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Abstract:  An abdominal aortic aneurysm (AAA) is a vascular pathology associated with localized and balloon-
like dilatations of abdominal aorta. An untreated AAA may lead to an eventual rupture with a high mortality rate.
In recent studies, the biomechanics of AAA has been widely used to assess the rupture risk in clinic. In this re-
view paper, biomechanical testing methods on intraluminal thrombi and AAA are discussed, so as to fully under-
stand biomechanical properties of intraluminal thrombi and aneurysmal tissues, as well as the influence of me-
chanical property changes on the AAA growth and remodeling under pathological environment. Then representa-
tive research findings on prediction of rupture risk by a series of experimental and computational biomechanical
methods are reviewed, including finite element analysis on stress distributions on AAA wall, assessment of rup-
ture risk index and judgment of rupture locations. The relevant microstructural changes caused by thrombus aging
are described in detail, and the current situation of biomechanical studies on AAA and future challenges are briefly
summarized.

Key words: Abdominal aortic aneurysm; Mechanical properties; Intraluminal thrombus; Rupture risk prediction;
Finite element analysis

7S B #9:2016-05-20; &[5 HH#A :2016-07-06

E WA : FPFFRFEHFHENE AA TR (1500219086 ) , o e m e FEAFHIR L 55 9% (1500219085, 1500219095 ) , 8 PR 2= AE )i A8 R4 5 £
ARHCHHR 21 TG 2 Uy 7] 2 £ (CQKLBST-2016-010) , [ 52 H AARLE 54 T H (31370949)

BIEVESR T, 8082, WL S0, Tel . (023)65112675; E-mail ; guixue_wang@ 126. com,



EREMAE $H31% FS5H 2016510 A
370 Journal of Medical Biomechanics, Vol. 31 No.5, Oct. 2016

W& 3= 3h k9% ( abdominal aortic aneurysm, AAA)
e LA LA e, BRI I 32 B kR R
TR IRR 5K . IR IE S Bl Kk B E
I IEFAER 50% o AAA B9 R 58 ANBELL 24 B R
E L RR B AT, R Ik i AAA FEAEAR
I R KR, — B NI TR m s T5% ~
90% ' o SR AAA HEATA VEH M 10T R A YT
I L RS T R o R Il R b B AAA
P4 22 IR 55 308 R 4K R 000 ) e R LA S I (R
5.0 ~5.5 em) JJRILZ AN, AAA (945K 35 A REY
WA 57 71 RSt kg 1) S LA I 258 e 25
RTEVEAL AAA WX 1y FE b 8 R ¥ 5 o0 &
ZVER . 245 58RI —A> AT 5E 1R AT LLfE
I T AAA T 24 XURS: IS il RIA o7 4 (b 58 o 1 1Y
BRI, Malkawi 2617 FF9Y 45 5 R, 2 TR AA 5
AW 1 R AR T AAA T 24 XS T T L B IR
IRSZH AT Rl 5t AW J1 2% FA BE A RS, AAA
ML o AAA BE U N 7 88 o) 2 2008 i 3
PRI, B UG 10 g 5 BE 20 2 i B 22 () 1) F- i X 1 3
PkIgamE A O B, SR, LA BL B i A ) 01
WF5E B AR e IS BRSO " S B i
FBNRKEERI N 7 oA, TR 200 T FEshkEE A 5
AW 12 R R A AR A sh Dk A K i R 7
Hh R O R AR T B R SR

AR, AAA v I N IR A B T AR
Mo WEPY AR AL B 000 2K 1 002 R | /)b R A
B Y SR S AT 10 5 2 = MR SE R
21, IMFRIE R /IR A 35 A R R SR S5 SR, AR
ARRFREE EHe T3 b i IE IR, piFsE R, il As
(1) 1 IRAE AR A8 BE I ) 3 A7 [R] B, BEA RURAIL AAA
BERGUAE AR I 7> T I R B S B AR AAA
WEZLRRBALS DRI AR X AAA Y 2H 2155 40 A%
WELE TR E M0z " . Vorp 251 fif
RN, A RERELAG TR 048 N 1A%, 50K B
SEECH T 35 1) 3 3l KORE 2 2017 Jmy SR Bl AR AR A
Schurink %5 JIE 52, il ¥ I A FEFE AT AAA BE JE
(S Y57 000 AL, SO AN REDE/N AAA 2R . X
SERFSY R IR, I DY IS A7 AR TIT e 231G A
FEIEAT AAA (R 2R .

— LR BEXT AAA (AR 07 2 5 TR AR KR
FE b3 HE 7O T sl DR e BEALE 1 B A . AR SORE

] BRI S5 R T AAA FEAEY) ) 22 W58 05 Y e
TR JUIHSGTE I P I A A 5 kR 2 ) g 2
PECAAA [l PR 2R XS T | iy A 20 2R S Ak B
FAHRL RO A FFIE A (. AR IR S 3T 10 4Rk
SCEG AR A Y ) 2707 T ) — FR B EF SR
HARNA T LURGANT - (1) TR R s P A A
SRR BER LY F1 2 R i 1 ik Al A K B0 ko
ZH UL B i) R[] A £ 0 25 2 AR BIRA70 56
JE RO TR B AAA FEROI T 23088 R AR
Je Al HAT R S5 (2) [ JBAT 5 S 56 73
LT NS RRFAE T35 A2 49 T 2 AR PR S LA
LTI AAA B BER F) o0 A RS 1A A Tl 2
A EARE ; (3) FA A AAA Hpi e 2k KR
WA AL 5 (4) S AAA A=) 7 =A R 5E i BLAR
FARAHEHL o

1 MmiF0 AAA A4

1.1  1m# =454

N AAA T IR AR A B R ARG 4%
FEOHLAE AAA 23 [B) 467 &, AR T R B N2
(FEATILF) HWE SN2 CGET g R ) > . iR
FEIMARNT AAA A=A e S5 H4 T A A 520, 5 12 53 BT I
WA LE M) 2 e AR T/ B, Wang 257 Bk
XTI 3 JZA L0 5 AT B ) f i g 2, i
ERRW, e —Fh AR S B H B A AR 2ot i v ¢
RIS 1) [P A Rk 5 I 1 T 2830 R 2 D PN o) G
JIT 78 55 i BN Dk R B A, 3 S B ) PR 55 )2
MR, Gasser 252V W45 T 1M ke P 2 v 18] J2 FIAM 2
PRI R 470 7K 55 B 43 1) K 156 .92 F01 48 kPa, HZHZ198
FEMNNZBNSNZAR RS . teAh, b5 R, i 2
— B G P A S IR I AR M A 4 A 25 A
JAWE B E T R TR BT
IR 25 SR AN RE MEAfR B I I A7 2 PRER AT VE FH R 19 7
= AQEHIERSIE Ayl SO EA QI 25 S S E A L T
Ve F L R AR I K, 40, Vande Geest 25
30 68 I P P )2 R AT 8L ) o A A H 25, 1l
PN 2 1 ) SR R 3R A5 1) [R) Pk | 35 SR Y 5
[ AR 2 L 58 4 — 8K, Tong %51 3 14 SLI6 3K
19— G SEHE ) 5T 2 R AR I 1t 42 1) XL [ 437
iy 2 5 LA T 45 SR A R, It g v ] )22
A1 72 R A 1) A S A3 1A P )2 1



BEEL, % BEHREENNERRNTER
TONG Jian-hua, et al. Recent advances in biomechanical studies of abdominal aortic aneurysms 371

eV WA £ ) S 3 AT BB S Il A B Y
WORSE A B O FR . B, e N R I A Re A
BAAGN g —Fh £ 1) [ PR P 5. g 2 B o b &
PR, 5245 ) S P B Il AR PR AR T b ) b2 ) S Y
A . TR T F AR AH LE T R i e B
MR ORES M RHAE , 7T LA B AR 2 — R S B
AL Tong 2512 B I 45 X511 3240 ) 2 00 , 51k
A A 22 H ) J2 RS 2 7 A 2 2 R A - 28
A5k 61 41 F1 28 kPa, X $b %7 {H 428 42 1 Gasser
AL 3 P i e 0 3 A5 A A PR K 5 R AR AR
%,

R TR G M R I L 2 2 T S R, W
BRI HAOMEEH o N, A RAZH & B, 70% LA |
{14 I AS A AR A2 5L Ao 7T 7 A D 2R ) 4 14 1 3
FEHAh 1) 12 o X AR RSO A5 5 AR 2 4k RIR 45
e gL s I FUIEAR SERRE A R AH G . 1R
Ry —FpALARP BT, s A i B AR G T ) A
P Ashton 25 AL 45 T L S2 A A I AT
T FLAS A LB AR RR, 3X AT B T AT T I AR
Z BT HLNEENE . FHOC RIS A A s b 7
ST ECSC AR SRR R R AR . Ak, ik
JEFRARARAST AL IR 2R T A EL S0 AAA BRI A4
IR RN — A5 AAA A KSRAH SCHR 1) B B 4E
Fro Speelman 257 BIF 57 & B, I Fe 1A FHBE O, AAA
AR A, LIl A RE 1 ) B T s B A, 3K P
UL AR FE AAA 9 2K R 25 4 F g P 4 G
STEZENMAM,

1.2 AAA =454

AAA BEE F A bl G B 0 09 3k ok A A 1k 2R
FFAFE . Raghavan 45" 5 AAA 7EBEJRFE A7 1E
2 DX I 25 S A5 %) BT Jhk Jeg B Al PR B 9 o
AGIEFE M TE 0. 336 ~2.350 MPa, A Lt T 5w hi7
A3, XL fia) o A A B o el 220 1 AAA FE
Z 27 1M RIS B 7 RAE, DUETE A B A AL 2
A BEAE HUL5 15 21 B8 0 oA 1) I RE A RSB

Vande Geest %577 i | AF 5 3 K 25 i 35 52 1
NAANE 3= 2 ok i 5] o it g 24 ek . (BAS
72,30 2 LU AHEIE 80 k4l 21 B A 3w i ] 4E
P, 1 60 % L NFERE 2 8l kgl 2R3 80 H Sk (R H) 2
F B iRE R Ab LA K A e B S R . i — 20 SR
FEH, Bh kg ) B2 X 1E H R 32 Bl Bk i ) 2R R

FerE R M T IE R 3k, sk
AV S KORE [ 7 1) RO L SR AL . RIS A S TR
B T REL T AAA BERYSEAR SR A BT
AR Tl AAA BTE RORN & R o A 5 SR, IR BH
AR KT ) AAA BEAR SRR M 7 36 . 5 52
TR, BMEFE R — AAA v il #4 28 55 1 31
iiIE BE 1) 7 2 P R OUR 2354 45 R ol 1l e 7 5 1) 3
JUKIRE BEAH LU , 1 PT BEAEAEAR AR 22 3] 5 T AS [R) S R 1Y
AAA TEJJFHRE F LS BEER,

Martino 25" BT 26 W, CL A 2L AAA ZHEUHY
Prokam i i BAK T2 FARBEE M AAA 2, 3L
AAA XU 5 3 2 koRE 19 2 2R A6 5% D AH OC .
T AT A0 S I 235 TPt I 52, AR 7 5 A1) B o B
R e 2 P A A A T A PP T I A R 1) B
[6] -, (RIS 7 2 P 1 45 1) S A e >, 3
ANEEIEE Vande Geest 2178 2 R HIF I 45 L 58 4 —
., SIERW ESNKA L, AAA BE R4k A DLIH S5 T
Joa BRIAEE T 32 B0 RE r s S Ay DRI 2 R L B e it
YR LER E A AN, BFSY R B, LRE 1Y Ak
BRI 55 AAA BEW ) b A2 SU5m BE , DU X 444
BEFESHALPE T o AAA BEfY 722 B R Bk T 3)
g A A A7 B, AR 8 3 kTR A 20 A ) ) 2
HEIHA BRI,

2 AAA BRI ITENG

A BRICEUERAIAE TG AAA BB b k45
GOy EE R . R TR XU TR AT B T
eE AT DX sl e e 7 A 9 e BT R[] P 9 20 A o
B BIIKIE T ARBE . AR R ZEE X AAA 1Y
PRI AT AR Y = 42
BEAE LT R SRR Y EL ST U AR 4% 1] S Y
Sl iR BEAKG OC 28 L LI -5 2l KR B 2 I O 1 S
YERSEZ MR FEIR KRS B 7 BRICEY
(R tE . Wang %5 HR9T T RS TR I BL9E =
Yk AAA RSB R I A 8 A7 A X T 3 kR BE I ) oA
L RANHIFE M 5 IS R SR , 0K AR A0 A
SR BRI = AR A T, A RE AT B MR 1 BE
Sl . Georgakarakos %5 (B {E A 40 45 SRt TF 52,
MAS P AFERERRAIR AAA BERUE(E N ), HLIE(E N )
BRI 2B AAA Y BLAR R/ ERZ o AR 4
NFEE JUATHEAS , Rissland 51 45 H 4% i [l 0 45



EREMAE $H31% FS5H 2016510 A
372 Journal of Medical Biomechanics, Vol. 31 No.5, Oct. 2016

[ra] S5 1) B0 ik g e A RS B A AT PR T 20 B e 45 21
St B IS s HA R 25 R R |, s A5 1)
SR AR LR A5 B T Iy B R B Y L 1
iz 45 ) [R] PR 0 RS R A5 21 (4 7 1 E T BE 2 18
ANTRERS A 8 24 IXUBS DAY

TET A B9 A BRIG A0 Hr v, BF 9 38 AT T 4 22 08
MUARFT AAA BEXIBRUS AR B o n5is il
SR FROTELY X T HARTE 3.5.4.5.5.5 em
=9 B AAA IR ) d ORE B B A A
19.4% 40.1% 81.0% KT+ > . B IR B ETL
TRAA AR Y Fb A 25 P PR AR Y B 45 5 T 1l e 1)
L, AR T T L0 I A9 B SR LR A BB RS AT BB
TE AT AR, PR A i A4S T 1 ) 0 LA LR Ao 435
MR ARTE o PRIIE , 75 2 R 48 T 247 SC IS A 3 20
THOULES R ECH , A A A PRSI R B i 5 3

AAA FEREE W B A SUk AR AL, KRS
At i 23 4 BUAE B JDkORE P RS b 8 N S v E] 2
Z IR INLE . ESIEXT T8 RE N ) WA 5 i 7E i
BBIWFFE WA S22 . Maier 27 BF 58 & B,
FEACAE W T B 30 Ik BE BT A2 19 S 34 6 ) 980
9.7% ~59.2% ,ixX 3R 2ZH ZUE5 4k 57 4= e el A% Il 457 B
BN J1 5345 o PRI, 76 35 T AR %) 3 Jhk e 175
B R BE Z WG ZH 2R 54k, A WRKE R ) AAA (A1
SR

AH LG TAERER 17040, AAA BERY 20 8108 B 201k
AR RISFREN T H LR AAA 11l R
ARG HEATVEAS , PR E ] — B SR & —Fp TG
AN Ty ¥ ok R B4 BT TS AR T 3 B kR 9 2 4R
Ji . Vande Geest 25" i i o0 45 1 7 12 I 7595 A
AAA BERYLH SR I H B S TF IR TR IR IR L b 173
J7o XF TR BT A E ARG i
R TG 1 22 AR B I AAE S P L WA B AAA
KGR B AAA K/NCL R PN LR ) JEE 3 4%, 3l
T FHER A RN 4387, 12 58 11455 7Y 68 E A A5 1 2 ik
SR REMY AR B, H 5 SR AS 19 1 =8 s AR W)
B BRI, XA B Ja FR M AE T =T 77 5L
PO Tz . — S AR IR R AAA KU/
AR g — H S Vi B A, 30K S BO A RE e
ANHERRRG T . R T SR b SR B, T B A R 1
NE R E TS T A T RE B . Ak, S
WA % ER] AAA FEAR A RIE L], X 5/

W BT T FIRFIR AAA 726 7R 45 BE 41 4108 i
AN HERR AL

Tong 22 4 T SKIEATI H— B R
R i A AR P ME S s AR R AR TE AAA AR K R 254
R T AL B R R AR AR B BE . AT, I
AR H T8 o WS MO S A BRI R 5 . BFE R
B, AT Ak B AR T SO P 7 55 1) Bl JokoRg e 2
S0 UG5 , [R)I1E KA R T AR 14 45 1 S L B
T S RTRE (A 2 AR AT % 14 HH B S B SR A
Bl Il T 6 A R R BRI TR R . R REEE
SR AR AR TR P A DGR ke, ol e mT DA GE i
R 9 AP AR 1 , BT 204 HE AAA JE 2 231
(14 A 58 B Y

Sek R SR AR A Y 1 Tkt B AT
W AAA B BARBE 207 R B RN I
PR X o e AT o T SR A7 B %) T 030 o ek o i
PRECAE HEAT Ge 33 W ke se B T Doyle 25077
MR T — A REE AAA SIS AR F 38 Jin 5 oy
(77 SR ST H T RE RO 07 . RIS, Doyle 2507
iz H CT X8 SLIR IR T 4948 il CT 5214
Bl 3 S U SR T T =4 E A, I A RO
RN 3k ek S 56 T ) W o %) e 467 R AT B
TE; 25 R R, AAA Je 25 5 7= A i 24 0 07 8 1 B A
B J TR 0 205 T 110 R A i 14) 53 Ak TR R HE B 7
HARR R X, it ST AAA {7 BB R Sk S 56
AU AR X 1 407 B A AR 5T, K Ry A e i Ak 1 %
RIRAR Z AT %2 4k

BB A B, AAA B 24 1% (o7 A 1 L7 A
BEE N S, F552 b, AAA FETFR A N 2332 5 )&
HAPE kb i ok (EUR AR A 1A A R 2ok F
BRI R AAA AT AEH = A 24, b 2 i
KR RRITTE . bR T 549 124 A R 41
(I anAs e 1 Sy SR 5 ) | B 47 5 s kR I T 2
WHEART 4y, R R BRI VI IE 45 R [
AAA TS, KB 2 B e Ar AR K 22 5, SR,
TR SR AN IR (0 B SRS DA R A2 2% () L 8 27
RSN A B 2 T 0 4o 1) S S AR Hh 2 o LA
SEPRAY . T B IR A R, Bl bR ORE TR R — e B
AAA B BLEE I 22, (A2 0 25 1 25 ) B fik
FARERI R S350 . I, AAA AR — 58 & A 1 it
A BE X 3



BEEL, % BEHREENNERRNTER
TONG Jian-hua, et al. Recent advances in biomechanical studies of abdominal aortic aneurysms 373

3 MRS REL

AR NG B AR AAA ARG AR P Y I 1Y
AL R ] 388 1o WL Rl WLt A A A W o A
ORI AF IS o ST A 4 0% (0 2008 76 I 2 SCRk b -
SPBEZ R AN AAA R LA FEL,
HEE AT B BOR T-BOdS AR AR i — RS AL Y 2
AT (AN, LURAR IR Ak ) AR AfE 52 BE
X BN TR ZBOMARE A UL, ok HTE
FIHARAIE A I 18] (HRAT ST A B, M Y
EBROMEA FIREA P AAAEAR R 2250 o XA A (R0
BEAR R AL BRI A 2 AR AR RS AR % K A O, [F)
RN AR AN IR E RN B WA K o b S
JEAR AR FF AN p B — B s 2 v A [ 614 400
T AU PRI, AT DL i 5 2 A He o3 BT Y
T 70 LA A A A5 S U 1 A B8 AR RS A7 8%, LA T fif
MAETE AAA A K R S5 rh [ B 9 A= Wt Al i
o

Tong %> 5 32 B 2 20 SU M7 1 O v B %
324> AAA RIS A EAT T ARXHAFE BRI E . B
R I B A0 B RS TR AN TR AR b T RE 2 A7 22
S AHBRR UE, AAA i i A% S 2Ry 4 Fh Al
iNn g ) AR DR AN 182 N /ey D A RS S T TN
Y A LU A R B E H B Y. T
FRAREA T WFFE A TR A e B S T St AT
KB AATAE o X AFFAES /N bk sl /sl ik
HRR IR S A AR TR AR A Y A 2
fik, AAA R (8 A R o AR UL m] LR 9 LA 4 A
BrEe: 26 1 BrBOGER TARH BT EE A AR REA , S IRAE
@ HEIT A iR JLT- H ok A L A A0 20 Bk 4
S8 HEAN, Bt A VE A RS, 9 40 AR I
/N RIAN R £ 4 2 ) (B 0 88 180 T o 69
I HARR /N BEABIEE 2 BrBUR B AR Z N AR R Y
M. WU, SR 2SR T 46 2 d IR I HL 27 40
FHEIER ROZN, TER 1 B b 9 38 2 £ i BRAT SR A7 7
A G 7S 3 B Berh, R LM R E 2 4
TE , WA PR Ok o 21 42 1 00 Hh A £ 4
FOT IR AL H AR S5 4 ) FLARAE R 5 2 4 B Beft
FAACH MARFEAS , RO S5 % 3L 1 AF % B 204
AR, SR R 2R 2E AR LA C AR R AT
TE R F IR A0 A IR W E A Bk Y. FF

SR ) 2, RV AT BRAT I Bt AT % AR
2453 H MAETE T AL B AR REAS A SO 25
FARAIT B 78 A T I A S — ol A 35 ek ) TR 5 A
WS 5] AAA (A K a5k Ed bt . BHXT AAA
LA P A A A B A4 T M R RO 4 4

AL

4 gk

ey =H

TEATARR AAA BF5EH , 1 R B PR ANl iz
A F327 07 R AERR TN AAA BE R 73 A, LA
SRS FAR R RS AT A o L, B AT — ELAE
T IERT 5 AAA JE R A B IS 5 19 4% ol A
PIE S E R (a0 S A T N R R SR KT
FORBIH B, 2T AR AAA BER R ) 730H7 285
TR . BRIk b 22 U I8 HE B 2 AL 0 AT 30
ke BE2H 20 P Y R L (ER B H AT Ik TSR
AL B9 7595 AT LA S A m] 5 g o A 45 8 IR T
XPRRIRIT N . ARG , 5 AAA AHSCH T A= W)
FORER AR BT E AR 5T A ST, LUK 2 B0 ko
BE 25 FE AT A SR B AAA B 2L T
U, X LE AT L T S0 iy B AT 5 BE IV 7 0 A B
IMERR R . P, T 2 B A M B A =2 AAA R
(RH G A 2 IR 3R AN R 2 Y 2l Jofeg B Py s A L
(7 288 3005 3 ) AL A7 AR LA R T 4 B e
AU vk o RS 23-A I = 2l ik o A58 B F) 241
SR KA B T B4 b T Ll PR SRR o if
FRAF IS O A2 2 AAA BIFFEH A — A S, an iy
REDN A5 AT PR B LA 47 8, I 4R 5 B 30 o
AR e p i et — N EH AT H bR, XA
W T 22 5 T AN [ N LA AR AR B = FROUL 45 A
IR F L G T B R SR DAl I A B A A
o — BB ER g HAR, BT MR AAA
PRSP A RE ST AE R, B4 e 55 7 e PR I2: BB A
7

SE

[1] POWELL JT, BROWN LC. The natural history of abdomi-
nal aortic aneurysms and their risk of rupture [ J]. Adv
Surg, 2001, 35 173-185.

[2] FLEMING C, WHITLOCK EP, BEIL TL, et al. Screening
for abdominal aortic aneurysm. A best-evidence systematic



374

EREMANFE H31E ES5H

2016 ££10 A

Journal of Medical Biomechanics, Vol. 31 No.5, Oct. 2016

[3]

[4]

(5]

[6]

[7]

[8]

[11]

[13]

[14]

[15]

review for the U. S. Preventive Services Task Force [J].
Ann Intern Med, 2005, 142(3) : 203-211.

STENBAEK J, KALIN B, SWEDENBORG J. Growth of
thrombus may be a better predictor of rupture than diameter
in patients with abdominal aortic aneurysms [J]. Eur J
Vasc Endovasc Surg, 2000, 20(5) ; 466-499.

LI Z, KLEINSTREUER C. A new wall stress equation for
aneurysm-rupture prediction [ J]. Ann Biomed Eng, 2003,
33(2):209-213.

WANG DHJ, MAKAROUN MS, WEBSTER MW, et al.
Effect of intraluminal thrombus on wall stress in patient-spe-
cific models of abdominal aortic aneurysm [J]. J Vasc
Surg, 2002, 36(3) ; 598-604.

DOYLE BJ, CALLANAN A, BURKE PE, et al. Vessel
asymmetry as an additional diagnostic tool in the assess-
ment of abdominal aortic aneurysms [J]. J Vasc Surg,
2009, 49(2) . 443-454.

MALKAWI AH, HINCHLIFFE RJ, XU Y, et al. Patient-spe-
cific biomechanical profiling in abdominal aortic aneurysm
development and rupture [J]. J Vasc Surg, 2010, 52(2) :
480-488.

RAGHAVAN ML, VORP DA, FEDERLE MP, et al. Wall
stress distribution on three-dimensionally reconstructed
models of human abdominal aortic aneurysm [J]. J Vasc
Surg, 2000, 31(4) : 760-769.

FILLINGER MF, RAGHAVAN ML, MARRA SP, et al.
In vivo analysis of mechanical wall stress and abdominal
aortic aneurysm rupture risk [ J]. J Vasc Surg, 2002, 36
(3):589-597.

DI MARTINO ES, BOHRA A, VANDE GEEST JP, et al.
Biomechanical properties of ruptured versus electively re-
paired abdominal aortic aneurysm wall tissue [J]. J Vasc
Surg, 2006, 43(3) ; 570-576.

RAGHAVAN ML, KRATZBERG J, MAGALHAES CASTRO
DE TOLOSA E, et al. Regional distribution of wall thick-
ness and failure properties of human abdominal aortic an-
eurysm [J]. J Biomech, 2006, 39(16) : 3010-3016
HARTER LP, GROSS BH, CALLEN RAW, et al. Ultra-
sonic evaluation of abdominal aortic thrombus [J]. J Ultra-
sound Med, 1982, 1(18) . 315-318.

INZOLI F, BOSCHETTI F, ZAPPA M, et al. Biomechani-
cal factors in abdominal aortic aneurysm rupture [J]. EurJ
Vasc Surg, 1993, 7(6) : 667-674.

MOWER WR, QUINONES WJ, GAMBHIR SS. Effect of
intraluminal thrombus on abdominal aortic aneurysm wall
stress [J]. J Vasc Surg, 1997, 26(4) : 602-608.

DA SILVA ES, RODRIGUES AJ, MAGALHAES CASTRO
DE TOLOSA E, et al. Morphology and diameter of infra-
renal aortic aneurysms. A prospective autopsy study [J].

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Cardiovasc Surg, 2000, 8(7) : 526-532.

KAZI M, THYBERG J, RELIGA P, et al. Influence of in-
traluminal thrombus on structural and cellular composition of
abdominal aortic aneurysm wall [ J]. J Vasc Surg, 2003,
38(6): 1283-1292.

ADOLPH R, VORP DA, STEED DL, et al. Cellular con-
tent and permeability of intraluminal thrombus in abdominal
aortic aneurysm [J]. J Vasc Surg, 1997, 25(5) : 916-926.
VORP DA, LEE PC, WANG DH, et al. Association of in-
traluminal thrombus in abdominal aortic aneurysm with local
hypoxia and wall weakening [J]. J Vasc Surg, 2001, 34
(2):291-299.

SCHURINK GWH, VAN BAALEN JM, VISSER MJT,
et al. Thrombus within an aortic aneurysm does not reduce
pressure on the aneurysmal wall [ J]. J Vasc Surg, 2000,
31(3): 501-506.

VAN DAM, EA, DAMS SD, et al. Non-linear viscoelastic
behavior of abdominal aortic aneurysm thrombus [ J]. Bio-
mech Model Mechanobiol, 2008, 7(2) : 127-137.

WANG DHJ, MAKAROUN MS, WEBSTER MW, et al.
Mechanical properties and microstructure of intraluminal
thrombus from abdominal aortic aneurysm [J]. J Biomech
Eng, 2001, 123(6) : 536-539.

GASSER TC, GORGULU G, FOLKESSON M, et al. Fail-
ure properties of intraluminal thrombus in abdominal aortic
aneurysm under static and pulsating mechanical loads [J].
J Vasc Surg, 2008, 48(1): 179-188.

VANDE GEEST JP, SACKS MS, VORP DA. A planar bi-
axial constitutive relation for the luminal layer of intra-lumin-
al thrombus in abdominal aortic aneurysms [ J]. J Bio-
mech, 2006, 39(13) . 2347-2354.

TONG JH, COHNERT T, REGITNIG P, et al. Effects of
age on the elastic properties of the intraluminal thrombus
and the thrombus-covered wall in abdominal aortic aneu-
rysms. Biaxial extension behavior and material modelling
[J]. Eur J Vasc Endovasc Surg, 2011, 42(2) ; 207-219.
ASHTON JH, VANDE GEEST JP, SIMON BR, et al.
Compressive mechanical properties of the intraluminal
thrombus in abdominal aortic aneurysms and fibrin-based
thrombus mimics [J]. J Biomech, 2009, 42(3) . 197-201.
SPEELMAN L, SCHURINK GW, BOSBOOM EM, et al.
The mechanical role of thrombus on the growth rate of an
abdominal aortic aneurysm [J]. J Vasc Surg, 2010, 51
(1):19-26.

VANDE GEEST JP, SACKS MS, VORP DA. Age depend-
ency of the biaxial biomechanical behavior of human ab-
dominal aorta [ J]. J Biomech Eng, 2004, 126 (6): 815-
822.

VANDE GEEST JP, SACKS MS, VORP DA. The effects



BEEL, % BEHREENNERRNTER
TONG Jian-hua, et al. Recent advances in biomechanical studies of abdominal aortic aneurysms 375

[31]

[32]

[34]

[35]

of aneurysm on the biaxial mechanical behavior of human
abdominal aorta [ J]. J Biomech, 2006, 39 (7). 1324-
1334.

DOBRIN PB. Pathophysiology and pathogenesis of aortic
aneurysms. Current concepts [ J]. Surg Clin North Am,
1989, 69(4) . 687-703.

GEORGAKARAKOS E, IOANNOU CV, VOLANIS S,
et al. The influence of intraluminal thrombus on abdominal
aortic aneurysm wall stress [J]. Int Angiol, 2009, 28 (4) .
325-333.

RISSLAND P, ALEMU Y, EINAV S, et al. Abdominal aor-
tic aneurysm risk of rupture. Patient-specific FSI simula-
tions using anisotropic model [ J]. J Biomech Eng, 2009,
131(3): 031001.

XENOS M, RAMBHIA SH, ALEMU Y, et al.
based abdominal aortic aneurysm rupture risk prediction

Patient-
with fluid structure interaction modeling [ J]. Ann Biomed
Eng, 2010, 38(11): 3323-3337.

AYYALASOMAYAJULA A, VANDE GEEST JP, SIMON
BR. Porohyperelastic finite element modeling of abdominal
aortic aneurysms [ J]. J Biomech Eng, 2010, 132(10):
104502.

SPEELMAN L, BOHRA A, BOSBOOM EM, et al. Effects
of wall calcifications in patientspecific wall stress analyses
of abdominal aortic aneurysms [ J]. J Biomech Eng, 2007,
129(1) : 105-109.

MAIER A, GEE MW, REEPS C, et al. Impact of calcifica-
tions on patientspecific wall stress analysis of abdominal
aortic aneurysms [ J]. Biomech Model Mechanobiol, 2010,
9(5): 511-521.

[36]

[37]

[39]

[40]

[41]

[42]

[43]

VANDE GEEST JP, WANG DHJ, WISNIEWSKI SR,
et al. Towards a noninvasive method for determination of
patient-specific wall strength distribution in abdominal aortic
aneurysms [ J]. Ann Biomed Eng, 2006, 34 (7). 1098-
1106.

DOYLE BJ, CORBETT TJ, CALLANAN A, et al. An ex-
perimental and numerical comparison of the rupture loca-
tions of an abdominal aortic aneurysm [ J]. J Endovas
Ther, 2009, 16(3) . 322-335.

DOYLE BJ, CLOONAN AJ, WALSH MT, et al. Identifica-
tion of rupture locations in patient-specific abdominal aortic
aneurysms using experimental and computational tech-
niques [J]. J Biomech, 2010, 43(7) : 1408-1416.
DARLING RC. Ruptured arteriosclerotic abdominal aortic
aneurysms. A pathologic and clinical study [J]. Am J
Surg, 1970, 119(4) ; 397-401.

GOLLEDGE J, ABROKWAH J, SHENOY KN, et al. Mor-
phology of ruptured abdominal aortic aneurysms [J]. EurJ
Vasc Endovasc Surg, 1999, 18(2) : 96-104.

IRNIGER W. Histologische Altersbestimmung von Throm-
bosen und Embolien [ J]. Virchows Arch Path Anat, 1963,
336(3) . 220-237.

FINESCHI V, TURILLAZZI E, NERI M, et al. Histological
age determination of venous thrombosis: A neglected
forensic task in fatal pulmonary thrombo-embolism [ J].
Forensic Sci Int, 2009, 186(1-3) ; 22-28.
SWEDENBORG J, ERIKSSON P. The
thrombus as a source of proteolytic activity [J]. Ann N Y
Acad Sci, 2006, 1085(1) ; 133-138.

intraluminal



