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Analytic Calculation of CT Phantom Projections and Its Application
in Beam Hardening Correction
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Abstract: To develop an efficient beam hardening correction for medical diagnostic X-ray CT
(computed tomography), an analytic calculation method was proposed to simulate polychromatic
X-ray projections. The method combines the energy spectrum distribution of X-ray source, geo-
metrical shapes and material compositions of sub-regions of phantoms. Firstly, CT values are
mapped into material compositions under the precondition that only human being tissues are con-
sidered. And then, boundaries of sub-regions are determined by the proposed analytic method.
Finally, projections are calculated according to the energy spectrum distribution of X-ray source.
Compared with the linear integral projecting, the proposed method can not only generate more re-
alistic projections, but also provide a unified projection data for beam hardening correction and
CT reconstruction. Experiments of FORBILD head phantom show that the CT-value inconsisten-
cy error of bone correction in bone region is lower than the water correction around 4-5Hu, but
higher than the monochromatic reconstruction around 5-6 Hu.

Keywords: X-ray; analytic calculation; beam hardening; energy spectrum distribution

By XL CTGHRMWZ A EESEE  EROEREIAG R AR TE07 CT BRI 0 4
SR DR R TAE S 2 KIS Iy, By S X R 5 S PR R AR AR 22 R E R
CARE IR AL AR B SC L AR X B ZXGPLCTRIE . B B IE T 5 iR &

Weks B, 2007-10-25.  FEZ WA @/ ARA975—) B A4 R BRRE N VB HIR LRI, HemH .
E K A RBLA R4 W BhI H (60551003, 60472004) s B & 58 H 42 0675 A A S 5112 % B0 H (NCET-05-0828).



5 6 3

VD75 CT BB AT 5 S A S R A T v ) o 665

S8 P AG KT G2 88 % VI AR OC o BT LIRS IEMEEBER. 55
A o R 22 BT SR AL AL 1E D7 U R R ) TR L F-
B PRSI 2E IR 2 ()i = T He At L X RROIR O Al B
FERAAG T XA IE M BB 09 73 BT EL 4. AR SCHE H —Fh K
2% CT BURTERE I £ 5 0 T 0 B ik, e T
e CT (H A —20RE & iR 22 48 b, T2 R i A
R SRR AL IR A AT B S —HE SR AT AR T
KA IS R IET A2 BRI AL IE (ECOM 45 1%
40 I AR AL A IE 7 RS IE PR RE.

1 BURS B RORILGS

1.1 #EESH

FORBILD k#5445 - X3 i JLAE AR .CT
1B LA 55 N ARSI 30 e 350 45 ) %) o 7 6 2R 76 SCHR 9]
A TEAIEIA. R T IR B B0 S 4 % P AR 4 ]
P BT K ek 256 mm, %K RS A Kk
TP ELAR A Y, AR B X R S WA 1 s,

1.2:60 Hu; 3:52.5 Hu; 4:47.5 Hu; 5.8~11.14~17.:800 Hu;
6:50 Hus 7:1 000 Hu; 12:45 Hus 13:55 Hu
El 1 FORBILD 3k ¥ AA K 4% X 38 4 5

1.2 #rElsst

BARSCERL9 1 B 4245 ) FORBILD Sk 5 {4
P4 XU TR B (H AR Al 2 T i %%
JFEATROR A T R U R AU A BB AT, v 2
ARAMEAUIN CT B T 422 0 52 1 L R S 2, PR R i —
A ZARMEEL. 25 B B4 X IR R A iR
21 ABSESCER 10 1A H3 5 2% 8 FORBILD Skt
TRA T X IAR PG CT (RS A A2 2R K B 4 A
AR, B S A NIST 19 XCOM #3480 i
553y G

2 JUTEE AR SRR

2.1 BIRREENX
X Hek CT lifR R n AL bR R € LUK 2 B

s Ho N X2k S R A #5 3R 5 B Y5
(ES LI wag =1
B=Bi:pf)=G—y/lz—yl (D
KH:y=1s 32 v Fll 2= (215 205 25) 20000 0 X
LWL S IR ER 18 3R 5 B B ARAR. X 4k SB Al
IS RIR N
x=y+ifp t=0 (2)

wOd-v KM AR R s 2122 s HHFRARFR R
O: RGLJEsE s SB: X SHRFHE 1% s BAu fiAY R L
K2 X4 CT g 24 n =R

2.2 HWRSYWE

FORBILD Sk # A b5~ DXL A JE R £ 456 BK
PR AR BRAAS AW [5E AL A FILARE 1631 5 4K 55, BRAA T 5 VR A
BRR R B, ST g SC— FRL AR A4 64 PN A R KR
F(x) ., x=(x1,22,x3) ?‘f]ﬁtzlﬁ‘l q*ff%*}ﬁﬁ@ﬁé*ﬂﬁsxo
= (2015 X0z 91‘03)ﬁﬂfﬂﬁiﬂ/ﬂ'#@‘%*ﬂ?s@\w 5 é o
A GEILATR 3 AN IEAZF Rl e 1 A L . 3 M IESS
PRI BT BN a b 5 o, EBO A E R,
58 SCXE R AR i JLAT 4%, A sRECH F/ (xR
P 2 — B LA PR A S s i J LT A

X X

[1} @[1 } )
K0 HLhxo 0w p.abc HSE DT 55 .
HH @ MR @ ' X RS S A8 5 (1 AL A
y Al AR

el o

[VRETT DL A2 B e it B S i iy 6 ik B X B4R
SB S5 i X 9148 S'B' W S5k Fm N x' =y +
B (' =0). IR LTS bR i 28 ¢ 7500 5
AR R MRS B =2 P AR @ AT L 45
EhRE U A R T Rk R A TS
B o 19— 0 TR OTRR. R 2 AR [ IE LU 43
Ak X 44k S'B SR LAIRE 2 4588 S S,



666 [T W N S 4 842 %
BISE L.t JUTIRII RN B X SRR BT DIt RS O RE TS i SE [RIVE . SEfgil X BLRE RN

(CETIN
2.3 WASEHF
X 44 X BEC &AM S5 g
FIX Sl B 2E s SR TR X S S R T
- HES 4N T % 2i
T =ty | t, <ty1smsnn+1E Nymn+1<N;}
(%)
KNy S 4 XL SR N A + X 7
A A B X FES R ¢ W TR X RI [0, o0) S 4%
I3 ENR AT XL X T AT X A BB
] S B0T DA SR BT 0 R N [ 2 — |
2=t 1,00) /2. IR x’:y,+t11.71' 1[3/9 e
R 32 P ] AL TR b B RS DI, DT
Al DIARE A 4 00 7 e s CT i 418 i i
B TR B 3 ORI o e R AR AL
2.4 BEITHE
EHIEE ¢ 4% X PR o, Ab Y X G4 RE T
PREL P, (2, 50) s PTARYE 7 X A B2 L 2H 2L T %%
i R RO R — 8z, A0 X2k RE
P;(t,11+¢) = Pi (1, ) expl— pu(t,,i1
oty |t — 1, | ] (6)
e X LA FREE : p Lo 20 5 p(Ln)
N RL Ly AR BT RO ST 2 . R
50 4 XBHERSEOA T, hirfs S50 #54%8(6)
i Py ask s 12 X iR I 1) e 2 45 5 B A T L A%
MR~ AL A

fo= ol [P oe /|

€min €YY\

A
B
Ty

€max

N
AP 5 oy, B4 XBHERE— D HlRn— ik
R AL E S8 Q) Sy X T 2R AG I % Y W i fiE
T s emin T e 0NN X PR BETE 20 A oK B HH ) B
/NFIERROE T RE .

3 WER 5 4

3.1 HHSHE X St sH

X LR IR RGBT A 242 50 em (IR K DU 5
FRE AR IE 2R AL, 25 O 5 Oy Z [0 [ HE 25 8 50
em. KrlERAL B 850 X80 4%, AR FE HE 55 1 mm X
1 mmififH. 24 X SRR S i — A e B M FE . &
Sk AT LAAE A B bR AR 1 080 AN HEIE SR 5. B4
RS E T X FHRELHEIE " S CsI X Sk

120 KV, 40 35 mm £84R %) X G 2 k. HRETE
THRERE N 66 keV, 2 Ta BB 1Y 45 A HE .
3.2 Feldkamp FE &

FERERES 512 X512 3R  EE& P& F
HETE A ) S T B A AR LA 3.

&l 3g. &l 3h.[& 3i SR ECSFRIE P S S R A
AL G W7 AT UL, I7E 20 =0 mm V) 4b 1Y) 58 g 3%
R AZE EUR T X8 14 SB[ A SRR S [
FEAE 25 =0 mm Y] 5 4b Y 55 BE 15 F A 22 R X
B 10 R 11 Ry ) A S BUh R O BT A 25
EIZ e SR RIAIE .

T (')
&

(a) FLRETE (b) FLREE (o) HLREHE
21 =0 mm a2 =0 mm 23 =0 mm
[0 167] Hu [0 167] Hu [0 167] Hu
T @

=
(D) T REIE (e) TERETE (DYiferE
1 =0 mm 1, =0 mm a3 =0 mm
[0 167] Hu [0 167] Hu [0 167] Hu
()l 3a 5 (WhE 3b 5 WDE 3¢ H
& 3d Z 2 &l 3e Z 22 & 3f Z 2%
[—17 17 JHu [—17 17]Hu [—17 17]Hu

B3 B S LA O A R R
3.3 SIREUKIERERTME

A 4 TP AR 2 =0 mm Y] 5 A IE A S 9
ARZERAT UL B RE (K] 4b. & 4e) 5K K IE (K 4a.
K 4d)F1 ECC([E 4c. & AD AH A B W 1 55 4 4,
FTUERIERR T HA 5K EF ECC 2L %R
TR BIARLIERE T4 s i HAT X S 8L 1) R A%
IERES). FAEEUERES 257 Frabpy AR imih e an &l 5 fr
. DRI ELAT R H v A9 B X L B RN 23 ] 43 HE
X RS H a7 B KL S FR AT LA B
TERE 08 e A% S o8 b 1 B A9 A I 22 . B CT &



o5 6 4 WA 4 CT itk 4% 5%

il BT B LA S SRR A I v Y 7 667

& %=
() KAZIE (b IE (0 ECC
Ji JE JE
[0 167]Hu [0 167]Hu [0 167]Hu
() 7KAL IR () HHLIE (DECC #1E
Ja 2 2% iR 2 22 AR 225
[—17 17]Hu [—17 17]Hu [—17 17]Hu

Bl 4 K 2 =0 mm PR KOE AT H AR A

360 380 400 420 440 460
KFEAE/ R HE

K5 Bk 2 =0 mm Y] )75 257 4740 AG I T d 45
A
e A ] £ 326 bR AL OMTE)
3.4 HESH
FIATENE 0, 5 i B
X B R — BOR 2%
i, = { E | IGaj) —my |}/N, 8

NE R E S

JERy
io=1{>) | IG.j>—m, |}/N. €D
i JER,
my, = { >, 1G,))}/N, (10
iJER,
m,={ > IG.j)}/N. (11)

iJER,

AT EEEGR, 5 ROARET AL X

BNy 5 NARRE 5 HAS XN B E S

B HIALIXEGE Ly FORBILD Sk FR R4 S5 4k &
X CT{E R 800 Hu 5 50 Hu By X 5.

#1HE2 W TE 3SR EA T S5ERAH

ZUX S A A — iR 22, X TR XA, KA E F

ECC P8 LA o 108458 1E M4 3T B 13 114 285
X F R GUX SR L KA IE A T ECC. B 82 1F W
TR —&. B 6 fE 7 T3 REKIEFENE
kR, & 6 i LLAE H L KA IE R ECC He 7 fig it
FEEMWGHET 3~4 Hu, K IE AT kit 7 4~5
Hu, HL SRS B 22 5~6 Hu. & 7 AT RLE . K
FEIE A ECC o figi f & etk T 2~3 Hu. 5 1E
R ki T 0~2 Hu, L fgis a4 T 2
Hu. & 6 FIE 7 A58 1 Mk 2 K000 45
. XA X e . AR g e BRI I R —B0R 22
bR EERAEMERE D LT A, K L& R IEA AR AE
e 2 ().
k1 FRBEER—HKEE

CT {H/Hu
Les x1 =0 mm x> =0 mm x3 =0 mm
TEheIE 27.506 0 27.326 4 29.754 7
fe 15.564 5 17.247 3 17.506 4
IKAZIE 22.008 8 23. 600 4 23.511 3
AL IE 19. 640 3 19.855 1 21.360 5

ECC 23. 400 4 23.861 0 25.036 6
k2 BRUAVREREEN LT —HEZE

CT {f/Hu
ik 21 =0 mm x> =0 mm 13 =0 mm
SERETE 5.926 5 7.903 9 10. 234 4
e 4.701 1 7.349 1 9.649 2
IKAZIE 4. 980 7 7.309 8 9.701 1
B IE 4.948 5 7.369 8 9.636 1
ECC 5.166 6 7.415 0 9.807 8

Kl 6 R 2 =0 mm PI R DR E R —BuR2E

4 %

AT TR CT B SERES X ST EB0Em
AT 05 L7 58 S W T AR R S, ey LR B
AT SR » NTDRE CT 8 R A TR A AL IE X —
X5 LGN R B DA G Y IR AR 48— HEAR B AT



668 [N PN S L RVE
800000163181V000001 &.idtype= cvips.

[5] MOU Xuangin, TANG Shaojie, YU Hengyong. A
beam hardening correction method with HL consisten-
¢y [OB/OL] (2006-07-07)[2007-08-017. http: //
spiedigitallibrary. aip. org/getpd{/servlet/GetPDFSer-
vlet? filetype = pdf&id = PSISDG00631-
8000001631181U000001 &-idtype= cvips.

[6] MCDAVID W D, WAGGENER R G, PAYNE W H,
et al. Correction for spectral artifacts in cross-sectional

:100 150 - reconstruction for X-rays [J]. Med Phys, 1977, 4(1):
7 WA o= 54-57.
[7] JOSEPH P M, SPITAL R D. A method for correcting
7 B 2 =0 mm P ARALE A A — St bone induced artifacts in computed tomography scan-
ners [J]. Journal of Computer Assisted Tomography,

WFFY. LA RR Y] A ST 5T 2 5iR 28R GE 1978, 2(1); 100-108.

S AR G- S 4% R RS TE T I OAS IE RS . AP A 3FE [8] KACHELRIER M, SOURBELLE K, KALENDER W

Ak 5 o R AL A 1E 7 R T &R AR . A. Empirical cupping correction: a first-order raw data

precorrection for cone-beam computed tomography

53T [J]. Med Phys, 2006, 33(5): 1269-1274.

(17 ZEpIe, R EFI . TP, 45, — Flvii I X 548 HE T ok [9] LAURITSCH G, BRUDER H. Head phantom [ EB/
PE A R (7], PE2E50E AR, 2002, 36(2) OL]. (1998-01-01) [2007-08-01]. http://www. imp.
160-164. uni-erlangen, de/forbild/english/results/index. htm.
QIN Zhongyuan, MOU Xuanqin, WANG Ping. et al, [10] WILFRIED S, THOMAS B, WOLFGANG S. Corre-
Generalized algorithm for X-ray projections generation lation between CT numbers and tissue parameters nee-
in cone-beam tomography [J7. Journal of Xi'an Jiao- ded for Monte Carlo simulations of clinical dose distri-
tong University, 2002, 36(2): 160-164. butions [ J]. Physics in Medicine and Biology, 2000,

[2] G/bZ. AEFIL. EW. ETEY X AR 15(2); A59-ATS.

BRSO B 0 B [0 T 2 A d o 2 2 3, [11] National Institute of Standards and Technology, Phys-
2006, 40(8): 901-905. ics Laboratory. XCOM: photon cross sections data-
TANG Shaojie. MOU Xuangin. YAN Hao. Simula- base [EB/OL]. (1998-01-01) [2007-08-011. http://
tion calculation of phantom projections based on phys- physics. nist. gov/PhysRefData/Xcom/ Text/XCOM.
ics model of medical X-ray imaging [J7]. Journal of Xi’ html.

an Jiaotong University, 2006, 40(8); 901-905. [12] BOONE J M, SEIBERT J A. An accurate method for

[3] TANG Shaojie» YU Hengyong. YAN Hao. et al. X computer-generating tungsten anode X-ray spectra
ray projection simulation based on physical imaging from 30 to 140 keV [J]. Medical Physics. 1997. 24
model [ J]. Journal of X-ray Science and Technology, A1) 1661-1670.

[13] WANG Ge, LIN Tein-Hsiang, CHENG Ping-Cin, et

[4]

2006, 14(3). 177-189.

MOU Xuangin, TANG Shaojie, YU Hengyong. Com-
parison on beam hardening correction of CT-based HL
consistency and normal water phantom experiment
[DB/OL]. (2006-07-07)[2007-08-017. http: //
spiedigitallibrary. aip. org/getpdf/servlet/GetPDFSer-
pdf&eid PSIS/DG00631-

vlet? filetype = =

al. A general cone-beam reconstruction algorithm [J7].
IEEE Transaction on Medical Imaging, 1993, 12(3):
486-496.

(w1 #)



