANT4
EXP

110
100 -

5 10

15

20
Depth (cm)
30 mm

e GEANT4
EXP

25

5 10

15

20
Depth (cm)
60 mm

e GEANT4
EXP

25

5 10

15
Depth (cm)

20

25

Fig. 4. The percentage depth dose along the central axis of Cyberknife beam in water. Results from GEANT4 (dots) and measure-
ment (solid line) are compared in water at 80 cm SSD for field shaping cones of (a) 5 mm, (b) 10 mm, (c) 20 mm, (d) 30 mm, (e)

50 mm and (f) 60 mm diameter.
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Fig. 5. Comparison of relative output factors measured with a
diode detector and calculated at 1.5 cm depth in water for
circular collimator sizes of 5 to 60 mm at 80 cm SAD.

ol thall Ze] 1.5, 10, 20 cm®] A 7}A] ZolellA] Z4sl3ich

Z I

Fig. 45 X9 497]2/(SSD) 80 cmollA] 5, 10, 20, 30, 50,
60 mm®] ZAHo| w3k FA45oll 48] GEANT4 ALY
t}o] 2 = 7 Z7](diode detector, PTW 60008)2] &4 78
b alelch a”lollA] He uieh o] 5 mm 2AMH S
Aelsta vz zAHELS FAHH ZolAdFEd 02~
0.6%°] xto] 2 wrEe wkdlk AwE A5 4 Uk 5 mm
229 79 oF i 1.8%<] ol E =AW Ho 4
Ho g & xolE HAAR 2% vuke] A oA
AL e M8l e s B

2.

2ol Al

e

A 9712](SAD) 80 cm, H Ul Zo| 15 cmollA 5
mmY5-E] 60 mm7FA] 127]9] ZAH o] tigt tlolo & A&
71¢] ZEels 247k GEANT4] s AlAzke] 4
H= Fig. 59F 2k 8T AS 22 AAA Al
il Zol 1.5 ecmollA 7+ zAw e AFFED 60 mm =
Ardel Aekgke] w2 Albslod ).

20 mm ZAPHEE ofF Ax|uk 9 %7} ukAsly] A)ztsl
o] Al A7} AoAFE I A AXE AE &
T Stk Table 1 2t =AM tidk toles 7]
277 GEANT49] AL 2Ela 7 3ke] Apol& widt

oetzel M2t M23 2010

Table 1. Relative output factor for 12 field sizes.

Field size (mm) EXP GEANT4 Difference (%)
5 0.709 0.758 6.91
75 0.871 0.849 2.53
10 0912 0.898 1.54

12.5 0.943 0.931 1.27
15 0.959 0.952 0.73
20 0.974 0.968 0.62
25 0.981 0.982 01
30 0.985 0.987 0.2
35 0.988 0.983 0.51
40 0.991 0.988 03
50 0.996 0.998 0.2
60 1 1 -

2 Yeboel 15 mm 24 27 o el A= 1% vl
o Aol2 PAete A & 7 AR 125 mm 2APH S
127%, 10 mm ZAH L 1.54%, 7.5 mm ZAHL 253% 2
2ARE) A7 AopASE 94 AEA A S
AS ¥ 5 AT YPAL AU AL Aol 3
Aut a3k X85 9% A= Hd(dose delivery)e] A&

]LH°4°]C ’“}-*H] AolH}o] /l]/keﬂg 7};%1_

fEope

& Sl ol AE FE8) £ AR 5

ol wh2 Ao},

Fig. 6= W 44721(SSD) 80 cm, B Zo] 15,
10, 20 cmollA] 5, 10, 20, 30, 50, 60 mmeol] &+ =R 7k}
AAZEE vl 28k Zlolth a, be 1.5 cm Z°], ¢, d+ 10 cm,
e, fi= 20 cm ZolollA] P2 AFEEE nlagt 710 17
o4 B ule} o] 20, 30, 50, 60 mme] ZAHH REF Al
Az ete] o7t H exE 1.5% ol AiE A
3 AR Yol YAEA e 5 mmet 10 mm 2AH S
T 2L 35%9 28%% vl & Xl Aoz U
237423

o &
1. AZAEO| YoM
zAWe) 277k BARSE AN Lol e 24
A gk Aolsl eAE Z7H Bol 5 mm 240 BS
7oA gt o e FH A4 ¥R AEot 3
7hgell w2 Astolrt. TG 2ol % 2H S A
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Fig. 6. Comparison of measured (solid line) and GEANT4 (dots) calculated dose profiles for 5, 10, 20, 30, 50 and 60 mm cone. The
profiles are obtained at 1.5 cm (top line), 10 cm (middle line), 20 cm (bottom line) depth in water at 80 cm SSD.
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Aol 2Azke A% 4+ ook AT BaEE wye
Teie Qoo A e Ak ALY 5 gtk T olf
E 9 AS it mass) F5F UAE APHo A
AEE ARG BesA) ek

- 198 -



110
100 - e GEANT4
90 4 EXP
---- Ref 16 (EXP)
80 - o Ref 16 (EGS4)

70 4
60
50 +
40
30
20
10 1

PDD

0 5 10 15 20 25
Depth (cm)

Fig. 7. Comparison between our study and referens.'” The PDD
were calculated with 5 mm collimator at 80 cm SSD.

& A 5E A% WA BAA FES X EE AT A
2 Zk(dose delivery)ollA] <F 5% olUe] A=} Lo
spebMY gz oo Adtol A smm 2AH ol A
=74 HAdl 2= 5eoldozA ddalA sEete Wl

g ZIsle Ao F Uelydtl o] ex= A3t A A
ol A #8% 4 glch Fig. 72 5 mm9] £2A4W 29 2
AT thele = HE7]9] A 9 GEANT4 LE=F o]
2+ AAkZ}F Tokihiro 5'92] 1ol 4] tholope 7137]9|
574 3 EGS4 Z=F AE3 Al vlaE vekd a8l
ojtt. o] 7% GEANT4%} EGS4 =9 A4 1% vl
nke] o2 FYst ATE AR F A A A
2 b2 P B ATk Tokihiro 599 Aol A tholoh
E AZ718 34 AL 3 om ol EHIHEE AN FE
Hop =2 A% ks Hoow A tole=g AE3t

ofo

[ ¥ [ a fu

o

o BE 49 3ok nele) HAlE

RIS A AR A A ol A o
A3k 5 sl g AL 245ie) el
Beh AT 272 Kol7} 3
oz o3l Antz AztE}

o
rot
X
Io

oX B o

03: m\n

=

> K
Hl-r
i
E_,’
|\
o,

BSL ot
oy rlo =

oetzel M2t M23 2010

H o

2 AT 2w Aolulte]Z 54g 913 4

2}
EE A& GEANT4 ZE=5 Agste] volex 24 2
Fop vlasiich. ol e Eoke] £4 Hla A3 5 mm =
AL Al A 24 Sl g 2% 02~0.6% W)

‘o/]

10.

11.

uEsukel AFE odgiu) dFE Lz A ASA

O_l_ a4

S 7}IA = Gafchromic & = o} 2 =479} vz E &3}

I Al o] HrlEchd o] GEANT4S] A i Ak

tg% AL o]B-'”]—':‘ Aol ito] Z whAA 2] S0

I
l
O
rek

. Adler JR, Murphy MJ, Chang SD, Hancock SL:

Image-guided robotic radiosurgery. Neurosurgery 44:1299-1307
(1999)

. Podgorsak E, Pike G, Pla M, Olivier A, Souhami L:

Radiosurgery with photon beams: physical aspects and ad-
equacy of linear accelerators. Radiother Oncol 17:349-358 (1990)

. Biggs P, Ling C: Electrons as the cause of the observed

dmax shift with field size in high energy photon beams. Med
Phys 6:291-295 (1979)

. Sixel K, Podgorsak E: Buildup region of high-energy x-ray

beams in radiosurgery. Med Phys 20:761-764 (1993)

. Task Group 42: Radiation Therapy Committee, American

Association of Physicists in Medicine : Stereotactic Radiosurgery.
AAPM Report No. 54, American Institute of Physics, Woodbury,
NY (1995)

. Rustgi SN, Frye DM: Dosimetric characterization of radio-

surgical beams with a diamond detector. Med Phys 22:2117-2121
(1995)

. Hoban PW, Heydarian M, Beckham WA, Beddoe AH:

Dose rate dependence of a PTW diamond detector in the dos—
imetry of a 6 MV photon beam. Phys Med Biol 39:1219-1229
(1994)

. Francescon P, Cora S, Cavedon C, Scalchi P, Recca-

nello S, Colombo F: Use of a new type radiochromic film,
a new parallel-plate micro-chamber, MOSFETS, and TLD 800
microcubes in the dosimetry of small beams. Med Phys 25:
503-511 (1998)

. Ellen EW, George MD: Evaluation of GAFCHROMIC® EBT

film for CyberKnife@ dosimetry. Med Phys 34:1967-1974 (2007)
Rice RK, Hansen JL, Svensson GK, Siddon RL: Mea-
surement of dose distributions in small beams of 6 MV x rays.
Phys Med Biol 32:1087-1099 (1987)

Beddar AS, Mason DJ, O'Brien PF: Absorbed dose per-
turbation caused by diodes for small field photon dosimetry. Med



0152 2| 991 : GEANT4E 0|28 EIE AMOIHLIOIZ d&HEZ2 A

Phys 21:1075-1079 (1994)

12. DeMarco J, Chetty |, Solberg T: A Monte Carlo tutorial and

the application for radiotherapy treatment planning. Med Dosim
27:43-50 (2002)

13. Pérez-Calatayud J, Granero D, Ballester F, Puchades

V, Casal E: Monte Carlo dosimetric characterization of the
Cs-137 selectron/LDR source: evaluation of applicator attenu-
ation and superposition approximation effects. Med Phys 31:
493-499 (2004)

14. Carrier J, Archambault L, Beaulieu L: Validation of

GEANT4, an object —oriented Monte Carlo toolkit, for simulations
in medical physics. Med Phys 31:484-492 (2004)

PS
o

s
e
ror

o1

surgery system. Med Phys 33:2955-2963 (2006)

16. Tokihiro Y, Teruki T, Satoshi M, et al: Monte Carlo

Calculation of Depth Doses for Small Field of Cyberknife. Radiat
Med 20:305-310 (2002)

17. ICRU Report 24: In Determination of Absorbed Dose in a

Patient Irradiated by Beams of X or Gamma Rays in Radiother—
apy Procedures. International Commission on Radiological Units
and Measurements, Washington, DC (1976)

18. ICRU Report 42: In Use of Computers in External Beam

Radiotherapy Procedures with High Energy Photons and
Electrons, International Commission on Radiological Units and
Measurements, Washington, DC (1988)

15. Araki F: Monte Carlo study of a Cyberknife stereotactic radio-

Monte Carlo Study Using GEANT4 of
Cyberknife Stereotactic Radiosurgery System
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TDepartment of Radiation Oncology, St. Mary’s Hospital, The Catholic University of Korea,
SDepartment of Physics, Sungkyunkwan University, 'Seoul Wooridul Spine Hospital, Cyberknife Clinic, Seoul,
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Cyberknife with small field size is more difficult and complex for dosimetry compared with conventional
radiotherapy due to electronic disequilibrium, steep dose gradients and spectrum change of photons and
electrons. The purpose of this study demonstrate the usefulness of Geant4 as verification tool of measurement
dose for delivering accurate dose by comparing measurement data using the diode detector with results by
Geant4 simulation. The development of Monte Carlo Model for Cyberknife was done through the two—step
process. In the first step, the treatment head was simulated and Bremsstrahlung spectrum was calculated.
Secondly, percent depth dose (PDD) was calculated for six cones with different size, i.e., 5 mm, 10 mm, 20
mm, 30 mm, 50 mm and 60 mm in the model of water phantom. The relative output factor was calculated
about 12 fields from 5 mm to 60 mm and then it compared with measurement data by the diode detector.
The beam profiles and depth profiles were calculated about different six cones and about each depth of 1.5
cm, 10 cm and 20 cm, respectively. The results about PDD were shown the error the less than 2% which means
acceptable in clinical setting. For comparison of relative output factors, the difference was less than 3% in the
cones lager than 7.5 mm. However, there was the difference of 6.91% in the 5 mm cone. Although beam profiles
were shown the difference less than 2% in the cones larger than 20 mm, there was the error less than 3.5%
in the cones smaller than 20 mm. From results, we could demonstrate the usefulness of Geant4 as dose
verification tool.

Key Words: Cyberknife, Small field, GEANT4, Electron disequilibrium
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