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Abstract: With the development of molecular marker technique and optical imaging technique, In Vivo
bioluminescent imaging attracts more and more attention and is extensively used to non-invasively visualize the
physiological and pathological process of biological tissues in real time. The photon propagation model and photon
propagation rule are two key components of bioluminescent imaging. In this paper, a photon propagation model of
bioluminescent imaging based on Monte Carlo method is proposed. With known quantities (e.g. parameters of
bioluminescent source, biological tissue, and CCD detectors) and Monte Carlo technique, two mathematic models
including photon generation from bioluminescent sources and photon propagation in biological tissue are realized.
Then, several comparative experiments are performed and experimental results are given, which illustrates the

correctness and efficiency of this algorithm.

* Supported by the National Natural Science Foundation of China under Grant Nos.90209008, 30370418, 60302016, 60172057,
30270403 ([E 5 H R El 243 4); the Special Project of National Grand Fundamental Research Pre-973 Program of China under Grant
No0.2002CCA03900 ([F 5 K IERlF T HT 5T T 1i(973)); the National Science Foundation for Distinguished Young Scholars of
China under Grant No.60225008 ([ 5 7 HH 75 4F £} 2% 3£ 4%); the National Institute of Health Foundation of USA under Grant No.R21/R33
EB001685 (35 [# [# 2 T2 Hff 5% B¢ 3k 42); the Natural Science Foundation of Beijing, China, under Grant No.4042024 (b3l H 28 Bl 2%
F4)

TEBE N FEA977—), LR LN LA, F TG R 2 T 545 27 B 2 UG AL 3 R 48 (1960 —), I3, 1 - W7 54, 1l
A T, S R AU B A PR AR AL B AR R AE U EEE (1957 —), 59, 1 o B0 I e A 0, R SR CTRIMER 4 #T
AR EE.

© hlEE

http:/ www. jos. org. cn




1710 Journal of Software HRAFFIR  2004,15(11)

Key words:  Monte Carlo method; photon propagation model; biological tissue; In Vivo bioluminescent imaging

W B MAESTALEAR T RGBSR T RIAS L KIE FF T 2R T AR e
29 3,k T AT A2 09 TR 5 B B S ARAE AR A AL R 6 KT AR AR R e R AR AR, R I R AR AR 2 M R R AT
REGAA KA - T —F 3 F Monte Carlo 77 % 69 AR A My K5 s M 69 K F A AR AL Edm R RIR A 4K

& MR A AR B A B T RAEABEH T AT A WAL AL 409 23 A48A F+4) B Monte Carlo 7 %
FIIXARR R BT At 28, i sE R AR T % ok 0 A AR RO,

XiF:  Monte Carlo 7 ik 0 FAE HrAZ AL & M 240 48 AR A M 5 v A%

FEESES: TP391 SERFRIRES: A

BEE AWy T HAR IR VOFRIE AR R B OCEBGE ARG T AIRAKFRIEE T BAAROKFE S8
P22 2 UK 531 R0 =2 1) D 453 B0 25 BAR B I Bl 2 A U ) A A 2R 0 06 2 B S WF T35 99 1) R i DL |
R 2RI 35 DR 95 2 S5 4R 1k T AR 4 IR HIIE T B, b SR I 12 WORURI A B 7 T B T R AR T T SR dmb > F 5T
HF DA R AR R T AR R A AN ST 7 3k R AT 70 AR AR W06 52 5 9 IR DG B PR 4, e AN AT A
PRAE B S O A AR 52 5 B AN B A5 B 1) P B {5 L T EL R DA T L SIS (R R AT RN HE A Sk ) S L R AR
i TR R AT 5 DR S B B FH

B0 6 A LA b 1) A ) 8, B A B b — SRR © e AT T A SO SR T R IS T —
FR AR M A - University of Texas JF &[] MCML(Monte Carlo model of steady-state light transport in
multi-layered tissues). University of California J- & [ MCNP(A General Monte Carlo N-Particle Transport Code).
Stanford University. National Research Council of Canada ¥t& JF &) EGS4(Electron Gamma Shower)ll &
Lambda Research Corporation F & [ 7 MV 3K TracePro 5. B AR IX SEER A i ABLALI 0 2% Fid5 hobL T 1R A% i il 2,
R AT T T AEAA LG22 AR TSI AR — AR G IL S 4 719), AN e A O A= M A N 26068
) e AR o R R MG 5 B R (R A A A2 000 2 BB A B IR AT 016 2 AR Bk A ) B itk B RAT — O R B TR
A6 B R A B 3T R Wi 5 I S AR AR A ) D 2% AR R RO 7 AR A% 284 9 F % LR A 2 TR B A, 2 — 1
HAT K 535 ST CAE 3 IR TT AR L0 2 AR I IE 9 3858 R T R

A T H R R TE R A6 2 B P B T ARG A B ) R REAT R AN I B e L AL oy AT R R
PRI SVESEILES 1 W R 240 Monte Carlo(MC) /71558 2 WA AEAT SIS 3 W el 4 R s
AR,

1 Monte Carlo 3£

Monte Carlo 77V f 8 b SR A K 5t 1) BEATURE AR SRASTAD L — A B A5 JF 43 20 L G AR 1Y B AL Wilson 11
Adam H5 MC J7 58 R B N5 AU AR F PRI LR, MC vk B4 18 BP0 A= ) 41 23 9 Ol 7 A i )
B T Bz — JUBRL s B e a8 B T % 07 1 I IR AIE.

MC J5¥VE R EEAR SR BEAR : TR S X 8] [a,b] E RN 8 43 A0 (A SR BENLAS & w0 IMNER 25 B2 s E0Ch p(u)
XTI 0] [a,b] AR R — 05 x (U BRTEAE— 15 & WAL & e [0,1] 4 T 3ot

[ pludu=F(x)=¢ (1)

T 3o T ) B SRR 7 0, T AR 2 5 M R Y x 56T & R IA S A X BEHLAR B (i RE AL b 7
[0,1] DX 11 3434 43 A (P B ALK & T LATE Jo Bl ML A 25 28 1T 3R 45 48 AR S0P MC 2 0 8 5% i 7 A B 11 5% gkt
PR O AR A AL P AR S B iR 6T AR R 1 S AT SR

BT MC J7iEA R b — RN Z T 7 0, A SRR K B I BEHLRE A (10 B 21 DL b)Y A 13 21 AT 5211
S5 TG MC 7 v BT 5 IRIE AT I ) L A 3 e e K IR e st A MIC 2 ] LA 45 4 B2 24 IR R AR 4141
TR 28 A AR AT A 2500 A A AL, DR e 45 381 T AR T2 (R B

© HHEREBAAIGUT http:/ www. jos. org. cn



1711

I 5 e IR e 7 TR

Start

[

Photon generation

—

Set photon’s step size |«

Hit boundary?

Boundary of
tissues and
medium?

Photon move

\ 4

Move to boundary

v

Photon absorption

Modify step size

v

v

Photon scattering

Reflect/transmit

Weight too
small?

Survive
roulette?

N

Update transmission
matrix

v

Photon absorbed by
detectors

Last photon?

End

Flowchart of photon propagation in In Vivo bioluminescent imaging
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Fig.3 Schematics of photon’s internal reflection and transmittance at the boundary
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Table 1 Parameters of spherical sources

F1 HIPCHSH

Experiment No. Radius (mm) Center Total flux (W) Photon number Angle distribution
1 0.3 (0,0,0) 1 10 uniform
2 0.3 (0,0,0) 1 10° uniform
3 1.0 (0,0,0) 1 10° uniform

Table 2 Parameters of biological tissue

x2 EMHALRSH

Absorption coefficient Scattering coefficient Refractive

Experiment No. ) Anisotropy coefficient g

Hq (mm™) 4, (mm™") index n
1 0.020 15.00 1.37 0.94
2 0.082 10.27 1.37 0.90
3 0.300 16.00 1.37 0.85
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Fig.4 Comparison between numerical solutions Fig.5 Comparison between numerical solutions
of MC and analytic solutions of of MC and simulated solutions
steady-state diffusion equation of TracePro

K4 MC ik Eam 5 ESY ik K5 MC J5iE M EUERE S TracePro
5 RE IR AR AT A R 0T B L4 SRR B

3.3 MCHESESILIHIRAXT L

H T A HL ISR MC 7 A5 A FRATT BT IR S T — 4B S S SR ) YR R A ) 2 R B 1]
6(2) T 7R, LSS I fF CCD R #% 13 B 02 B 6(c) 7w, AT A W)k P9 R Je I I S 800 - O B
(0,0,5.4mm). JEM 42 1.5mm. &/E 0.0lmm. ABER 0.12W/m? &A% JE A W 40 2L (2 800 - 7h DA E(0,0,0) . iR
AR 9.5mm. & 15mm. JT8HR n=1.37. W R $u~0.10mm™" . B R B u=3.0mm™". &% il ik R4
g=0.8. K J7 LI 28 2 K0 Ay -7 O 7 B (10.2mm,0,0)« 755 26.8mm. K JEF 26mm. HH AR I 2% 5 5T 1K 6] B 2 20
K R MC J535,3847 10 A6 Ja Al o 1159 201 45 K & 6(b) T,

M 6(b)FHE 6(c) It Lt A AT LA 31, MC 75 7515 31 BRI 45 TR 52 45 S A8 25 1) 43 A F U bJe — 3%
19, 4F b1 T 38 BR G T 20 0 B0 5 S A 1k B BL S SR I 25 R S v L G PR Sk, B A B B T
(P3G I, — 38 e 2 T — B
3.4 B{THEIE

MC J5 ¥ J R BEALGE V7 v2, 6 TR A K B R BE LR AR (— BOE PR 10°~10%) 4 RELRIIE 45 L1 AT S e,
KT MC J7 IR I R AT R i HEAT — URRAUL S 56 BT A B 1K) I TR R, JE 2 2 AR A SR R O 2 2% I TR bt AE
A RERINE D0 A 38 A7 I 8] i AR 4 2 00 A8 D' 1 AR S R P, 0 1 B8 AN N W A AR W
AL L LL R 't 1 e Al 8 A ) AL SRR 3 S R B N T R AT R P REL- A 5 5 R 4 R SR (P L5
2.3 °49), BELRAIE 74 R a5 R AR, SO AT 7 A7 I 18] 3005 1 304 B OR MR Se 38 S vt 45 R, TracePro
AL, IZAT R S5 80 H 1956 7 MOSE Mg 1T s B 38 i 17 K4 5 %

© HHEREBAAIGUT http:/ www. jos. org. cn



1718 Journal of Software HRAFFIR  2004,15(11)

y
g
g
o
(=)}
£
g
(=}
e Fluorescent
7| light source
A
19mm
(a) Light source model and biological tissue (b) Simulated results of MC (c) CCD image of the real experiment
model of the real experiment method
(a) BLISIMOEIE . A ALY (b) MC Jy i R 2 (c) ELISEHAE CCD HM2E L
(GEEEAcS
Fig.6
Kl 6

4 DEMRE

AR T T MC J7VERITEAR A 00625 UG (98 6 6 UR R TR B RO AL e B e N T
AT S T A R T e AR 5 0 DI R S R, T e A O R A B R 3 R AT R SO T A R A U T AR
JEARYE VAR SH L Bt B R 7 O f0 ARG A0 (MR 20 A0 R B0 R MC il e A5 2D TR
R AL B R LSOOG A A SR IS AR 77 PR AN 2 T O AR A A R Rl B S A
AT ARG T L SN 25 T AT AR L b ) 4 A B R HEAT T 0 s B0 s 06 45 AR L AR SO BT E IE
iff 1T A6 20 P, FE R RO TR 8 b A Ol 2 N TR LRAIF H AT 500 mT S vk () Sl b, AT 55 PR AR 5 o B2 3t vy —
AN B4 BB 0 SR AN [FDG IR S B AR A L S 5T RIS 255 AR W R AR D 22 g 1)
S IR B SR, O T e B S IR AT A £

Ly Bk, B B B b2 AR BSR4 B i) R AR SR I B MCML,MCNP,EGS4, Fi i % 1
TracePro % MCML™ 3= 2 FH - B AM 55 1k B G5 R S IR 776 2 2 P AR R 3D A vl 1) A i, SR P AR M6 A 75
RG5O B P 10 22 U, R IR S AR S M E AT BN T T RZEF AT I LAtk o BEZ .0 T &
TVFZ SC TR MONPETR] T 2 Fiok (b« J6F . HF)LE 3D B 1A d, T n) DL N7 42 0%
) G YRGS TR R A RS 20 DA Je R 70 AT 1 B e PR AN RS P MCNP 158 T 2 L4k T 5 ANA A
1977 4R AT 1 ILE] 2004 4E R ATH 5 i), (0 MCNP B A7 HAEALSURL T 7E 2D BAr b 44 1 2 g EGS4l O i A6
FUH F G FTEA R R A A A5 0 204 T A, 28 3 L 48 B AN W7 56 36 R0 Tk, B BT E 28 Bk 1 3 1 R 4 4 77
TR ) & R UE(gold standard), (H B = H KRR T7E 2D A AL EI DI B8 6 A B A TraceProl'''
] DABEHURL 75 3D A Hh R A% B, BRSO M R B D BEL (R YIS AT OGS FEH R 2 B M g i AR &
Ze(CanH = AT S B A SO S AT S A IR R

A TEAR VO BB R R UL I H iTEAR VDG Z oA ) R IR, R E & R —&F
By TAE AR W) 2% BRAG AR T 5 (149 0 B R A 308 3t AN W b 56 32 RS 04, ) A o Ib A A T ARz —. 5
IR 4 AR IR AR AR LG RATTIT R I R B DL R R A

5, ROGUR A GR35 G HE 1158, D6 1 Ve B A m] WG B3 2 A1 6 B A6 F I g = Ak
AN ATIF R AR AL T 2 MO IR R THOGE . SOGTE. B XRORIRESE). D T8 T 5L Bk e
FAE . G ML T FME SR IR AR

5 IR EL A YRR SRR D RE. Bk 4 MR MRS D 2D B RE (AR AR AR A PO AR

© PEBREBALTU bt/ www. jos. org. cn



23 %4 F Monte Carlo 724K 2 ¥ 563 s ff 6y o F 154 AR 1719

WEFUE A 2D AL G (i i A i i) 00T T 8 D't~ i () S T AL PO O 9 L AT AR T BRI 4R 5 0 3
= R SR 5 RS AR R L BOs R s AT

Bust  AE 0 bR R A SR AR SRAT T 56 B SRR ST G (9 5 :R21/R33 EBO01685)FK) %t By 115
H 1 5¢ A it #2 /1,49 2 7 32 [H Towa University [ Wang Ge ##Z . Cong Wenxiang 18 |- . Kumar & 1- DL J¢ Texas A
& M University f¥] Wang Li-hong #{#Z ) K J7 32 £ A1 % Wy, 5 b S0 A7 AR T H 9 H A B 2 1 19
ik :http://dolphin.radiology.uiowa.edu/ge/CTL/Software/MOSE1-27-04/Index.htm.

References:
[1] Weissleder R, Mahmood U. Molecular imaging. Radiology, 2001,219(2):316~333.
[2] Blasberg RG, Gelovani-Tjuvajev J. In Vivo molecular-genetic imaging. Journal of Cellular Biochemistry, 2002,87(Supplemet 39):
172~183.
[3] Rice BW, Cable MD, Nelson MB. In Vivo imaging of light-emitting probes. Journal of Biomedical Optics, 2001,6(4):432~440.
[4] Wang LH, Jacques SL. Monte Carlo Modeling of Light Transport in Multi-Layered Tissues in Standard C. M. D. Anderson Cancer
Center, University of Texas, 1992. 7~10.
[5] Dorn O. A transport-backtransport method for optical tomography. Inverse Problems, 1998,14(5):1107~1130.
[6] Prahl SA. Light transport in tissue [Ph.D. Thesis]. Austin: University of Texas at Austin, 1988. 6~30.
[7] Bielajew AF, Rogers DWO. Variance reduction techniques. Technical Report, PIRS-0396, National Research Council of Canada,
1993. http://www.slac.stanford.edu/egs/docs/pdf/nrc-pirs0396.pdf
[8] Briesmeister JF. MCNP—A general Monte Carlo N-particle transport code, Version 5, Volume 1: Overview and theory. Los
Alamos: National Laboratory, 2003. http://laws.lanl.gov/x5/MCNP/pdf/MCNP5_manual_VOL_I.pdf
[9] Briesmeister JF. MCNPTM—A general Monte Carlo N-particle transport code, Version 4C. User’s Manual LA-1309-M, Los
Alamos: Los Alamos National Laboratory, 2000. http://www.nea.fr/abs/html/ccc-0715.html
[10] Bielajew AF, Hirayama H, Nelson WR, Rogens DWO. History, overview and recent improvements of EGS4. Technical Report,
Report PIRS-0436, National Research Council of Canada, 1994. http://www.slac.stanford.edu/egs/docs/pdf/nrcpirs0436.pdf
[11] Freniere ER, Gregory GG, Hassler RA. Edge diffraction in Monte Carlo ray tracing. In: Juergens RC, ed. Optical Design and
Analysis Software, Proc. of SPIE, Volume 3780. Washington: SPIE, 1999. 151~157. http://www.lambdares.com/data/Ttechpapers/
edge-diffraction-1999.pdf
[12] Freniere ER, Gregory GG, Hassler RA. Polarization models for Monte Carlo ray tracing. In: Juergens RC, ed. Optical Design and
Analysis Software, Proc. of SPIE, Volume 3780. Washington: SPIE, 1999. 148~150. http://www.lambdares.com/data/Ttechpapers/
polarization-1999.pdf

http:/ www. jos. org. cn



	Monte Carlo方法
	算法描述
	荧光光源发射光子
	光子位置的抽样
	光子出射方向的抽样

	光子在生物组织中的传输
	光子的传输自由程
	光子的吸收
	光子的散射
	光子的边界效应
	光子传输的终止

	算法实现

	实验结果
	MC方法与静态扩散方程解析解的比较
	MC方法与TracePro的比较
	MC方法与真实实验数据的对比
	运行时间

	总结和展望

