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U SR AR S B RN R, B T 2 A
9 A K FR BE A8 /T SR AL R R A TR e Dy L AR R A
(42 28 AN AL AR it — Bl o i £ 1191719270 i
ARG, MO, AR ar R, BT K=
P LE AN ) B 2 RUBE R AR RSP A o A 1281, 3
s € T B ALAS TY AT T B URE E 1 T
(i) RZ ERAR R fEX 5, JATH %
FRD FH SRS DL 40 i 7K ST PR R TR 2 e T 26 WL 4 i J2
AT A A0 A B 200 i 22 T P ASEAUL. SNV 200 22 v P A
P W LT AN KR R, Eean L
MEAGLERNZRZMN, UAERENREAS S
F i 455 (29500 20T 0 B 2 1) B 0 2 AR A B 38T
JE IR Zh A AR Ak B4 DA K 4N P 248 0 i S 17 20 5 4
£ B3k e Y A i 2 T K B A AR, S EE
TREMBEERIE . AR, AATHE H 41
511 71% (molecular dynamics) %3] 2524 R 2
(kinetic Monte Carlo) (2] DL K ¥ B KL 1 81 1) 2%
75 2 (dissipative particle dynamics) P9 f 77 1 5k
B, L SR B 40 AR, 55— 7 1, 400 )=
(1 77 2 J0) 4 T AN A 4 i frg 38 i 1400 SRR (41481,
20 - 240 L 15 5 5 1) LA R — AR 5105 2 L
FHEAE FH UL S AS 5 8 8 B BRI Z 44T . M
KL TTEAHE T 2 4 Potts B AL (multi-state
Potts model) 1401 J AR R (471 s 7 I A5 A5 7
(particle packing model) 81, i& B4 R (active
particle model) %SG g [ SR (cellular au-
tomat on, CA 8 27 DL K {53 05 F2 10 3%
2R (continuum model) 2145152 56 F X 8y
YRR R, AR e AT BA S SR [17]. kAT
ERER|, RECEAFEAD LT 7 RIS, It
HEETREEAMECM M HE IR/ M HEA H
T E 5] I 1 1 240 Al - 200 M ) 368 T B [ e
TR A 1 B 3 () B UL 7038 B EL b, 56 T
TR, K2 HOWT 78 & TR 2 R GUKF B MR
BEJE, JUH R O T R B TS A AL R BE A

1 (a) 7EBMRRE R 8 (glioblastoma multiforme, £ MR BEAHIEIR, GBM) FEA A5 E 1)
NIRE s Ak H FR) e B8 A A B R SOIRAR 2R B (R 51 A B SR [12]); (b) s (AL S8 ) ROHRE SR I, X4t
AT REFEGE— 511228474 (I F Bl Robert A. Gatenby 21, ok H SCik [13])

HTNEHM AN T AT 2 0T AE 28 MR
o [14,23,24,51,54=66] [y fr 2 f R L7 ORI T
JIev g £ i - 24 M R A ELPE O BB T e E TR
B () BT 12 2 A R AR /D [2:9,6,51,67=69]

AGER NG EE e CA B AL 7E A= 28 1 I s 2k
KoM A, CAMMES, 78 B 2440 AR i
Stanislaw Ulam Al John von Neumann #&H, J5k
7E 70 FF AN 38 1 36 8 95 [E %7 2 John.  H. Con-
way £ FH Al (1) “A= 4 Ui #% (Game of Life)” 15 2| 3
e OV A e Ak AT R B, — B <4 i, i
716 /b & TR AR LN, 20 v AR, tHRRTE RSt
PR AR LR AR AT N AR S X — B e R
Wz ig F BT LRI R R R HR T 2000 4F,
Torquato 5 H G/EEH K T HE—NMREZ RE T
S0/ K e e 400 10 AE AT T L A R 1 4 T 1
B % Lem K /N 1) 22 T4 B 53 BE4H B8 (178 GBM)
() CA B3l &b & T ¥R 22 ) CA B RUBTHE AN A1 4%
AT SE AR 20 B IS BE R A, R A T A R
TR, BT A A L SR A BT Bk
FAETAIFRIETE T, Mg 6 i p R &8 70 &
R 509 H a8 £ BRI CA 5
RUBLRL R AR AL IR TT HEWE (1 2] 2304, 45 D4 s
FTLAZ 2 SR [27) 10 55 T B A CA B 54D
FE VR AR K ZRR.

B, FAIFFR T —AAeE 2D 1219 F1 3D [72
G RGOS 28 11 8 LE R o 1 R 1 R A A B R
AR CA BR. BN ERAEES T — &
FIASOU ) b6 i FEAH B, B R 1 e 4 Lt
ECM (ECM) FIREAE, & F=Y006 B IR B I 48 ML+,
EH i T8 184 5 32 R AP 355 T AR 5 B J=) 0 R B v
A B8 vy B He i oot Jif g -1 32 5 1T A 5E 1 1 52 .
PAT CA BT e Db I 7 — R P A K
JiRg R A RRAE, A BhAS DL IRIAT . R,
FATH CABLAYIE B Dy M I 142 28 Vi gg 1y —
HEREME, LTS AR R H R SR 12 2 4 112
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FIFE SRBEPR S5 v SR PR T R O PR e 121, Bl
LI 2 (AR R A B IE RS LR, Ll i BE 7 fe /s
fIEg iR i, MFEIRLAER S, ZREE T, A
R 1m0 951 S 57 Jo P A 35 e 3 ) 4 2R R 2R
BT TT I A SIHUBIEOR. FiR12 08 1 AR E
i RS 2 GE TR B R CA R, BLR AR SR AR
YE AL

BN RASCHH LRSI 52,
12 N B Hefhid CABETY (32, S 1 2 [ml
i — B R CABRL. 2537, AR
AT T SR A ADL ) A ) B PG A, S 4
S BBATET B CARLIN. #2554 75, FRATAAK
TR TR 2R R R AR A K CA . E2R 5
TR 6 i, BT I CA BRI TE
bR fE — 45 (2D) R =4k (3D) ASIRI A5 o (i
FHAMR A, IFAESE 675, g3 — i
LGSR, AR EERE (1 AR, AES 7,
A= 1HE CA BRI JEAE 2 W, TUE AT
B, FFRERIAK TS .

2 CAEA A

CA AL —Fh A T BB, B, MR RbE
FIAE P2 1 B OB A (731 76— i i R vh, CA 2
—AN A (ST ) LRI R A%, BEAR A A ER
Z AR (B, A, ST Bk R4t
M B BET A EECR). RN RS AT DL AR A ] 4
FE, ATCVAARMT LT AR N k. B — MR S —
ANER IR (EF R EZ M), M EsPLT
J, fFRoCh. XA oM CA AL ZE K T, 5
WAL AP0 ) A0 A ] (AR DESCATRR cell). 2
TR G, B A T T A AT JE S U A
SE M.

— TR, B TCH I A IR A 2 5 52 S .
ANTEMLE TR R APIRZS U b L AR, BLRFTAT AT
J B AR, AR e B ke . B, X
FNE T8 — Ao, IF BASRER 8 22, XA
ARG NHAIEIRES, AR HUNZE D AL, X
— RHLD3E S R (¥ A T TR R B AR ELAE A, T
JOHE, AT DR ESERIAE VAN, B RS

2.1 ZEZH|F: Conway £ milFrk

N T A AR CA B TAENLEE, A%
K7 22 Conway 2 AT il k. EIXATH, FAlT

(E— AN D58 5 k& W B AT AT B 7R
EAM LS b, F—A CA JTHE AT B sl — A 2n i
G PRECAYE . B4R CA JTARTE “3E” R
A, oA R R CA JTCRALTE “3E” FPIRAS. « W&
) 44 B )R A AR A7 1) A i 3 — AR
1k, Bl

1) A DT 2AN7 35 A8 JE 1 40 Bk DR IOk T
7,

2) AT 370 AR FE ) 40 fg 2= PR Ry i T4
FrmAL %,

3) ALY HAUY A 2 8L 3 ANA0 & B i i, A fg
EAGTE I N AV

4) FEERIAHRE, ERIEFA 3440 JE I % fe
% (EAE)

5) BT BIAET- A AR R R A

2 RRE SO CA AR R B AR J TG
EREMA

B3 R SR R CA IR M TR At
MR F
ARG SCHGA ) CA R, 7T BLAE v 2 AR
AR i, B 23R 1 B L2 AN YT
PR RARORE, M —AT 34T 4h, T L
AN B2 & RO ICAE 25, A H IR 41 AR
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G N7 N o 2 ST e o S D] I ERa o
R IX s o A B WG 3 A4 . iy iX s 4
FPEMEE R, B AR T =AM, B EE
AR R = A — BT = A4, IR eI AL R,
AKAE . T 3 BT A A R, BT b R ik
HIRRJE 7 A (B H 70 XEFK), 15 205 1k
WA= — B TR R PIRES, SJERIZH LR K iz
k.

3 CAERwy A by FE AL

FEARTT T, BATHR B4R 2P CA B 3 2
AV B LR, DU LB R B B S
CA BN, Ffidid CA B SEILI. AT E 1
2 i 5 TR A L A], RTAhRE 40 B 5 ECMTR] [ AH 1
TERT RS giRR AR HE; ECM REAE; J5HR4H
U FTH T v T AR SR T AN AR E 1k DA S A - A
JE IR R R I

3.1 HRFRMAEIME

FAVEH T /N ERBEHLIB A (random se-
quential addition, RSA) 781 4 B Voronoi 43
FSRALAL e 4 L A A A BE, W 4 (b). AE

K4  — 4 Voronoi 7> BIM A KK i BEHEAT  (a)
Voronoi 43§14 — 4V 1i 43 b B AT 70 I 1 SR AL ) 7T
(b) B 8 5 DX 450 P AL 0 PO I 2 e o 3 (74

B MERBEERA LI — A S HE % 45 1) 3D 28 [R]
(BP—ANSE 5 R R T, B2 2 ) P 4N
K. B, FRERIAS SR R0 R B
BN IZER O BT TE 1 DX sk o 1) B DU 7 K1) 2 ik
LK. X FER R Voronoi £ Kk A T 3-ATT
Mooh. BATRIE R A 3 Z PG AR R
— AR (BEAZ15—20 pm), BARE B
KNG SHRAR I (78 E R ES. IX (G315 RA 1 RE
Vo P9 5 JF ) 20 ) B A 855 [ 8 EE g ok

e 8 (1 S o P i S AR 855 pR AN [ 7 2 T 4
PL K ECM M . ECM U e A 41 2332 L ALk =2 RF
(EbAn i J5 28 1) 10 055 200 i ) Kt 5% % 4 i i 3 A
K (W ZHEEAMAEEREA) MEARA
B 270l SR R R R ) AT R B S R T
ECM AWK 53 7 1% 5, ECM B 8 g 241 it 17)
B, DA ECM AR S B R i A K 3 Rl i
. B, AT 3 5 SR S 6 AR 8 ECM.
BATHe 5 A T0 AT R 1) ECM )% W AE A
pECM, FenTCHLH ECM 4 FHIZ . Mg X
BE T4 ppov = 0 G, IXR7R ol ) ECM 1]
DA B AR, Bl A A K A B R 4 1) — 3.

3.2 YHEREF ECM &R

f 28 T CABL &Y b Ji 983 248 i A Y Fh 3R
RD208) (2 A AER 2B . JE1R B
2 f ¥ B8 AE IR AR (primary tumor) #1, M5 EATHY
B IR, R DL A B B 1 Y, B R B BUR BRI
X0 LA MR (AR SO DR R, I 4l B I
7, MG AR I 8ol 230, EE
PRRK, 7750 At S Bt A 2 AR HG 0, K 328 0 2 AN
T PR A AR T G D 4 B B R, XK R B
S 2 R R B 4 PR D R B IR AR 2R 2 B
RES, BB AR (B, F7 70 MK IR) 18R 2
JE. L7 Ul, BRI FE RIS R 6, IS v gn fks 0
NIRFEHY B (47515 DL R 9). #5290 A 38 BUE & 6,
FRAEL (735 i 6 4 B 2 RV RR AR 2R JR S ), B R TR A
IR/,

Wit o 1 B 1 PR 4 B 53 2, e T T 4 A T BB
iR JE B ECM, I (5 9% ECM B 4b g o g (77790,
ECM 1% Bk (BP R ECM X 3R), HFrib oo
L 5 ) 43k e R A o 9, AT, ECML IR ot 4 3
T R B BRI ML FLAE (4 B 4 fk) 52 fik 98 1Y) AR
. SR B 4 R Rl — R P ) TR - 4
58 A iR, OV A R 4 AR, B 4 A
BT BRA.
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1228 VRN M, A D 36 R 40 1) 7% 1) - 48
50 BEIRTG R FIFEFE (I ECM BR M@ GE ) (it %
Tl 3 0 P A ), OF HE MM AR S AT R 0%
BIFRAR, RN IR RREE R B RATIAA, &
ZEPEA MY H A5 o i B ECM # 58 4 4 )5
(prem = 0) A BEERE 2 Hbr oM. 40 —X
MR, WAL T AL O ECM REfg, 7 R
R MR e R A REE B E L. BINEZES], ECM
() B Sz B b — Bl A RE, TR I EERATTH
VER—NEEROR R K L&, RUONERATH CABRIAE
I [A] _2 B ER, B P A R 10 55 T %o 2 () R GUIR S
R 24 h (WL SCHRARVIR). 7EiX 24 h R
(I ENAS I AR B4 oA E A A b 2 T R 7R AR
X i FE X 2 G A R T 1) S RUSUR A R GetR
ARATHEHIA. BAACRUL, B ECM BE &%
R & A R, TR 24 h DLJG B 258 R0 1 2 1%
fife. BRIMABAR b Q%R TSR ERIMN
o R AR 2 1 A S R A R 1 R By 2 — B2
EAMERZETIHE T RS HWEFRY. 7ok, TAl
BRI ST, REEM A =2

3.3 Eh=EEENHRE

TE R /I F DAY 10 2 ) LA K (1 e e L S 3 1)
ECM KATEAE, 3% i ok XS 8 52 515k [ 4b
FLif B3l 2L MR SO [13], 485 ECM AR B
iR A W X — B e R, FRATT B B R T AE
ECM J 45 5 U e 5ot g A= K i sz 130, e 4
(KT ECM 25 FE 3N, M5 2 X — 2 B 15 R 3 K 1 i 1E
be 131 Sk [13] ik, vy 40 At 2 282 ¥ mT R e
T4 5800 ECM % 5 34 i ysk />, B

paiv ~ [1 —w* (€ = 1)], (1)

Hdw2 ECM I ., 5 ECM )& F2 1 & Bl 1E
tb, €72 ECM 546 240, UL A kie:

M —x0 32 prem (D) v (i) V.

v ow @
Hrp, M ATV 43502 ECM M) 46 i & FAR AR n
e T IR PR A o B 1 ECM e &, peom (4)
A o) 73 5l 2 5 i A 70 M P K 23 13 FE AR .
Xo A& S GE A i % R ECM [ RE 1 2 8. e m) 1k i,
J7 R (2) B RS B ECM K45 o5 48 1) 25 ) 4
AR S, XK T IR AR, TR T
BEE RN A B X2 33 ECM % (LA A
JE) 3 n. X AR ) ECM FTAL 2 § ATl i)

KA R 1 il A 50
pecM(f) = Eptom () (3)

. BPECM HI% B 38 N 5 5 % B e b, 75 2
TREEVEA L (1), (2), 3) Wi HIESH
AH ISR [13].

3.4 MEEEXZRENREM

AR AE MR RO B LA I, R ARG Y
iR R T 2 3 BUR 9 ) T F BB, 30 R+ A
A 5T T, R A T AT DA A Y RN SRR
JBUE 3 RO NGRR3R A A K AR S, 45 MR
A ECM. 1L 2% & /NGRS ) AR i LA PR, X 4%
RN AG UL G BERRATRORE R rp . BTk, SRR T
S (14 98 5 w BB TT LRI RS, SRR IR BE T e

I = |re — 1] — |we — 7 (4)
g, Forh ae R B LA, 2 2 SR TR T
HERIALE, o

F G AL A 320 e A B - 2 (R L, SRS T P 4 i
AR R AR AN 5 €1 /w BROIE X S BT LU 4 i 5
ZR RIS H L

Pdiv ~ (1 +¢&l/w), ()
Hph R (2) A ECM % B, JATE= 2,
UAT LR IE B A7, B T AE KA il 2. 55 A
FRULHIE, (1) A1 (5) e i B 40 i 7 245 7
TSR 1 s AR IR DAL ik e RS 2 i Rk e A
A, H TS A LA LI IALE.

3.5 ZMRf - {HARIE)REIE

RAZ I 28 M 40 i 2242 N A B (1 ECM, & %
WA B O B FER 22 40 M R . dn SR
ek om, SR A K ok S A A A B B, EAT
HRAERFESR A, AR 22 M 20 i — I8 A K AR
W B S A - A AR, RATRA T 5
Anderson B ALK ik A RABGIAE A EA
ARG IR A, BIPR e HAE SR A i o7 75 22 1) 2001 240 P
(%, HaguEul, Wi %20 M AR 4R I 4E i gk =
AN /NT A;, A R Re B TR AR, W 2R AR
MG B TR AR, A8 g A 4 . V3 BIAE
SCHR [2,3) H, ARATTAS A T % — Tl 40 M A R A v
A BB, 75 B0 58 20 B B8 8 i 67 i 75 1R 400 =
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MR, VLRI - A0 (ARG IR ST, [FIREME, A,
(BB, 2 -4 AR )R, R AT 27
12 A — T 2 - 0 N RS 3 P R B AL, I
SCHR [2] PR 2RO AR, (EE e S B 1 48 i [) R
R AL, JF A HSR MR AR R 515 D
FEFRATT AR cpr 2 3 ),

4 RRVEREEKEOITTIE AN

ATV I AE ML 45 71 1D 42 21 1) e e A 2 A Y ) A
Yy EHL R 4R E AL CA B, 7E A Voronoi
SFEVER T BELTH S, BN R XA 70
1 ECM % B prom #EBEALRAE S — M T 2112
F] T BEATL 2, XA AR A Xl R AE B i ed /i %
A E], AT g Ak i R NI . BEAL
EOAE AR IL T 18 E ORI B . SRS, 1A
W — B A B BN IT M TR TE 58 B 1 i e 4 .
FAES B A B AL, — AR R, R
(R) H:

1) fedf— N ESIVT . 2281, 1
M, B RN, RIS ECM. 12 28 PE 41 i B4 7 ¢
1= N 30 A0 L E AR A IR AR B 1 EC ML 384
I % V% R 3 2R 0 e 440 L, U 1 4 i IR
s, A B E TR SR K S 7 2 1A
JEL, SRBEAH B )2 B 25 1) g 240 .

2) JITA YRBE b e 4 i X e 1t (RIEATT R 48
NSRRI AEAL).

3) B S — g B 6, AN A 2
WBE. ECM A g i 5, i 60 Bl 8 44 1) ECM
JCMIZH R, IR AR A SRS R RIE. & RR
FER I A PR 6,, HT BN A 205

571 = aLgdil)/dv (6)

SR — R ITBE ISR (L), dR
G L A 5 T, L AR 0 LT o
(e = 327 a /N, Stsh N R AL BOR ),
A1 5 108 S ML 4630 42
L .

4) WA RE FE B ERAMILBE RS o, (M )7 53
P TN, 6, LR ARG

5, — L/

Hp o RANEFRSH (WKL), dRT YR, L, 2
T JLART e e AN BRATT 5 8 PR 120 16 L £ i
TR R LM . AN, ZRa Lk

SEHT, FRATIA A 5 B pas BT R 50 11
BECM % & 12181 ECM Jiti il i & J1 [ W5 FE (1)], BL
T S - i 2 S R AT AS (W72 (5)], BI

Pdiv = Po [1 — pecm —w*(§ = 1) +&l/w].  (7)

2% (B ANREAE Op VO N A 9N TE 2 1 4H R AR I ek, 48
Ve RS UINGEISE NS

5) W EA N R, AR RE A R AR R
MR TN, R AR —FIFRIBE AR  (HIRAR
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Abstract

Emergence of invasive and metastatic behavior in malignant tumors can often lead to fatal outcomes for patients.
The collective malignant tumor behavior resulting from the complex tumor-host interactions and the interactions between
the tumor cells are currently poorly understood. Progress towards such an understanding necessarily requires an interdis-
ciplinary and collaborative effort. In this paper, we review a state-of-art simulation technique, i.e., a cellular automaton
(CA) model which has been developed by the authors over the past few years to investigate microenvironment-enhanced
invasive growth of avascular solid tumors. This CA model incorporates a variety of microscopic-scale tumor-host in-
teractions, including the degradation of the extracellular matrix by the malignant cells, nutrient-driven cell migration,
pressure build-up due to the deformation of the microenvironment by the growing tumor and its effect on the local
tumor-host interface stability. Moreover, the effects of cell-cell adhesion on tumor growth are also explicitly taken into
account. A number of bench-mark collective invasion behaviors have been successfully reproduced via the CA model,
including the emergence of elongated invasion branches characterized by homotype attraction and least resistance path,
development of rough tumor surface in a high-pressure confined environment, as well as reduced invasion due to strong
cell-cell adhesion. Such simulated bench-mark behaviors strongly indicate the validity and predictive power of the CA
model. In addition, the CA model allows one to investigate the role of various different microenvironment factors in
the progression of the neoplasm, in particular, the promotion and enhancement of tumor malignancy. As an example,
a “phase diagram” that summarizes the dependency of tumor invasive behavior on extracellular matrix (ECM) rigidity
(density) and strength of cell-cell adhesion is constructed based on comprehensive simulations. In this simple phase
diagram, a clear transition from non-invasive to invasive behaviors of the tumor can be achieved by increasing ECM
rigidity and/or decreasing the strength of cell-cell adhesion. This model, when properly combined with clinical data,
in principle enables one to broaden the conclusions drawn from existing medical data, suggest new experiments, test
hypotheses, predict behavior in experimentally unobservable situations, be employed for early detection and prognosis,

and to suggest optimized treatment strategy for individual patient.
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