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Abstract : In this study, we developed a Monte Carlo imaging simulation code written by the visual C programing language for design
optimization of a digital X-ray imaging system. As a digital X-ray imaging system, we considered a Gd;0,5(Tb) scintillator and a photosensor
array, and included a 2D parallel grid to simulate general test conditions. The interactions between X-ray beams and the system structure, the
behavior of lights generated in the scintillator, and their collection in the photosensor array were simulated by using the Monte Carlo method.
The scintillator thickness and the photosensor array pitch were assumed to 66um and 48um, respectively, and the pixel format was set to 256 x
256. Using the code, we obtained X-ray images under various simulation conditions, and evaluated their image qualities through the
calculations of SNR (sighal-to-noise ratio), MTF (modulation transfer function), NPS (noise power spectrum), DQE (detective quantum
efficiency). The image simulation code developed in this study can be applied effectively for a variety of digital X-ray imaging systems for
their design optimization on various design parameters.
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Fig. 1. Configuration of a digital X-ray imaging system used in
the Monte Carlo imaging simulation
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Fig. 2. Algorithm of the Monte Carlo imaging simulation code



BHMER FHEALY ZEF o]8F GA2025(Tb) 84 % F4AAM ofglo] 718k fAE X-41 FdA12¥e 457t 255

L’zi:fﬁ{\?j‘r"’f‘f“"""“"T N |

E ey
Simulation parameter input window

{00X {photon sumbers] 1660
INY {phutan numbers)

ioton Eergy (Y] | fo.0s

GH2025(TH]

Seleot type of scintiflelor |
ISR P csifip

@ Radiation Image and instrument Lab. Yonsel Univ.

Tk Cancet

I3 3. 2HIIER dodzodd 3E=9 GU &4
Fig. 3. Graphic user interface of the Monte Carlo imaging
simulation code

AamelNy Ao P
2 AgdA ARE BEAER JYReNy mcE
Agstol thbg APRANN XA gE ABHIAT
F SNR, MTF, NPS, DQE 5-& A4tstel 7 std& %7}

SHSA T

Aol F&(noise) AL T A EFAHA wE
E W ZRE FA3E FAgol

A% Aed PAsHe Hzol AW geoz 7

j 8 H

o AdE G9AEE THRE BAF A8 W 2

FYyel Hut e o BRI Fohe 9y

524 729 80 Holy d4dsd I Hee
o

o] Al [6]. B =EAME Tt o3 3
2 diAEgey g3 wgd Aotk 19 4 ()
QGAA 2~de] Az gSuE HBAE 8 24
AAT & APE ALE3 A B AT G
(b)y= o] W AAME wel EHF 5P 4 gray scale
#E 7tz Vet gANsE FEe @ Ag F49
Ay oggojAel gray scale g2 AHAD)E @l olm)
FARASS B59FY gray scale g9 RFAR()E <
°olg9 Bzl ATOFSE(AD/s)E FHT
[6]. za 55 RQA5 dAdzeA X-d ZAAZFSE 0.01
mRell A 1.0 mR7}A] WA 7| AA SHS X FGAdA=
o] AsFenE yehdch we zAdEdMe g4
3 Z71etrl & 01 mRe] FAMA oA E3}E 7] Al
3t A%S BYd. 19 5941 JERG uwhel o] i}
X-A9o] F7b Bolds&E JANT tE Fo HFo
Aastgon, B Aol AAE dxE X-4 JEAAS

o o (0% of P> e ri N,

AR
e HE X of

4
2 o 02 mR o] =& FMN AL FIo] Ha
eS¢ 5 Ak wEkd "AE XA A"
X-2d ZAR ] diF g Ege] A d¥Holmz
o EmE ASAIA G AENFINE A48T
T 98 F4 22278 4 02 mRYS ¢ F AAT

(@)
300
250
et ——
% 200 [ ° s
° o
@
- o
S, 160 [ N
£ P
5 1w | °
[~]
50 °
o ©
0 “J L L —
12 -8 -4 0 4 ] 12
Distance {mm)
(b)

33 4. SNRE AlMtstzl 1 (@) HI2E HE &2 (b)
SEEE IS4

Fig. 4. The test pattern image and density distribution curve
for SNR calculation

SNR (signal-to-noise ratio)

RQAS test condition
$ I i
0.0 0.2 0.4 0.6 0.8 1.0

X-ray Exposure (mR)
3% 5. RQA5 AE =AM HASH X-M =AlMEFO| e
SNR =4
Fig. 5. SNR curve with X-ray exposures calculated at RQA5
test condition

2. Aty (MTF)

ZAGgErTH 011 a2~ Ee] FaEws e
Zﬂﬁi A T AbA| O] Z % (subject contrast)oll thEl oA
S(image contrast)®] ®}E Ao HET} [7]. WE%

B

/-\

o) 249 HolE #AE chartz o] &

J. Biomed. Eng. Res. : Vol. 25, No. 4, 2004



256 gurs] - AU - s - e A2 - 2EA

slitg o] -&38h= W, edge B]AE WHLE o] &3}
Sol sled, B dFdAMe RALIES
edge H2E dHYS 8
[8]. MTF F41-& edge test patterng o]}
5% F edge HEY TR FE Y
ESF(edge spread function) F4-& T3 g, 4 ()7 2
o] m}&3lo] Fourier A¥-S F3tH T3 7} [9].

¢

lo
R
ofo
o
<
=
o
A
)
iy
2 flo Ok

%,

MTF(f) = FT —=|[ESF(z)] 1

2 2AgdE 2L 3
Z(noise-aliasing) #/4-g #3}7] $18hd
& AR XA gl el 02°
4EY £5 sHom, modde ASY F o2y
ESF 2 LSF(line spread function) 348 138t 4 (2)9}

__?'__

e

Fourier ¥ 3t
& Astel JRA2Ge MIF 54 Adeedek

(= x)’
2

I=1,,+1,, e s @)

max

AZNA Toin Imac= 22 G OIE S HA g 9 A
#Fe YERIT, xen®t s ZHZF HOige 94X 2 HAd=
718 23 Y5949 TFEAINE  dehdo =3
sinc(bf) g2 EFHE FAA ojdele HAzrd 9
3 MTFZ o FH FAA 289 presampled MIFE
AN £ Uk oju b YA Ao f= FLFASFE
vebdich 19 62 RQAS APz A =53t edge H &~
E 99 94& B4Fe, 29 7@ (b)e old A3
ESF % LSF I4¢ 7zt Yehdth. 1y 8& HFHow
AarE GAAl2Ee] MTF, sinc(bf) 42 ZdsE 34
A ogle]l AAe] MTF @ presampled MTFE JEhY &
g, Fojd dER2AA B Aol dAR dAE X-4
Ggrlzdle] wgk 10% MTFe] FIgsFuys of 31
Ip/mmzZ H7tE S}

a3 6. MTF SHE < st edge test pattern &4
Fig. 6. Image of a edge test pattern for MTF calculation

o283 x : A257, A4F, 2004

o
}O{l
oM,

BB Aol RS

250
&
L)
= 200 - -
2
G .
=
2 158
k-4 a
@
i
o
"
[
g 100 .
Z L
@
- s
™
5 L
w 50 |- . [ .
F [
L [ )
’ RQA 5test condition
0 B B | Il "
-15 -1.0 -0.5 0.0 0.5 1.0 15
Distance (mm)
(@)
1.0
o Normalized
Gaussianfitted
_ 0.8 | ;
g RQA 5 test condition
2
Qo
5
- 0.6
k-]
]
4
o
"
' 04
£
e
4
02 ~
[e) Cpc;n
mnummpu:ﬂm S apgipdjoma
0.0 g4—af =
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

Distance (mm}

(b)

a8 7. RQAS AE =0l £HEE (a) ESF ¥ (b) LSF =4
Fig. 7. {a) ESF and (b) LSF curves measured at RQAS test condition

10

08

0.6

04

—®—system MTF
0.2 || —@—presampled MTF
~&— sinc{bf)

MTF {modulation transfer function)

RQA 5 test condition

oo L o4 ey
0 1 2 3 4

a8 8. RQAS AlEx=ZolAM - AlAH MTF2F presampled
MTF S

Fig. 8. System MTF and presampled MTF curves measured at
RQA5 test condition



2e)7122 dA4RANY ZEE ol$T CA0S(Th) A%A 3 FAH oidel /W UAY XA

3. 592 EJ(NPS)

Ao adegold Feol
Aol BEH Aoz Aol Ao WEaQ
o BRFUEA Y3t GEEES LT [10] G4
1499 AES AAE XA ol 9T FASFolY
@ wAcl e olswa}, 1) oRakeel o
oot B molARelqE 19 99 o] 7 43
o)x 2419 NPSE 248t £4% T FHZ0|A

TG w%

il

7T
)
A

e for Bt

ZRolAel HE MANL o129 A Fe @ BB
22t W@ahe] 149 NPSE ANSRT. 2zte] 2AAl %
oA &5% white 42l ROI(region of interest)gd Z+2}
128x128 Z7)e] 4} FHeE e § 7 RAFLE A
(3)‘—11/]' (4)% o]%g‘}o:] NPSraw(u/V) ‘;‘g NPSnormalized(u/V)’g‘
589 [11].

NN oz for 2 do 4>
rim‘ﬂr&
..1

< FT!u,v!zz
NPS’I(MU( = NL.N A$Ay (3)
MPS = 2Py, o 4!

nomalieed < ¢ . s
tazean L‘.LJ/:Lu 4_,‘ 150

256 ROI? (4)

(b) (©)

a8 9. RQAS AEE70lM X & 2D NPS H4k (a) 0.01
mR, (b) 0.1 mR, (¢} 1 mR

Fig. 9. 2D NPS images measured at RQA5 test condition: (a)
0.01 mR, (b) 0.1 mR, and {c) 1 mR

oy { FT(u,v)He == ROl J3oAe
Fourier WH#%9 AFPw& e, Nt Ny= o4t

YL Y7} 257

Fourier W&e] 825, 18lm Az, Ays x, y-29 g
AaNg 74z Jerdth 29 102 A@)E ol8sted 7%
ZAMAF] disiA AlLE A rstE 129 NPS 548 v
btk 28 10004 vERd biel Zo] FFERSFIE F
745 NPS e Aoz ZAastgon, E3 X-
A zAMA o] SRR JA s tigE & dEko]
HAEE E F U

= = )

10°
—6——0.01 mR
—&—0.1 mR

- —4&—1mR
E S o
£ o o RQA 5 test condition
@
= 0 o
=
Q
2
@
@
‘e
g

E

£

2
7]
o
F4

10’5 L 1 1 L I ) ! ' L | )
0 1 2 3

Spatial Frequency {cycle/mm)

3% 10. RQAS AE =70l FHEEH X-M ZAMZE
HstE 1D NPS 34

Fig. 10. Normalized 1D NPS curves with X-ray exposures at
RQAS5 test condition

4. A AZE L (DQE)

Oxg X-A JAA2EHoA e UdARAEFEESLE U
SNRol ol 2% SNR Hle] AFoz Felde, 4 O)%
Zo] AAr"Eth [12-14].

G X MTF(f)
DREW) = T X< NP8, a0 ©

o714 Xe ZAMA #H(mR)E vehlia, G gain factor
24 G714 E ZAstE NPSE o] 83817 wige 13 Zo
W, qgk> 2 (6)sF 2ol THAT [24].

kVp
(| w(B)EdE )
g = (Sig@alr: 0 ©
Noise /kva(E)Esz
0

4714 B BAUAE dustm, YEE @9z

#FF XA 29EFS depdoh B =894 qie Al
23l7] 98lA SRS-78 AlEHE o)A ZEE ARG oH,
ad 112 RQA5  A¥xAdA  AdE XA

fluence(photons/me)% Ueldich 3t 2zte] A
o slZate DQE 2 4 (7)2 A3t A4t 3.

J. Biomed. Eng. Res. : Vol. 25, No. 4, 2004



258 s - A - wRE - exe - 2EH - BBF - P A olBG - UBA
DOE(f) - MTF (f) _ NEQ())
N‘P‘Snormalized (f) 4 X X q x X 08 .
@) g e 0imR
e
NEO() - MTF(f) ol ==t
Q(f) - NPS (f) (8) £ ) RQAS test condition
normalized o
£
€
. S 04 |
810 T
RQA S !es‘ condition g
: 5
Ly 2
E 610* [ s 02 -
w
5 G
2 =1
s
410 | 0 . . . .
g 0.0 05 1.0 15 20 25 3.0
é Spatial Frequency (cycle/mm)
g r 3% 13. RQA5 AN SHE X-M ZAMO| otg
« DQE =4

40 50 60 70 80

Photon Energy (keV)

=

a8 11, RQAs A8l
HAE X-M AHE™
Fig. 11. X-ray spectrum calculated with SRS-78 program at

RQAS5 test condition

HollM SRS-78 ==z 1ol 2faf

o714 NEQ(f)e dAd XA FAALH
noise-equivalent quantaZ et ¥ 129} 138 =&
ZAAFAAM AlbE NEQ() 3 DQE(NE 27 Wehdth.
a9 120 vehd vieh o] FFatert Frgel) ot
DQE e zhaskslern, o @) DQE() g 001, 01, 1
mR ZALAd ko) Ola) zZ+zk 054, 0.68, 072 AAHEATH
3 2AMIFO] 71845 DQE #2 FUisten o
T XA ARl FtESEE AMe] FARHEES]

F7hge v

] —e—0.01 mR §-
—&— 0.1 mR
—&—1mR

16§t condition

NEQ (noise-equivalent quanta)

Spatial Frequency (cycle/mm)

33 12. RQAS A =7iolA ZEEH X-M =AUl wE
NEQ =4

Fig. 12. NEQ curves with X-ray exposures at RQAS test condition

o F851 A A25¢, A4FE, 2004

Fig. 13. DQE curves with X-ray exposures at RQAS test
condition

4 B

E dFoAde dAE XA Gz A5 dAEs
Aty EEIFIEE Y-S o83 FAEHPL I=E
visual C7 T2 dol& ALgstd spaatrt. Mg
AHEALAFE ZEE AE3LY 66mm FAL GdOS(Th) A
B ot 48x48um” HAZ7)e) FAA ooz AAW TlA|
g X-d FAAEEH ety ke medd =AM
X-d 44 853 3, Ay ABH AeAR
SNR, MTF, NPS, DQE 5-& Asle 1 314& H71sky
o & dolA A A" X-Hd JFA&"e SNR &
we ZAMAFAM = F43%] Frrettisl ¢ 01 mRe
P 2= AZsts RS RYen of 02
mR o]}e] =&z FF o] HAHEE & &
Aglth. T3 RQAS A& zAA 10% MTFo aigse &
g oF 31 Ip/mmE SAEHJeH, FHFaFTL
F71d4E NPS9 DQE E4& HxHoz 7HAsHTh o
9 DQE(0) Zt< 001, 0.1, 1 mR ZA A Ze)A 2+ 0.54,
068, 0.72 ALHATE B JARIHYE Z== g d
X-d GA| =" did] o8 MdAHFES g A
A&gozn A 2de] HAHA &8E 4 )

t 8

Mo

i

itel

L Fu7), A" XA GHAsde) 4AE 98 BHg

2 oyl B¢ A7, At sty HALES
=&, 2002

. Ehsan Samei, “Image quality in two phosphore-based flat
panel digital radiographic detectors", Med. Phys., Vol. 30,
pp. 1747-1757, 2003

. Ehsan Samei, Michael ]. Flynn, Harrell G. Ghotas,
James T. Dobbins, III, “DQE of Direct and Indirect



ZE7E8

Digital Radiographic Systems", Proceedings of SPIE, Vol.
4320, pp. 189-197, 2001

. Michael ]. Flynn and Ehsan Samei, “Experimental
Comparison of Noise and Resolution for 2k and 4k Storage
Phosphor Radiography Systems", Med. Phys., Vol. 26, pp.
1612-1623, August 1999

. C. Frojdh. H.E. Nillson, P. Nelvig, C.S. Peterson,
“Simulation of the X-ray Response of Scintillator Coated
Silicon CCDs", IEEE Trans. Nucl. Sci., Vol., 45, No. 3,
June 1998

. HK. Lee, KS. Shinn, T.S. Shu, BY. Choe, "Monte
Carlo studies on the armorphous silicon based digital
X-ray imagers", IEEE Nuclear Science Symposium, Vol.
2, pp. 1288-1262, Nov. 1997

. Bruce H. Hasegawa, Medical X-ray Imaging, Medical
Physics Publishing Co., 1991

. Ehsan Samei, Michael J. Flynn, “A Method for
Measuring the Presampled MTF of Digital Radiographic
Systems Using an Edge Test Device", Med. Phys. Vol
25, pp. 102-113, January 1998

. Hiroshi Fujita, Du-Yih Tsai, Takumi Itoh, Kunio Doi,
Junji Morishita, Katsuhiko Ueda, and Akiyoshi
Ohtsuka, “A Simple Method for Determining the

A% F=g o) 83 Gd2025(Th) 4%

A

10.

11.

12.

13.

14.

al 3

X ©

AR ojdo] 7k OAE XA GEA LY sHdwrt 259

Modulation Transfer Function", ITEEE Trans. on Medical

Imaging, Vol. 11, No 1, March 1992

Mark B. Williams, Peter A. Manggiafico, Piero U.
Simoni, “Noise Power Spectra of Images from Digital
Mammography Detector", Med. Phys. Vol. 26, pp.
1279-1293, July 1999

M.L Giger, K. Doli, and CE. Metz, “Investigation of
Basic Imaging Properties in Digital Radiography 2: Noise
Power Spectrum", Med. Phys., Vol. 26, pp. 797-805,
1984

Srinivasan Vedantham, Andrew Karellas, Sankararaman
Suryanarayanan, “Mamomographic Imaging with a Small
Format CCD-Based Digital Cassette: Physical Characteristics
of a Clinical System", Med. Phys, Vol. 27, pp.
1832-1839, August 2000

James T. Dobbins III, David L. Ergun, Lois Rutz,
Dean A. Hinshaw, Hartwing Blum, and Dwayn C.
Clark, “DQE(f) of Four Generations of Computed
Radiography Aquisition Devices", Med. Phys., Vol. 22,
pp. 1581-1593, October 1995

Ehsan Samei, “Image Quality in Two Phospor-based Flat
Panel Digital Radiographic Detector”", Med. Phys., vol.
30, pp.1747-1757, July 2003

J. Biomed. Eng. Res. : Vol. 25, No. 4, 2004



